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Editorial on the Research Topic

Leaf functional traits: Ecological and evolutionary implications
Foliage provides the primary photosynthetic surfaces of terrestrial vascular plants.

Consequently, quantifying and understanding the relationships among the functional traits

of leaves are critical to our understanding of terrestrial ecosystem dynamics, nutrient

cycles, responses to current global climate change, and the evolutionary trajectories of

foliage form and function. Numerous prior studies have investigated relationships among

critical leaf functional traits, such as leaf mass, area, shape, nutrient contents,

photosynthesis and respiration, stomatal density, stomatal size, leaf vein density, leaf

vein length, leaf vein area, areole area (Niklas, 1999; Franks and Farquhar, 2007; Milla and

Reich, 2007; Franks and Beerling, 2009; Fiorin et al., 2016; Shi et al., 2021; Shi et al., 2022).

However, much remains to be learned, particularly about the functional scaling of leaf

characteristics with the traits of other plant organs, with whole plant traits such as plant

height and total mass, and how variation in key environmental drivers shape leaf functional

traits. The goal of this Research Topic in Frontiers of Plant Science was to bring together a

group of ecophysiologists to provide fresh insight into how critical leaf traits respond to

environmental variability and what are the implications of environmental-driven variation

in leaf traits on plant performance. The Research Topic consists of 15 papers spanning a

broad spectrum of research areas ranging from the effects of elevation and water stress on

leaf size and shape, urbanization effects, and the influence of a mass extinction event on

viable leaf-economic strategies.
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Different perspectives on the
allometry of leaf scaling

Leaf shape and size play important roles in photosynthetic

efficiency of plants through the growing season, and this Research

Topic includes four papers looking at fundamental leaf scaling

relationships focusing on the effects of plant size, leaf shape, and leaf

age that address whether there is disproportionality in mass and area

scaling relationships, a phenomenon called “diminishing returns”. Ma

et al. studied 60 trees of an alpine evergreen oak (Quercus pannosa) to

test whether tree size affects leaf shape, size, and leaf dry mass per unit

area, and to test whether the proportional relationship between leaf

area and the product of leaf length and width is a valid metric for

calculating the leaf area of the leaves of trees differing in size (Figure 1).

They found that tree size significantly influenced leaf shape, size, and

leaf dry mass per unit area. Larger trees had larger and broader leaves

with lower leaf dry mass per unit area, with lamina centroids closer to

the leaf apex than the leaf base. Nevertheless, the proportional

relationship between leaf area and the product of leaf length and

width was independent of tree size.

To test whether the position of leaf lamina centroid is correlated

with the allocation of biomass to the leaf lamina and petiole, Li et al.

used a general ovate leaf-shape model to fit the leaf boundary

coordinate data of two Lauraceae species, Cinnamomum camphora

and Machilus leptophylla, using >290 leaves for each species. They

found that a higher distance from the lamina centroid to the leaf

base that connects the petiole and lamina does not necessarily result

in a greater investment of mass to the petiole relative to lamina. In

fact, the petiole/lamina mass ratio depends on the characteristics of

the petiole (which is either short and thick or long and thin).

“Diminishing returns” in leaf economics occurs when lamina

mass disproportionately increases with increasing leaf surface area

(Niklas et al., 2007). Guo et al. tested whether both leaf fresh and dry

mass manifest diminishing returns using a total of 4271 leaves from

ten deciduous and two evergreen tree species. The authors

demonstrate that leaf fresh mass scales more strongly with leaf

area and that deciduous species tend to invest less biomass per unit

leaf light-harvesting area than evergreen species. Another paper on

leaf allometry by Jiao et al. examines if lamina mass vs. area scaling

relationships are influenced by leaf age. They measured the leaf

functional traits offive leaf-age groups of the evergreen broad-leaves

shrub Photinia × fraseri using a total of 1,736 leaves, and observed

that leaf area, and the ratio of lamina dry mass to lamina fresh mass

increases with increasing leaf age. Their data indicate that leaves

undergo a transition from resource acquisition to resource

conservation during their development and growth.
Leaf economics spectrum: trait
relationships and ecological
implications through
environmental gradients

The leaf economics spectrum includes two easily-assessed traits,

specific leaf area (SLA) and leaf dry matter content (LDMC), that
Frontiers in Plant Science 026
scale with the plant resource harvesting strategy of the leaf

economics spectrum (Wright et al., 2004). Fast-return species

have high SLA and low LDMC, whereas slow-return species have

the opposite combination of these traits (Wright et al., 2004). Thus,

efforts to characterize the variation in these traits over large scales

are very useful to map the functional characteristics of vegetation.

Wang et al. investigated the effects of climatic and soil factors on

plant resource utilization strategies using data collected from 926

plots across 163 forests in China and confirm the presence of

significant differences in SLA and LDMC among plant functional

types. In addition, they show that SLA decreases with increasing

temperature and decreasing rainfall amount, and vegetation

growing in these conditions exhibit conservative resource

utilization. These findings are useful for predicting the effect of

increasing global temperatures on plant resource utilization in the

studied ecosystems.

The functional traits of leaves and the traits of other plant

organs change in a correlated manner because the plant body is an

integrated phenotype. In addition, annual and perennial species

often manifest different traits. In general, annual species are

characterized by a more rapid resource acquisition strategy

compared to perennials (e.g., short leaf life-spans, higher specific

leaf area, and leaf nutrient concentrations) (Lusk, 2019; Niinemets,

2020). However, there are fewer comparisons among root traits

between annuals and perennials (Roumet et al., 2006), particularly

in arid and semi-arid areas. Ning et al. examined 12 leaf and root

traits of 54 dominant species from Northeastern China and report,

among other differences, that annuals have higher individual leaf

area and specific root length, but lower leaf dry matter content, leaf

tissue density, and leaf and fine root dry matter content compared

to perennials. Their findings indicate that annuals and perennials

are characterized by distinct suites of leaf and root traits, and

biomass allocation strategies, leading to differences in resource

acquisition. These differences collectively provide an explanation

for variation in species adaptability to water limitations in

dry grasslands.

The large-scale effects of global climate change on grassland

productivity remain poorly understood, and studies of leaf traits can

provide important insights into how vegetation may likely respond

to global changes. Using 182 grassland samples established in 17

alpine meadows (AM) and 21 desert steppes (DS) in China, Wang

et al. show that the net primary productivity (NPP) of alpine

meadows is higher than that of desert steppes and that NPP

increases with increasing leaf nitrogen content and leaf

phosphorus content, but decreases with increasing leaf dry matter

content. These and other findings provide additional insights for

predicting the effects of global climate change on the NPP

of grasslands.

Elevation is one of the driving factors leading to leaf trait

variation (Midolo et al., 2019). Yang et al. measured six leaf traits

of 257 woody species at 26 elevations ranging from 1,050 to 3,500 m

within the Tibetan Plateau and analyzed the scaling relationships

among leaf fresh and dry mass, and area. Their analyses indicate that

plants respond to differences in elevation by changing leaf area and

biomass investment and coordinating scaling relationships among

traits, although leaf trait variation along the elevation gradient had a
frontiersin.org
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minor effect on the numerical values of scaling exponent. In two other

studies of the effects of altitude on plant functioning, Zhang et al. and

Li et al. looked at plant intraspecific trait variation (ITV) along

elevational gradients. Zhang et al. compared the leaf stoichiometry of

the Northern hemisphere generalist perennial species Potentilla

anserina growing at different elevations in the Middle-Eastern part

of Qilian Mountains. With an increase in elevation, leaf carbon

concentrations were observed to decrease, whereas leaf nitrogen

concentration and leaf nitrogen to phosphorous concentration ratio

increase, indicating that phosphorus imposes a stronger limitation of

growth on P. anserina at higher elevations. Overall, this study

confirms that plants acclimate to changes in elevation by altering

the stoichiometry of their leaves to enhance carbon gain during

shorter and cooler growing seasons. However, in this specific setting,

acclimation to shorter and cooler growing conditions was limited by

phosphorus availability. Li et al. studied ITV in the endangered

dioecious Taxus fuana in small isolated populations endemic to the

Himalayas region. They examined 18 leaf traits from 179 ovulate and

pollen bearing trees along an elevational gradient in Gyirong County,

Tibet, China, and they assessed ITV and sources of variation in leaf

traits. Pollen bearing (“male”) plants were more tolerant to the

environmental stresses at higher elevation, whereas the leaf traits of

ovulate (“female”) plants were more responsive to elevation.

However, the stronger plasticity of “females” was not associated

with improved fitness. Unfortunately, these differences are likely to

be detrimental to the maintenance of T. fuana populations.

The papers in this section significantly enlarge our

understanding of leaf trait correlations, trait correlations across

plants, and highlight multiple opportunities to study how leaf traits

can be used to understand how plants interact with the

environment and current and future climates.
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Role of leaf traits in environmental
stress responses

Plants have evolved an array of mechanisms to deal with

environmental stress. Among different environmental stresses,

water availability is a key environmental factor affecting plant

species distributions. However, the adaptive responses of

congeneric species among sites differing in soil water availabilities

remains unclear. Zhang et al. examined leaf economics and stem

hydraulic traits in two Quercus wutaishanica dominated forests, a

humid site in Qinling Mountains and a dry site in Loess Plateau,

asking whether congeneric species have different economic and

hydraulic traits across regions. They observed greater hydraulic

safety and a stronger coordination of leaf economics and stem

hydraulic traits in the dry site, and a greater hydraulic efficiency in

the humid site. These results demonstrate that congeneric species

utilize different types of adaptation mechanisms to maximize fitness

in environments with different water availability. To further extend

our understanding of the role of traits explaining species success

along water availability gradients, Wang and Wen established two

transects in the grasslands of Losses Plateau (LP) and Inner

Mongolia Plateau (MP) to examine the distribution of intrinsic

leaf water use efficiency (i.e., the ratio of net assimilation rate per

unit stomatal conductance to water vapor) in coexisting species

along aridity gradients. Intrinsic water use efficiency (iWUE) is a

critical ecophysiological trait that characterizes the capacity of

plants to cope with water- and nutrient-limited habitats in arid

and semi-arid regions. The relationships between iWUE and a

multi-dimensional functional trait spectrum indicated that species

have evolved species-specific strategies to adapt to aridity by

partitioning limiting resources. Thus far, the ranges of variation
FIGURE 1

Quercus pannosa growing in Shangri-la, Yunnan Province, China (Provided by Dr. Jianzhong Ma). Environmental factors and tree size can
significantly affect the leaf functional traits (see Ma et al. in this special issue).
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of iWUE in coexisting species along aridity gradients and the factors

controlling the magnitude of interspecific variation have been

poorly known. These findings highlight the interactive effects of

limiting resources and leaf functional traits on plant adaptation

strategies exploited to enhance iWUE.

In this Research Topic, Luo et al. have taken a biochemical

approach to gain insight into acclimation responses to excess and

limited water availabilities. In particular, they examined the time-

dependent changes in ascorbate (AsA) and glutathione (GSH)

contents, and the activities of enzymes involved in the AsA-GSH

cycle in the perennial grass Deschampsia caespitosa in response to

waterlogging and drought stresses. The authors reported that, in

general, the activity of the AsA-GSH metabolic pathway increased

with increasing both waterlogging and drought stress severity to

reduce oxidative stress. Their findings provide information of

biochemical responses of D. caespitosa to changes in water

regimes, and as such constitute an important step for accelerating

ecological restoration of degradation alpine marshes in the Qinghai-

Tibetan Plateau.

Urbanization affects a range of morphological and physiological

plant traits. However, plants can adopt different strategies to

acclimate to urbanization pressures (Calfapietra et al., 2015). Xiao

et al. examined the physiological and photosynthetic properties and

heavy metal concentrations of four different plant functional groups

(i.e., herbs, shrubs, subcanopy trees, and canopy trees, with eight

species in total) located in urban, suburban, and rural areas. The

authors report that canopy and subcanopy species acclimated to

urbanization by reducing resource acquisition, but improving

defense capacity, whereas the herb and shrub species improve

resource acquisition as an acclimation response to urbanization.

The evidence that different plant functional groups respond

differently to urbanization is a valuable addition to our

understanding plant adaptability to highly stressful urban

environments and of high practical value for urban forestry.

The plant stress papers in this Research Topic jointly indicate

that leaf traits are highly informative for assessing the severity of

stress, and the degree of and capacity for stress acclimation.
Application of leaf traits to understand
patterns in the past

Finally, we turn to using leaf functional traits to inform us about

the distant past. The Chicxulub bolide impact has been linked to a

mass extinction of plants at the Cretaceous—Paleogene boundary

(KPB) approximately 66 Mya, but how this event affected the

evolution of plant ecological strategies has been understudied.

Butrim et al. studied 1303 fossil leaves from KPB sediments in

the Denver Basin, Colorado. Using a leaf allometry-based method

to estimate leaf dry mass per area (LMA), they found no evidence

for a shift in LMA across the KPB. However, in the Denver Basin,

local environmental conditions appear to have played a larger role

in determining viable leaf-economic strategies than any potential

global signal associated with the Chicxulub bolide impact.
Frontiers in Plant Science 048
Outlook

This collection of papers covers a broad range of topics that

nevertheless all focus on the central question of how leaf functional

traits inform our understanding of plant performance at different

levels of biological organization. This collection emphasizes

that we have only begun to fully uncover the many complex

interrelationships among leaf traits, and their relationships to the

traits of other plant organs, particularly roots. This suite of papers

also highlights a number of broad and unique variation patterns in

leaf traits in response to environmental limitations across gradients

of water availability and along elevational gradients. It also

demonstrates that different combinations of traits determine plant

adaptability to specific environmental conditions. Although broad-

scale variation patterns among key leaf traits have been identified in

the past, the papers in this collection demonstrate that it is highly

relevant to analyze the trait relationships in specific environmental

contexts to draw inferences of plant performance, and to accurately

predict changes in future vegetation. We hope that this Research

Topic inspires future research in this challenging but vital and

fruitful field of study.
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Urbanization causes alteration in atmospheric, soil, and hydrological factors and
substantially affects a range of morphological and physiological plant traits.
Correspondingly, plants might adopt different strategies to adapt to urbanization
promotion or pressure. Understanding of plant traits responding to urbanization will
reveal the capacity of plant adaptation and optimize the choice of plant species
in urbanization green. In this study, four different functional groups (herbs, shrubs,
subcanopies, and canopies, eight plant species totally) located in urban, suburban,
and rural areas were selected and eight replicated plants were selected for each
species at each site. Their physiological and photosynthetic properties and heavy metal
concentrations were quantified to reveal plant adaptive strategies to urbanization. The
herb and shrub species had significantly higher starch and soluble sugar contents in
urban than in suburban areas. Urbanization decreased the maximum photosynthetic
rates and total chlorophyll contents of the canopies (Engelhardtia roxburghiana and
Schima superba). The herbs (Lophatherum gracile and Alpinia chinensis) and shrubs
(Ardisia quinquegona and Psychotria rubra) species in urban areas had significantly
lower nitrogen (N) allocated in the cell wall and leaf δ15N values but higher heavy metal
concentrations than those in suburban areas. The canopy and subcanopy (Diospyros
morrisiana and Cratoxylum cochinchinense) species adapt to the urbanization via
reducing resource acquisition but improving defense capacity, while the herb and shrub
species improve resource acquisition to adapt to the urbanization. Our current studies
indicated that functional groups affected the responses of plant adaptive strategies to
the urbanization.

Keywords: urbanization, plant functional groups, maximum photosynthetic rate, heavy metal, leaf N allocation

INTRODUCTION

Urbanization, through conversions of natural or agricultural environments to urban environments
and population mobility from rural to urban areas, has generated overwhelming impacts on
the territorial ecological system (Sala et al., 2000; Zhao et al., 2016). Globally, the geographical
areas that are influenced by urbanization are estimated to triple in size from 2000 to 2030
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(Seto et al., 2012). Relative to suburban areas, high population
densities and intensive anthropogenic activities in urban areas
have led to marked alterations in atmospheric, soil, and
hydrological environmental factors (Sala et al., 2000; Beaumont
et al., 2008; Zhao et al., 2016). Urbanization also resulted in an
increase in environmental pollution originating from fossil fuel
burning, gas emissions of vehicles, and industrial production. At
the same time, urban heat islands have caused large effects from
elevated temperatures on surrounding suburbia and hinterlands
(Ferguson and Woodbury, 2007; Beaumont et al., 2008). These
negative effects may be decreased partially through enhancing
urban vegetation surface and density. For instance, urban
vegetation tremendously reduced nitrogen dioxide, particulate
matter, heavy metals, and heat island effects (Qiu et al.,
2009; Pugh et al., 2012; Janhäll, 2015; Livesley et al., 2016).
Understanding how urban vegetation responses and adapts to the
urban environment is crucial for plant species choice or selection
in urban green practice.

Within the urban vegetation communities, influential
ecological factors to which an individual plant must adapt
include water availability, atmospheric nitrogen (N) and
phosphorus (P) dispositions, and pollutant exposure. Without
these adaptive abilities, an individual plant would not leave
descendants or clades to flourish (Wiens et al., 2010). Plant
functional types can significantly influence the leaf traits (Shi
et al., 2020) and the light, heat, and N dispositions and pollutant
exposure could directly affect the photosynthesis, leaf properties,
plant physiology, and, thereby, the vegetation community
(Quigley, 2002; Zhao et al., 2016; Liu et al., 2020). For instance,
Quigley (2002, 2004) suggested that trees in urban areas grew
slower than those in rural areas due to environmental stresses
such as higher temperature and water limitation. Conversely,
tree seedlings in New York City grew twice as fast compared
to those in the rural areas (Gregg et al., 2003), and Zhao et al.
(2016) also demonstrated that an urban environment accelerates
vegetation growth. In addition, urbanization might affect a
range of morphological and physiological plant traits, and
correspondingly, the plants might adopt different strategies to
adapt to the urbanization promotion or pressure (Gregg et al.,
2003; Hahs and Mcdonnell, 2007; Zhao et al., 2016). However,
to the best of our knowledge, few studies have been conducted
to reveal the physiological responses of different plants to
the urbanization.

The plants could be divided into different functional groups:
herbs, shrubs, subcanopies, and canopies according to their
heights and external sizes. We hypothesized that the urbanization
might discrepantly affect the different fictional plant groups.
Moreover, the plants could remove urban environmental
pollution, and therefore, it was also hypothesized that the
urbanization might exert negative impacts on the subcanopies
and canopies with large external sizes. Functional trait provides
an opportunity to optimize urban vegetation species choice. To
assess these issues, we conducted a study in the Pearl River
Delta region, Southern China, to quantify the responses of
different functional group plants to urbanization. The Pearl River
Delta region is urbanizing rapidly, and currently, it is also one
of the largest urban areas worldwide (Cai et al., 2017). Four

different functional groups (eight plant species totally) located
in urban and suburban areas were selected and their adaptive
strategies to urbanization were assessed via leaf traits, heavy metal
content, photosynthesis, and N status. Results from this study will
benefit our understandings of the physiological responses to the
urbanizations and the species selections in urban green practice
and managements.

MATERIALS AND METHODS

Experimental Design and Sampling
Three different sites were selected to study the impacts of
urbanization on plants (Supplementary Figure 1): the Urban
Forest Park (UFP), the Suburban Forest Park (SFP), and the
Rural Nature Reserve (RNR), which served as the three different
treatments. The UFP (23◦16′N, 113◦22′E) was located in Baiyun
District, Guangzhou, and served as the reference setting in
this study, with a subtropical monsoon climate. In the UFP,
the average annual temperature was 21.8◦C and the average
annual precipitation was 1,860 mm, with more than 80% of
the rainfall being concentrated from April to September. The
SFP (23◦32′N, 113◦45′E) and the RNR (24◦07′N, 114◦08′E)
sites were approximately 70 and 150 km away from the UFP,
respectively. They had similar subtropical monsoon climates:
average annual temperatures were 20.7 and 19.5◦C and average
annual precipitations were 1,625 and 1,690 mm. The nitrogen
(N) deposition and soil heavy metal concentration of the UFP
were always the highest among the three sites, and more
details are demonstrated in Supplementary Table 1. Eight
common plant species at the three sites were selected: the
herb species Lophatherum gracile and Alpinia chinensis, the shrub
species Ardisia quinquegona and Psychotria rubra, the subcanopy
species Diospyros morrisiana and Cratoxylum cochinchinense,
and the canopy species Engelhardtia roxburghiana and Schima
superba. Each treatment had eight replicated plants for each
species at each site, with the total plant number being 192 (3
sites× 8 species× 8 replications of each species).

The healthy and mature leaves of the selected plant species
were sampled for photosynthetic rate, light respiration rate, and
other photosynthetic parameters measurement on sunny days
(9:00–12:00 am) of August. After measurement, the leaves were
collected to divide into three parts: one for leaf morphology
and element concentration analysis; one for starches, sugars,
and lipids determination; and the last one was frozen in
liquid N2 and stored at −80◦C for chlorophyll, ribulose-1,
5-bisphosphate carboxylase/oxygenase (Rubisco), and cell N
contents determination.

Leaf Traits Measurements
A total of 10 healthy leaves from each species were quantified
with an electronic balance. Leaf thickness and surface area were
measured with a thickness meter (Expolt, Expolt Ltd., PRC,
Taiwan, China) and leaf area scanner (Biosciences, Lincoln, NE,
United States), respectively. The leaves were dried at 105◦C for
30 min and then at 70◦C until they achieved a constant mass. The
dry biomass was recorded.
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The dried leaves were ground and passed through a 0.15-
mm mesh sieve and digested with HClO4-H2SO4. The carbon
(C) and N contents in the digested fractions were quantified
with an elemental analyzer (Elementar Vario EL III, Hanau,
Germany), and P content was assessed with the molybdenum
antimony colorimetric method (Lu, 2000; Zhang et al., 2018).
Abundances of 13C and 15N in the dried leaves were analyzed
with an IsoPrime 100 mass spectrometer (Cheadle Hulme,
United Kingdom), and intrinsic water use efficiency was also
calculated based on the abundances of 13C (Osmond et al., 1980;
Huang et al., 2016).

Leaf Heavy Metal Concentration and
Organic Matter Determination
Concentrations of heavy metals such as cadmium (Cd),
chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc
(Zn) were determined by using an acid digestion method at
atmospheric pressure. The dried leaf samples were placed in
a 150-ml Erlenmeyer flask, mixed with hydrofluoric acid and
nitric acid, and digested at 190◦C. The mixtures were filtered
and the concentrations of heavy metals in the solution were
determined by the ICP-OES (Palo Alto, CA, United States).
Data quality was also checked with national standard reference
material (ESS-3) supplied by the China National Environmental
Monitoring Centre. Heavy metal concentrations were expressed
as an oven-dried mass.

The concentrations of starch in the leaves were determined
according to the method of Smith and Zeeman (2006).
Approximately, 0.2 g of dried leaf powder was extracted by
80% ethanol (80◦C water bath) three times and the starch was
quantified by measuring the hydrolyzed glucose content. Plant
leaves were also extracted with a mixed solution (water, methanol,
and chloroform), and then the contents of soluble sugar and
soluble phenolic and lipid in the leaves were determined
according to the method of Liu et al. (2016). After the extraction,
the residue leaf samples were boiled in 3% hydrochloric acid
(HCl) (v/v) for 3 h and the insoluble sugars in the supernatants
were determined according to the method of Liu et al. (2016).
The results of starch, soluble sugar, soluble phenol, lipid,
and insoluble sugar contents were all converted and recorded
as mg g−1 dry leaf.

Leaf Photosynthetic Parameter
Determination
Intact and healthy leaves were selected from the branches
to construct photosynthetic light and carbon dioxide (CO2)
response curves and determine stomatal conductance,
intercellular CO2 concentration, and transpiration rate with
a Li-6400XT portable photosynthetic system (Biosciences,
Lincoln, NE, United States). In order to determine maximum
photosynthetic rate, light component point, saturation
irradiance, and respiration rate, the light response curves
were constructed and fitted by using 14 different photosynthetic
photon flux density (PPFD) gradients (1,500, 1,200, 1,000,
800, 500, 300, 200, 120, 100, 80, 60, 50, 20, and 0 µmol m−2

s−1); 400 µmol mol−1 CO2; 55–65% air humidity; 30◦C leaf

temperature; 1.5 kPa vapor pressure; and 30 min of induction
time. The maximum carboxylation rate and maximum electron
transport rate were quantified from the CO2 response curve
with the methods of previous studies (Farquhar and von
Caemmerer, 1982; Loustau et al., 1999). The CO2 curve was
constructed under the conditions of 400, 300, 260, 200, 180,
150, 120, 100, 80, 60, 50, and 20 µmol·mol−1 CO2. Prior to
this, the leaves were exposed to saturated PPFD for 30 min
to reach full photosynthetic induction. Subsequently, stomatal
conductance, intercellular CO2 concentrations, and transpiration
rates were determined under saturated PPFD for each sample.
Instantaneous water use efficiency was calculated by the ratio
of the maximum photosynthetic rate and transpiration rate.
Photosynthetic N or P use efficiency was calculated as follows
(Hidaka and Kitayama, 2009):

Photosynthetic N (or P) use efficiency

=
Maximum photosynthetic rate

total N (or P) content/leaf surface

Leaf Chlorophyll Content and N
Allocation Determination
Leaf chlorophyll content was determined within 24 h after
fresh leaf sampling according to existing methods with minor
modifications (Lichtenthaler and Buschmann, 2001; He et al.,
2018). A leaf puncher was employed to cut three pieces (1 cm2)
from the center blade of each fresh leaf and 30 pieces of the blade
(10 leaves × 3 pieces of each leaf) were mixed together, ground,
and extracted with 80% acetone in the dark. After filtering,
chlorophyll a and b concentrations were calculated (Lichtenthaler
and Buschmann, 2001; He et al., 2018).

Leaf Rubisco content was determined by the method of
Makino et al. (1986). Approximately, 0.5 g of the leaf blade
was ground, mixed with Tris-HCl buffer, and centrifuged at
4◦C for 30 min. The supernatant was electrophoresed on
sodium dodecyl sulfate (SDS)-polyacrylamide gel, stained with
Coomassie Brilliant Blue for 12 h, and then decolorized. The
gel band containing Rubisco was cut and eluted in a 50◦C
water bath. The Rubisco concentration was determined at
595 nm with a spectrophotometer, and bovine serum albumin
was used as the standard. The N contents of cell walls were
determined with the method of Harrison et al. (2009). Freeze-
dried leaves (approximately 100 mg) were mixed with 15 ml
buffer containing 1% polyvinyl pyrrolidine and centrifuged for
5 min. Precipitates were resuspended in 1% SDS buffer, heated
to 90◦C for 5 min, centrifuged for 5 min, washed with KOH,
ddH2O, and ethanol, and dried at 80◦C. The N content in the
remaining matter was quantified with the elemental analyzer
and recorded as the N contents of leaf cell walls. Area-based N
content was calculated with the leaf N content to leaf surface
ratio. The proportions of leaf N allocated to the photosynthetic
system, Rubisco, carboxylation, bioenergetics, light-harvesting
component, and cell wall were calculated according to the
formula described in previous studies (Niinemets and Tenhunen,
1997; Xiao et al., 2018).
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Statistical Analysis
The two-way ANOVA was employed to determine the effect
of urbanization and species on the test parameters and
significant differences of urbanization for the same species
among different sites were quantified by Duncan’s multiple
range test. The Pearson’s correlation was used to quantify the
linear correlations among the maximum photosynthetic rate
and leaf area, leaf thickness, heavy metal concentration, and
leaf N status. Leaf parameters were divided into four different
groups: resource acquisition (specific leaf area, total N and
P, maximum photosynthetic rate, and photosynthetic N use
efficiency); adaption (water use efficiency, 13C, and15N); defense
(leaf thickness and soluble sugar and starch); and resistance
(soluble phenol, liquid, and N allocation to cell wall) and they
were analyzed with the confirmatory factor analysis to reveal their
adaptive strategies to urbanization.

RESULTS

Plant Leaf Morphological Traits
The effects of urbanization on leaf appearances were also
dominated by the plant functional group differentiation.
Although the herbs located at the different sites had
approximately similar leaf biomasses (Supplementary Figure 2),
dry leaf biomass of the shrub A. quinquegona located in
the UFR was significantly (p < 0.05) lower than that in the
SFR (Supplementary Figure 2b). There were also significant
differences in the dry leaf biomasses of the subcanopies, with
the lowest being in the species located in the UFP. The leaves
of herbs or shrubs located in the UFR were thinner but larger
compared to those of their suburban and rural counterparts
(Supplementary Figures 2c,d), but the canopies had the opposite
trends (thicker but smaller leaves). Meanwhile, the specific leaf
area among the different sites had similar trends to those of
leaf surface, with the values of herbs, shrubs, and subcanopies
located in the UFP being significantly (p < 0.05) higher than
those of their suburban and rural counterparts (Supplementary
Figure 2e). However, relative to the UFP, the specific leaf areas
of the canopies E. roxburghiana and S. superba in the RNR were
17.2 and 37.3% higher, respectively.

Leaf Stoichiometry, Isotope
Composition, and Intrinsic Water Use
Efficiencies
Compared with those grown in the RNR, the leaf C, N, and P
contents of the shrub A. quinquegona in the UFP were 6.4, 68.7,
and 25.4% higher, respectively, and the leaf C, N, and P contents
of the shrub P. rubra grown in the UFP increased by 7.1, 67.0,
and 37.7%, respectively (Figures 1A–C). However, the canopies
of plants grown in the UFP had negligible variation in the leaf C
contents but were significantly decreased in the leaf P contents
relative to those grown in the RNR. The urban environment also
tended to increase the ratios of leaf N to P (Figure 1D).

The eight plant species had significant differences in leaf δ13C
values among the three sites. The leaf δ13C values of herbs and

shrubs located in the UFP were significantly (p< 0.05) lower than
their suburban counterparts, which are opposite to the situation
in the canopies (Figure 1E). In the subcanopy species, the lowest
leaf δ13C values were detected in plants located in the SFR and
the RNR, respectively. However, the δ15N values of all the plants
in the UFP were lowest among the three different sites and were
significantly (p < 0.05) lower than those located in the RNR.
The intrinsic water use efficiencies of the eight plant species were
also significantly affected by urbanization and the herbs, shrubs,
and canopies had different trends of the water use efficiencies
among the three sites (urban > suburban in herbs and shrubs,
but urban < suburban in canopies).

Organic Matter Content and Heavy Metal
Concentration in Leaves
The effects of urbanization on the organic matter in leaves were
also dominated by the plant functional group differentiation
(Supplementary Figure 3). Compared with the suburban and
rural counterparts, the herbs and shrubs grown in the urban
areas had significantly higher starch and soluble sugar contents.
However, the differences between the plants grown in urban
vs. suburban areas gradually diminished and even changed
to be negative as the plant height increased (Supplementary
Figures 3a,b). The leaf starch and soluble content levels of the
canopy E. roxburghiana grown in the UFP were 80.0 and 58.4%
of those grown in the SFP. For the soluble phenol and lipid
contents, the numerical value of the herbs and shrubs of the
urban were lower than those of the suburban, but the canopies
results were reversed (Supplementary Figures 3c,d). There were
inconsistent trends in the insoluble sugar content of plants at
different sites and the canopy E. roxburghiana of the urban site
contained the highest insoluble sugar content among all the
samples (Supplementary Figure 3e).

Heavy metal concentrations in the leaves of all the eight plant
species grown in urban areas were higher than those grown in
the suburban and rural areas, with the sole exception of Cd
content in A. quinquegona (Figure 2). Significant differences
in leaf Ni concentrations were detected among L. gracile,
A. quinquegona, and E. roxburghiana (Figure 2A), and the
shrubs, subcanopies, and canopies all had significant differences
in leaf Cu concentration at different sites (Figure 2B). Also,
significant differences in Pb and Cr concentrations were found
among their subcanopies at different sites (Figure 2C,D,F).

Chlorophyll Content and Leaf
Photosynthetic Properties
Leaf chlorophyll, a content of the herbs and shrubs grown in the
UFP, was significantly higher than those grown in the suburban
and rural areas; however, the total chlorophyll differences
between the urban and suburban plants changed from positive
to negative with the plant height increases (Figures 3A,C).
The L. gracile, E. roxburghiana, and S. superba species were
significantly different in their leaf chlorophyll b contents among
the three sites assessed (Figure 3B). Relative to the UFP, leaf
chlorophyll b contents of the SFP grown plants were 13.7,
14.2, and 13.8% lower for the L. gracile, E. roxburghiana, and
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FIGURE 1 | Effects of growth environment on (A) C content, (B) N content, (C) P content, (D) ratios of N to P, (E) δ 13C, (F) δ 15N, and (G) long-term water use
efficiency of leaves of eight plant species. The lowercase letters reveal the significant differences (P < 0.05) of the same species among different growth
environments, and the capital letters reveal the significant differences (P < 0.05) of different species in the same growth environment.

S. superba, respectively. The trends of chlorophyll a to b ratios
among the three different sites were similar to those of leaf
chlorophyll a (Figure 3D).

The effects of urbanization on the photosynthetic properties
of leaves were dominated by the plant functional group
differentiation (Figure 4). Relative to the suburban counterparts,

the herbs and shrubs in the urban area had higher maximum
photosynthetic rates, but the canopies of the suburban areas had
significantly (p < 0.05) higher maximum photosynthetic rates
than their urban counterparts (Figure 4A). The differences in
maximum carboxylation rate and maximum potential rate of
electron transport between the plants grown in the urban and
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FIGURE 2 | Effects of growth environment on heavy metal (A) Ni, (B) Cu, (C) Zn, (D) Pb, (E) Cd, and (F) Cr concentrations of leaves of eight plant species. The
lowercase letters reveal the significant differences (P < 0.05) of the same species among different growth environments, and the capital letters reveal the significant
differences (P < 0.05) of different species in the same growth environment.

suburban areas were initially negative and gradually increased
with the plant functional groups (Figures 4B,C). The trend of
light respiration rates of plants grown among the different sites
was similar to those of the photosynthetic rate (Figure 4D).
The saturation irradiance and light compensation point of the
shrub located at the RNR were significantly lower than those of
the UFP (Figures 4E,F). The photosynthetic N use efficiencies
of the canopies significantly (p < 0.05) differed among the
three sites and decreased in the order of RNR > SFP > UFP
(Figure 4G). Plant photosynthetic P use efficiency increased with
the plant height and the photosynthetic P use efficiencies of
the subcanopies of plants grown in the UFP were significantly
lower than those grown in the RNR (Figure 4H). The maximum
photosynthetic rates of the different plant species were also
positively correlated with leaf area (Table 1).

Stomatal conductance, intercellular CO2 concentration,
transpiration rate, and instantaneous water use efficiency
were significantly but erratically affected by the urbanization
(Supplementary Figure 4). The highest stomatal conductances
of L. gracile and A. chinensis were both present in the UFP plants,
which were significantly (p < 0.05) higher than those from plants
grown in the SFP (Supplementary Figure 4a). The average
intercellular CO2 concentration ranged from 206 to 270 µmol
mol−1 and had erratic trends among all the plant species at the
three sites (Supplementary Figure 4b). Significant differences
in transpiration rates among the three sites were found among
the herb, shrub, and subcanopy, but not found among the
canopy samples (Supplementary Figure 4c). The responses of
instantaneous water use efficiencies to the urbanization were
dominated by the plant functional group differentiation. The

instantaneous water use efficiency of the herbs, shrubs, and
subcanopy plants located in the UFP were significantly (p< 0.05)
lower than those grown in the RNR, which was opposite to the
results of the canopies (Supplementary Figure 4d).

Leaf N Allocated to Different
Components
The leaf N allocated to the Rubisco, bioenergetics, and light-
harvesting components had similar trends among the same plant
species sampled at different sites (Figures 5B–D). Significant
differences in leaf N allocated to the photosynthetic and
carboxylation systems were all detected among the same species
at different sites (Figures 5E,F). Among the three sites, the
canopies of the urban area had the lowest proportions of leaf N
in the photosynthetic and carboxylation systems. Responses of
leaf N allocated to plant cell wall were significantly (p < 0.05)
affected by the urbanization, with significant differences among
four plant functional groups (Figure 5G). The proportions of
leaf N allocated in the cell wall of the UFP herbs, shrubs,
and subcanopies were significantly (p < 0.05) lower than those
of the suburban and rural counterparts in stark contrast to
the canopies.

Adaptive Strategies and Plant Traits
The results showed that the canopies and subcanopies in
the urban area suffered from environmental stress and they
adapted to the stress via reducing resource acquisition, improving
defense capacity, and enhancing resistance (Figure 6). For the
canopies, the load of maximum photosynthetic rate in the
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FIGURE 3 | Effects of growth environment on contents of (A) chlorophyll a, (B) chlorophyll b, and (C) total chlorophyll and (D) ratio of chlorophyll a to b of eight plant
species. The lowercase letters reveal the significant differences (P < 0.05) of the same species among different growth environments, and the capital letters reveal
the significant differences (P < 0.05) of different species in the same growth environment.

urban area was approximately the same as those grown in
the suburban area and a load of specific leaf area decreased
from 1.29 when grown in the urban area to 0.78 when
grown in the suburban area (Figures 6A,B). Urbanization
may improve environmental adaptability and the defense of
understory plants by improving resource acquisition ability
(Figures 6C,D). Leaf 13C abundance (positive correlation)
and water use efficiency (negative correlation) were the main
characters related to plant adaptation. Soluble phenol and lipid
concentrations may have contributed to resistance, with the load
of soluble phenol < 1.0 under advantageous conditions.

DISCUSSION

Stimulation of Urbanization on Plants
Our results showed that it was the plant functional groups that
dominated the stimulation or inhibition function of urbanization
on plant species and that urbanization appeared to have

negative impacts on the canopies. Previous studies suggested
that the CO2 concentration is higher in urban areas due to
the proximity to additional emission sources. Since CO2 is the
substrate of photosynthesis, it is unsurprising that elevated CO2
concentrations stimulate photosynthesis (Ainsworth and Rogers,
2007). Due to the heat island effect, the urban environment
also has longer daytimes and higher air temperatures, promoting
plant growth (Chapman et al., 2017). Moreover, relative to the
urban areas, higher ozone (O3) concentration in suburban and
rural areas has a negative impact on plant growth (Galant et al.,
2012; Xie et al., 2016). Therefore, increased light resources,
higher CO2 concentrations, atmospheric temperatures, and lower
O3 concentrations in the urban area theoretically stimulated
photosynthesis, leaf soluble sugar and starch accumulations,
and whole plant growth. At the same time, Pretzsch et al.
(2017) also confirmed that urbanization accelerated tree growth
in the subtropical zone after the 1960s. The discrepancy may
be due to the pressure of environmental pollutants originating
from urbanization.
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FIGURE 4 | Effects of growth environment on (A) maximum photosynthetic rate, (B) maximum carboxylation rate, (C) maximum potential rate of electron transport,
(D) light respiration rate, (E) saturation irradiance, (F) light compensation point, (G) photosynthetic N use efficiency, and (H) photosynthetic P use efficiencies of eight
plant species. The lowercase letters reveal the significant differences (P < 0.05) of the same species among different growth environments, and the capital letters
reveal the significant differences (P < 0.05) of different species in the same growth environment.

Pressure of Urbanization on Plants
In this study, the negative correlations between heavy metal
concentrations and maximum photosynthetic rates were all
detected in the canopies (Table 1), which further implies that
in the urban area, higher heavy metal concentrations in the
leaves might offset the stimulating functions of urbanization

on the canopies. It was also supported by previous studies,
and Harrison (2018) also found that concentrations of traffic-
generated pollutants in the urban background typically exceed
the concentrations within suburban or rural areas. In the
subtropical China area, all the concentrations of heavy metals
in soils and dusts of the urban area were higher than their
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TABLE 1 | Correlation coefficients and P levels of the Pearson’s correlation among maximum photosynthetic rate and plant external size, leaf appearance, heavy metal
concentration, and N allocated into different components.

Lophatherum
gracile

Alpinia
chinensis

Ardisia
quinquegona

Psychotria
rubra

Diospyros
morrisiana

Cratoxylum
cochinchinense

Engelhardtia
roxburghiana

Schima
superba

Height 0.356 0.016 0.018 0.076 0.366 0.481* −0.376 −0.186

South-north crown width 0.125 0.441* 0.593** 0.816** −0.270 0.252 0.374 −0.018

East-west crown width 0.111 0.177 0.436* 0.705** −0.078 −0.100 0.386 0.204

Leaf thickness −0.293 −0.612** −0.266 −0.301 −0.474* −0.443* −0.651** −0.197

Leaf surface 0.141 0.198 0.731** 0.514* 0.547** 0.254 0.369 0.409*

Specific area of leaves 0.534** 0.211 0.752** 0.682** 0.452* 0.630** 0.247 0.576**

Ni 0.536** 0.511* 0.619** 0.556** 0.055 0.594** −0.211 −0.588**

Cu 0.473* 0.157 0.638** 0.630** 0.075 0.536** −0.160 −0.149

Zn −0.027 0.603** 0.547** 0.843** 0.384 0.334 −0.366 −0.437*

Pb 0.496* 0.066 0.445* 0.693** 0.539** 0.291 −0.250 −0.400

Cd 0.608** 0.146 −0.148 0.657** 0.340 0.279 −0.447* −0.275

Cr 0.426* 0.158 0.566** 0.491* 0.358 0.270 −0.745** −0.504*

Area-based leaf N 0.539** −0.306 0.346 0.218 −0.371 −0.417* −0.400 −0.206

Leaf N allocated to
Rubisco

0.126 0.622** 0.831** 0.848** 0.618** 0.613** 0.731** 0.300

Leaf N allocated to
bioenergetics

0.270 0.713** 0.850** 0.758** 0.663** 0.660** 0.657** 0.283

Leaf N allocated to
light-harvesting
components

−0.535** 0.483* 0.117 0.194 0.300 0.452* 0.370 0.160

Leaf N allocated to
photosynthetic system

0.143 0.642** 0.846** 0.846** 0.639** 0.633** 0.733** 0.350

Leaf N allocated to
carboxylation system

−0.068 0.604** 0.730** 0.774** 0.572** 0.610** 0.641** 0.330

Leaf N allocated to cell wall −0.552** −0.216 −0.500* −0.619** −0.418* −0.468* −0.411* −0.628**

The bold values demonstrate the correlations are significant. *p < 0.05 and **p < 0.01.

background values (Wei and Yang, 2010). Relative to the herbs
and shrubs, the canopies were generally exposed to higher
amounts of pollution due to the heights and larger external
sizes, and thereby, the significant differences in leaf heavy metal
concentration were more frequently detected in the canopies
between the urban and the suburban areas (Figure 2). The
parameters of chlorophyll fluorescence were more vulnerable to
heavy metal stress and that heavy metal Cd inhibited at least
two different targets in photosystem II (Rocchetta and Küpper,
2009; Rajkumar et al., 2013). The Rubisco activity and CO2
assimilation rate were also decreased in the presence of Cd
(Cagno et al., 2008).

Effects of Urbanization on Leaf N
Proportions
The urbanization also significantly influenced the leaf cell N
allocations (Figure 5). The N distribution in leaf cells reflected
the physiological characteristics and survival strategies of plants
under different environmental conditions (Warren and Adams,
2001; Ridenour et al., 2008). Leaf N is generally distributed into
the cell wall, membrane, nucleus, chloroplast, mitochondrion,
and some free compounds, and more than 50% of leaf N
is allocated to chloroplasts for photosynthesis and energy
transformation systems (Warren and Adams, 2001). The ratio
of leaf N allocated into the cell wall indicated the tenacity

of leaves, which is also a basic self-defense strategy of plants
(Ridenour et al., 2008). Amidst harsh abiotic conditions, more
leaf N would be allocated in the cell wall, resulting in a decline in
photosynthetic system N (Ridenour et al., 2008). Consequently,
the maximum photosynthetic rate was positively correlated with
the proportions of leaf N allocated to the photosynthetic system
but had negative correlations with the proportions of leaf N
allocated in the cell wall (Table 1).

In this study, the average leaf N:P ratios on a mass basis
ranged from 12.0 to 30.2 (Figure 1), which is in the range of
average ratios reported in global datasets (Reich and Oleksyn,
2004; Hättenschwiler et al., 2008). Although urbanization tended
to increase the leaf N contents and N:P ratios, Townsend
et al. (2007) demonstrated that relative to the N content, plant
productivity was generally limited by the P content. As observed
for leaf N status, the δ15N value is a valuable parameter revealing
long-term N sources of different plants (Hietz et al., 2011; Huang
et al., 2016; Fu et al., 2020). Soil N saturation attributable to
atmospheric N deposition influenced the plant δ15N value by
enhancing nitrification and leaching (Hietz et al., 2011), and
thereby, the decline in leaf δ15N of plants located in the urban
was attributed to atmospheric N deposition. With reference to the
studies conducted in different subtropical areas, atmospheric N
deposition, including nitrogen oxides and ammonia, is frequently
reported to be 15N depleted (Battipaglia et al., 2010; Chen et al.,
2011; Fu et al., 2020). The N deposition could also lead to
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FIGURE 5 | Effects of growth environment on (A) area-based leaf N content and proportions of leaf N allocated to the (B) Rubisco, (C) bioenergetics, (D)
light-harvesting components, (E) photosynthetic system, (F) carboxylation system, and (G) cell wall of eight plant species. The lowercase letters reveal the significant
differences (P < 0.05) of the same species among different growth environments, and the capital letters reveal the significant differences (P < 0.05) of different
species in the same growth environment.

plant P limitation by soil acidification, which reduces available
P via being fixed by activated iron and aluminum (Hou et al.,
2018). For the canopies in this study, atmospheric N disposition
of urbanization tended to increase N content but decreased P
content (Figure 1), which might cause an imbalance of plant N
and P and generate side effects on other nutrient absorptions.
Moreover, the leaf N allocations also imply that relative to the

suburban and rural environment, the urbanization positively
stimulated the herb growth but inhibited the canopies.

Adaptive Strategies of Plants
Apart from the inherent properties of the plant itself, plant
growth is generally regulated by external environmental factors
including light resource, temperature, fertilization, and pollutant
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FIGURE 6 | Confirmatory factor analysis on the trait loading values per integrated functions (RA, resource acquisition; AP, adaptation; DF, defense; RE, resistance)
and relationships between the functions for canopy and understory plants in urban and suburban habitat: (A) canopy plants in urban area; (B) canopy plants in
suburban areas; (C) understory plants in urban area; and (D) understory plants in suburban areas. The numbers in the line between the latent variable and its
observed variables denoted loading values, and the numbers in the line between four latent variables showed regression coefficients.

stress. All these environmental factors had positive or negative
effects on plant growth, and these effects could be accumulated,
which discrepantly influence the physiological property and
growth of plants. The urban, suburban, and rural areas had a
series of differences in these environmental factors. Relative to the
suburban and rural counterparts, the urban environment differs
in many aspects that may confound the responses of nutrient
supplies and pollution. Consequently, plants appear to adopt
different strategies, including photosynthetic rates and leaf N and
P allocation, to adapt to these environments (Figure 6).

Photosynthesis is the primary assimilation process for most
plants, which is also one of the key parameters affecting plant
adaptive strategies to different environments (Houborg et al.,
2013; Schliep et al., 2013). The plant photosynthetic capacity
is quantified with the maximum photosynthetic rate under
suitable conditions. In plants, the chlorophyll is responsible for
absorbing and converting light energy, and thereby, the changes

in chlorophyll contents directly demonstrated the advantages
and disadvantages of urbanization on plant physiology at a
molecular level (Wasielewski et al., 1981; Papageorgiou and
Govindjee, 2004; Schliep et al., 2013). The primary pigment
for plant photosynthesis is chlorophyll a and the chlorophyll
b generally serves as an accessory pigment (Wasielewski et al.,
1981; Schliep et al., 2013). The chlorophyll a absorbs light from
the orange-red and violet-blue electromagnetic spectrum and the
leaf contained more chlorophyll content with a higher efficient
capture of photons and photosynthetic rate (Papageorgiou and
Govindjee, 2004; Schliep et al., 2013). In this study, relative to the
suburban and rural area, urbanization had positive effects on the
total chlorophyll contents of the herbs and shrubs, namely, herbs
and shrubs changed in their physiologies to adapt to stimulating
roles of urbanization (Figure 6). For photosynthesis, light as an
energy resource is essential to sustain plant growth and ensure
long-term survival (Craine and Dybzinski, 2013). Compared to
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the suburban and rural environment, more artificial light sources
exist in urban areas and it has been proved that artificial light
could delay leaf senescence (Zhang et al., 2015).

CONCLUSION

Compared with the suburban and rural counterparts, the herbs
and shrubs in the urban area had significantly higher starch
and soluble sugar contents, but the canopies had significantly
lower soluble sugar contents. Urbanization increased leaf heavy
metal concentration and N content but decreased leaf δ15N. The
urbanization enhanced the maximum photosynthetic rate and
total chlorophyll contents of the herbs and shrubs but decreased
the maximum photosynthetic rate and total chlorophyll contents
of the canopies. The proportions of leaf N allocated in the cell
wall of urban herbs, shrubs, and subcanopies were significantly
lower than those of the suburban and rural counterparts in stark
contrast to the canopies. This study also demonstrated that plant
functional groups dominated responses of adaptive strategies to
urbanization and that urbanization tended to stimulate the herbs
but inhibit the canopies. The canopies and subcanopies in the
urban area suffered from environmental stress, and they adapted
to the stress via reducing resource acquisition, improving defense
capacity, and enhancing resistance. However, urbanization
could improve environmental adaptability and the defense of
understory plants by improving resource acquisition ability.
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Leaf shape is an important leaf trait, with ovate leaves common in many floras. Recently,
a new leaf shape model (referred to as the MLRF equation) derived from temperature-
dependent bacterial growth was proposed and demonstrated to be valid in describing
leaf boundaries of many species with ovate leaf shape. The MLRF model’s parameters
can provide valuable information of leaf shape, including the ratio of lamina width
to length and the lamina centroid location on the lamina length axis. However, the
model wasn’t tested on a large sample of a single species, thereby limiting its overall
evaluation for describing leaf boundaries, for evaluating lamina bilateral asymmetry and
for calculating lamina centroid location. In this study, we further test the model using
data from two Lauraceae species, Cinnamomum camphora and Machilus leptophylla,
with>290 leaves for each species. The equation was found to be credible for describing
those shapes, with all adjusted root-mean-square errors (RMSE) smaller than 0.05,
indicating that the mean absolute deviation is smaller than 5% of the radius of an
assumed circle whose area equals lamina area. It was also found that the larger the
extent of lamina asymmetry, the larger the adjusted RMSE, with approximately 50% of
unexplained variation by the model accounted for by the lamina asymmetry, implying
that this model can help to quantify the leaf bilateral asymmetry in future studies. In
addition, there was a significant difference between the two species in their centroid
ratio, i.e., the distance from leaf petiole to the point on the lamina length axis associated
with leaf maximum width to the leaf maximum length. It was found that a higher centroid
ratio does not necessarily lead to a greater investment of mass to leaf petiole relative to
lamina, which might depend on the petiole pattern.

Keywords: centroid ratio, lamina area, leaf petiole, Lobry-Rosso-Flandrois equation, model validity

INTRODUCTION

A leaf of a woody plant usually consists of a lamina, a petiole (or a pseudo-petiole) and a sheath. In
the literature, leaf shape often refers just to the lamina shape and does not involve the morphological
characteristics of the leaf petiole. As an important photosynthetic organ of plants, the leaf has
always been a research hotspot, and leaf traits including lamina size (mass and area), lamina
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thickness, leaf shape, and lamina vein patterns are widely
studied because those measures are intimately associated with the
responses of plants to climate and environmental stress (Wright
et al., 2004, 2017; Chitwood and Sinha, 2016; Baird et al., 2021).
The leaf is crucial to the growth and development of plants,
with the characteristics and variation of leaf structure directly
affecting absorption and utilization of light energy and nutrients
(Smith et al., 1997; Daas-Ghrib et al., 2011). Previous studies
have shown that there is a tradeoff between the photosynthetic
returns from increasing lamina area and the investment in leaf
physical support and hydraulic systems from increasing lamina
mass (Niklas et al., 2007; Huang et al., 2019a,b, 2020; Guo et al.,
2021). Lamina thickness and leaf shape have been demonstrated
to affect such a tradeoff (Niinemets et al., 2007; Lin et al.,
2018, 2020). There is a large variation in leaf shape among
different species and conspecfics, and it is often used to assist
in identifying and classifying plants. Leaf shape is controlled
by genetic, physiological, and ecological factors (Nicotra et al.,
2011). Leaf shape and leaf venation pattern are closely related, and
interact with each other in formation (Dengler and Kang, 2001;
Runions et al., 2017). The ratio of lamina width to lamina length
is usually used as the leaf shape indicator (Lin et al., 2020). The
ovate leaf shape is common in many floras. The centroids of ovate
leaves are closer to the lamina base than those of elliptical and
obovate leaves, and thus the support costs of petioles for ovate
leaves tend to be lower (Niinemets et al., 2007).

Lamina bilateral symmetry can be regarded as one of the leaf
shape features (Shi et al., 2020a). How to measure the bilateral
symmetry of the lamina is an important scientific issue. The
standardized index (SI) was proposed to quantify the extent of
lamina bilateral asymmetry based on the relative area differences
of different sub-regions between both sides of the lamina (Shi
et al., 2018a). The heterogeneity of light in the tree crown
contributes to lamina bilateral asymmetry to a great degree
(Wang et al., 2018; Guo et al., 2020). The two sides of some
laminas might expose light in an irregular pattern because of the
architectural structure of trees. Relative to leaf length, leaf width
has a smaller variation for broad-leaved plants, especially those
with hierarchical reticulate leaf venation (Shi et al., 2018b). For
many plants, the bilateral symmetry is often slightly influenced
by a skewed lamina apex. Wang et al. (2020) verified that a
skewed lamina apex is likely to be beneficial to drainage on
the lamina surface.

It is valuable to construct a parametric model to describe leaf
shape. There are many models for calculating leaf size based on
leaf length and width, using these two one-dimensional measures
to reflect the influence of leaf shape on the calculation of leaf
size (Dornbusch et al., 2011; Shi et al., 2015, 2019; Yu et al.,
2020; Schrader et al., 2021). The principle of similarity suggests
that an object’s area is proportional to the square of its length
(Thompson, 1917); however, the validity of this principle is
demonstrated to be largely affected by the variation in the ratio
of lamina width to length (Shi et al., 2019; Yu et al., 2020). In
other words, the square relationship between lamina area and
lamina length depends on the variation in leaf shape. There are
linear, lanceolate, and elliptical leaf shape models (Dornbusch
et al., 2011; Shi et al., 2015; Li et al., 2021). Although the

ovate leaf shape is very common in many floras, this leaf shape
was mathematically modeled only recently (Shi et al., 2021).
Dornbusch et al. (2011) proposed a step model to describe
the linear and lanceolate leaf shape of plants, especially crops,
but this model could not produce a round lamina base. Shi
et al. (2015) developed a simplified Gielis equation based on its
original version (Gielis, 2003) to describe the shape of bamboo
leaves. The validity of the simplified Gielis equation has been
confirmed using the leaves of 42 bamboo species (Lin et al., 2016).
Nevertheless, the simplified Gielis equation cannot produce
concave curves close to the lamina apex that a typical ovate leaf
shape usually has (Shi et al., 2021). The original Lobry-Rosso-
Flandrois (LRF) equation was used to describe the relationship
between developmental (or growth) rate and temperature of
poikilotherms and microbes (Lobry et al., 1991; Rosso et al., 1993;
Ratkowsky and Reddy, 2017). To increase the flexibility of curve
fitting, Shi et al. (2017) proposed the modified LRF equation
(referred to as MLRF model hereafter for convenience) by adding
a parameter δ, which was then able to describe actual ovate
leaf shapes (Shi et al., 2021). The resulting modified leaf shape
equation has four parameters, all with geometrical meanings: the
first one is half lamina maximum width (yc); the second one is the
distance from lamina base to a point on the lamina length axis
associated with leaf maximum width (xc); the third one is lamina
length (x2); the last one (i.e., δ) controls the curvature of a curve
(Figure 1). These parameters can be potentially applied to reflect
leaf shape, e.g., the quotient of xc and x2, which is referred to as
the centroid ratio, can reflect the location of the lamina centroid
on the lamina length axis for an ovate or obovate leaf shape.
If the quotient is smaller than 0.5, this denotes that the lamina
centroid is closer to the lamina base (i.e., an ovate leaf shape);
if the quotient is larger than 0.5, this means that the lamina
centroid is closer to the lamina apex (i.e., an obovate leaf shape);
if the quotient is equal or approximate to 0.5, this indicates
that the lamina centroid tends to be located at the midpoint of
the lamina length. However, the influence of the location of the
lamina centroid on the allocation of mass between the leaf petiole
and the leaf lamina is unknown. The MLRF model provides an
approach for examining whether the lamina centroid ratio can
affect the ratio of leaf petiole mass to lamina mass. It is mistaken
to directly use the maximum distance between two points on the
lamina edge as lamina length, because lamina bilateral asymmetry
can lead to an inaccuracy using such an approach. The estimate
of the parameter x2 is better as a candidate leaf length, because
lamina apex might largely deviate from the midvein axis for some
leaves, leading to an over-estimation or under-estimation for the
lamina length defined from lamina base to lamina apex (Schrader
et al., 2021). The MLRF equation predicts perfectly a bilateral
symmetrical leaf shape, so the theoretical lamina length (x2) is
on the midvein length.

Regardless of the increase of support cost, the larger the
leaf size, the greater the photosynthetic returns. However, there
is a trade off between leaf size and support cost (Milla and
Reich, 2007; Niklas et al., 2007). In addition, increases in leaf
size also require increases in the investment of the leaf petiole
(Niklas, 1991). The bilateral symmetry of leaf shape is helpful
to reduce the cost of development at the earlier stage of leaf
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FIGURE 1 | The curve generated by the modified Lobry-Rosso-Flandrois
(MLRF) equation, which represents a side of a lamina. Here, x1 and x2

represent the lamina base and lamina apex, respectively; xc represents the
point on the lamina length axis associated with the lamina maximum width
2yc; δ controls the curvature of this curve. In this study, the location of lamina
base (i.e., x1) is fixed to be 0. This means that the MLRF equation only has
four parameters: yc, xc, x2, and δ.

formation and also matches the evolution of the leaf venation
system (Smith et al., 1997; Runions et al., 2017; Kierzkowski
et al., 2019). Thus, it is valuable to explore the association of
leaf size and structure with the corresponding functions. In this
study, we use two Lauraceae species, Cinnamomum camphora
(CC) and Machilus leptophylla (ML), both of which have an ovate
leaf shape (Figure 2), to test: (i) whether the MLRF equation is
valid for describing the leaves of the two species, (ii) whether
leaf shape (represented by the lamina centroid ratio) can affect
the allocation of mass between leaf petiole and lamina, and (iii)
whether the extent of lamina bilateral asymmetry can affect the
validity of the MLRF equation.

MATERIALS AND METHODS

Leaf Collection and Measurement
From two Lauraceae species, Cinnamomum camphora (L.) Presl,
and Machilus leptophylla Hand.-Mazz., which will be referred
to as CC and ML for convenience, more than 600 leaves
were sampled from three trees for each species from early- to
mid-August 2020 at the Nanjing Forestry University Campus
(32◦07′59′′N, 118◦81′37′′E) and the Nanjing Botanical Garden
of the Chinese Academy of Sciences (32◦05′12′′N, 118◦83′47′′E).
Based on 100 randomly sampled leaves for each species, the
ratio of leaf petiole length to lamina length is 0.26 ± 0.04 for
CC, and 0.14 ± 0.02 for ML; the diameter of the leaf petiole is
0.15 ± 0.02 cm for CC, and 0.28 ± 0.03 cm for ML. On average,
leaf petiole length is ca. 1/4 of lamina length for CC, and ca. 1/7 of
lamina length for ML; CC has a longer and slenderer petiole than
ML. Mature and intact leaves with leaf petioles were randomly
sampled from the middle canopy between 8 am and 9 am. To
reduce water loss, the sampled leaves were put into plastic self-
sealing bags (28 cm × 20 cm), and quickly brought back to the

laboratory at the Nanjing Forestry University Campus to measure
lamina mass and leaf petiole mass, the total time lapse being less
than two hours from the collection sites to the laboratory.

Lamina mass and leaf petiole mass were measured using
an electronic balance (ME204/02, Mettler Toledo Company,
Greifensee, Switzerland; measurement accuracy 0.0001 g), and
the lamina image was scanned with an Epson scanner (V550,
Epson Indonesia, Batam, Indonesia) at 600 dpi resolution. The
images were converted to black–white images and saved as
bitmap images at a 600 dpi resolution by Adobe Photoshop
(version: 13.0). Then, the MATLAB (version≥ 2009a) procedure
developed by Shi et al. (2018b) was used to extract the planar
coordinates of the leaf edges, and the R (based on R version 3.6.1;
R Core Team, 2019) script proposed by Su et al. (2019) was used
to measure lamina length, width, and area.

Statistical Methods
Lobry et al. (1991) proposed a model (i.e., LRF equation) to
describe the effect of temperature on the growth rate of microbial
populations. Shi et al. (2017) modified the LRF equation (i.e.,
MLRF equation) by adding a parameter δ to improve the fitting
elasticity and used its integral to develop a new sigmoid growth
equation. After adjusting the curves generated by the MLRF
equation to make them more bilaterally symmetrical along the
x-axis, we found that the following equation validly described
ovate leaf shapes of many plants (Shi et al., 2021):

y = yc
[

(x− x1) (x− x2)
2

(x2 − xc) [(x2 − xc) (x− xc)− (x1 − xc) (xc + x2 − 2x)]

]δ
,

where, x1 and x2 represent, respectively, the lamina base as
the starting point and the lamina apex as the ending point, xc
represents the point on the lamina length axis associated with
lamina maximum width, yc represents half lamina maximum
width, and δ is a parameter influencing the curvature of the curve.
The curvature of the lamina edge can be directly represented by
the parameter δ of the ovate leaf shape model. A large δ value
signifies a large curvature for the lamina edge [see Figure 1C
of Shi et al. (2021)]. This equation produces half an ovate leaf
shape, with the other half generated by f (x) = −y. In order
to estimate the parameters of the MLRF equation, the Nelder-
Mead optimization (Nelder and Mead, 1965) method was used
to minimize the residual sum of squares (RSS):

RSS =
n∑
j=1

(
yj − ŷj

)2
,

where, n represents the number of data points on the lamina
edge, the subscript j represents the jth point, and yj with a
circumflex represents the fitted response variable. For comparing
the goodness of fit of the model to the lamina edge data of the
two species, we calculated the adjusted root-mean-square error
(RMSEadj) of each lamina (Wei et al., 2019; Shi et al., 2020b):

RMSEadj =

√
RSS

/
n

√
A/π

,

Frontiers in Plant Science | www.frontiersin.org 3 January 2022 | Volume 12 | Article 82290726

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-822907 January 11, 2022 Time: 14:26 # 4

Li et al. Ovate Leaves and Bilateral Symmetry

FIGURE 2 | Leaf examples of Cinnamomum camphora (L.) Presl and Machilus leptophylla Hand.-Mazz. (Lauraceae).

where, A is the lamina area. This indicator accounts for the
proportion of the mean absolute deviation in the y values to the
radius of an assumed circle whose area equals lamina area.

To measure the extent of lamina bilateral asymmetry, the
standardized index (SI) proposed by Shi et al. (2018a) was
calculated for each leaf. The indicator took a certain number of
equidistant strips (rectangles) to intersect with a leaf, as shown in
Figure 3. To obtain a more accurate value, we actually used 1,000
strips, but to conveniently show this approach only five strips
were used in this figure. In each strip, the intersection between
the strip and the lamina was divided into upper and lower parts,
and their areas were represented by Li and Ri respectively, where,
i represents the ith strip. The mathematical expression of SI is as
follows:

SI =
1

1000

1000∑
i=1

| Li− Ri|
Li+ Ri

.

FIGURE 3 | Illustration for lamina bilateral asymmetry measure. For clarity, five
equidistant strips are exhibited here, but 1000 strips were used in the actual
calculation.

The smaller the SI, the smaller the degree of the bilateral
asymmetry of a lamina. A prior study showed the log-
transformation of SI made its distribution more normal (Shi et al.,
2020a). Thus, we used the natural logarithm, i.e., ln SI, in the
interspecific comparison.

To compare the significance of the difference in the extent of
lamina bilateral asymmetry between the two species studied, leaf
shape (reflected by the ratio of lamina width to lamina length,
and the ratio of xc to x2), and the ratio of leaf petiole mass
to lamina mass, the analysis of variance was carried out at the
0.05 significance level. The Pearson correlation coefficient test
was used to test the significance of the correlation between the
ratio of leaf petiole mass to lamina mass and the centroid ratio,
and the correlation between the goodness of fit using the leaf
shape model (reflected by RMSEadj) and the extent of lamina
bilateral asymmetry. All statistical analyses were performed using
R (version 3.6.1) (R Core Team, 2019).

RESULTS

The adjusted RMSEs of the MLRF equation for all laminas
were smaller than 0.05, which verifies the validity of the MLRF
equation in describing the ovate leaf shapes studied here. This
shows that the mean absolute deviation between the observed and
predicted y values is less than 5% of the radius of an assumed
circle whose area equals lamina area for each of the 616 leaves.
Figure 4 exhibits two leaf examples and the predicted leaf shapes
using the MLRF equation. Whether it is necessary to introduce
a parameter to control the curvature in the MLRF equation was
answered here; Figure 5A showed that most estimates of δ for
CC were larger than 1, and the mean estimated δ of CC was
significantly larger that of ML. This means that the leaf shape
of CC has a larger curvature than that of ML. However, there
was no significant difference in the goodness of fit between the
two species according to the calculated adjusted RMSE values
(Figure 5B). See Supplementary Table 1 for details.
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FIGURE 4 | Comparisons between the scanned leaf edges (gray curves) and the leaf edges predicted by the MLRF equation (red curves) for one leaf example each
of Cinnamomum camphora (L.) Presl and Machilus leptophylla Hand.-Mazz. The adjusted root-mean-square error (RMSEadj) is used to reflect the goodness of fit.

There were significant differences in leaf bilateral asymmetry
(Figure 5C), the ratio of lamina width to length (Figure 5D), the
ratio of leaf petiole mass to lamina mass (Figure 5E), and the
centroid ratio (Figure 5F). CC has a more bilaterally symmetrical
and broader leaf shape than ML; the lamina centroids are both
close to the lamina bases for the two species, but the centroid of
CC is closer to the lamina base; the ratio of leaf petiole mass to
lamina mass of CC is significantly smaller than that of ML.

There was a significant negative correlation between the
centroid ratio and that of leaf petiole mass to lamina mass for
CC (r = –0.14; P < 0.05), but a significant positive correlation for
ML (r = 0.30; P< 0.05). For the pooled data, a significant positive
correlation was found (r = 0.17; P < 0.05).

There was a significant positive correlation between the
adjusted RMSE values and the SI values for each species: the
coefficient of correlation of C. camphora was 0.71 (P < 0.01),
and that of M. leptophylla was 0.74 (P < 0.01) (Figure 6), which
means that approximately 50% of the unexplained variation using
the MLRF equation can be further accounted for by the extent of
lamina bilateral asymmetry.

DISCUSSION

Link of the Validity of the Leaf Shape
Equation to Lamina Bilateral Asymmetry
Although the extant leaf shape models (Dornbusch et al., 2011;
Shi et al., 2015; Li et al., 2021) have been verified to be valid for
plants with special leaf shapes, the question of lamina bilateral
asymmetry has been little considered. The current study shows
that the MLRF model has explained more than 95% of the
mean absolute deviation in y values relative to the radius of an
assumed circle whose area equals lamina area. The remaining
prediction errors could be explained by the extent of leaf bilateral

asymmetry, and the explained variation approximated 50%. This
work implies that the validity of a leaf shape model is closely
related to the extent of leaf bilateral asymmetry. For a leaf shape
apparently deviating from a bilateral asymmetry hypothesis, it is
necessary to introduce one or more parameter(s) to a model for
reflecting such a deviation (Huang et al., 2020; Li et al., 2021).
However, in the current study, the leaf shapes of two Lauraceae
species are basically bilaterally symmetrical, and there is only a
slight deviation in lamina apex from the lamina length axis (i.e.,
the symmetrical axis). This is a small but important functional
modification for leaves to conveniently drain the water on the leaf
surface (Wang et al., 2020). In future studies on developing other
leaf shape models, investigators will have to consider whether
it is necessary to introduce one or more parameter(s) to reflect
the lamina asymmetry by checking whether the deviation from
a perfect bilateral symmetry is large or negligible. Through the
correlation analysis on RMSEadj and SI, we found that the degree
of lamina asymmetry significantly influenced the goodness of fit
of the model. The larger the degree of lamina asymmetry, the
larger the RMSEadj. Thus, the degree of lamina asymmetry can
be quantified by the goodness of fit of the MLRF equation, which
suggests that similar approaches are promising in quantifying
or evaluating the degree of lamina bilateral asymmetry in future
studies related to leaf asymmetry.

Apparently, the leaf shape characteristics including lamina
bilateral symmetry or asymmetry are a result of the interactions
for plants and environmental factors (Chitwood and Sinha,
2016). Plants growing in different environments show
corresponding structural and physiological adaptabilities to
external environmental conditions, such as moisture and carbon
dioxide content (Ito et al., 2015; de Boer et al., 2016); light
capture efficiency and the location of the leaves in the crown can
both influence leaf shape (Reich et al., 1998). The leaf bilateral
symmetry of CC was better than ML. The following reasons
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FIGURE 5 | Comparisons of the estimates of δ (A), adjusted root-mean-square errors (B), the natural logarithms of the standardized indices for lamina bilateral
asymmetry (C), ratios of lamina width to length (D), centroid ratios (i.e., xc/x2) (E), and ratios of leaf petiole mass to lamina mass (F) between C. camphora
(represented by CC) and M. leptophylla (represented by ML). In each panel, the letters a and b are used to represent the significance of the differences between the
two species, with species sharing a common letter not differing significantly at the 0.05 significance level; the percentage numbers at the top of the whiskers
represent the coefficients of variation; the horizontal lines in boxes represent medians, and the asterisks in boxes represent means.
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might have led to this result. For one thing, the lamina size of ML
is larger, and it requires a more skewed lamina apex to rapidly
drain the water on the leaf surface (Wang et al., 2020). Also, the
ratio of lamina width to length of ML is significantly smaller than
that of CC (Figure 5D), and the narrow leaf shape tends to cause
large variations in the symmetrical distributions of hierarchical
reticulate veins and in the cell division rates on both sides of the
lamina (Dengler and Kang, 2001).

Influences of the Lamina Centroid Ratio
and Leaf Petiole Pattern on the
Investment of Mass to Leaf Petiole
The tradeoff between leaf photosynthetic investment and leaf
support investment is always a study hotspot in botany (Niklas,
1991; Niinemets et al., 2007). Previous studies show that lamina
mass positively correlates with lamina area, and leaf petiole mass
also positively correlates with lamina mass on a log-log scale
(Niklas, 1991; Li et al., 2008). Leaf shape has been demonstrated
to affect the scaling relationship between lamina mass and lamina
area (Lin et al., 2020), but few studies have been carried out to
examine whether leaf shape can change the scaling relationship
between leaf petiole mass and lamina mass. In this work, we
analyzed the correlation between the lamina centroid ratio and
the ratio of leaf petiole mass to lamina mass for two Lauraceae
species, and found a negative correlation for the long and slender
petiole (CC) and a positive correlation for the short and thick
leaf petiole (ML).

The ratios of lamina width to length of CC and ML differ
significantly. CC has a smaller and broader lamina, which greatly
reduces the supporting requirement for the leaf petiole. Thus,
smaller and broader leaves tend to have long and slender leaf
petioles and are little influenced by the centroid ratio. ML has a
larger and narrower lamina that increases the burden of the leaf
petiole, so leaf petiole mass correlates with lamina mass. When
the lamina centroid is far away from the lamina base, the plants
tend to have short but thick leaf petioles to support laminas for
maintaining the maximum light surface (Takenaka, 1994). Large
laminas need the petiole to enhance the ability to conduct water,
but also endure the role of external forces (Niklas, 1999), which
requires increasing the investment of mass to the leaf petiole.
The results indicated that lamina size and shape can significantly
modulate the allocation of investment between the lamina mass
and leaf petiole mass, thereby affecting leaf development patterns
in different environments.

Fluctuating asymmetry is widely used as a measure of
developmental stability (Palmer and Strobeck, 1986; Palmer,
1994). It regards the difference in a trait of interest between
two sides of a sample as a developmental “noise.” There are
many indices to measure the level of fluctuating asymmetry,
and the SI can be deemed as one indicator of fluctuating
asymmetry [compared with FA2 of Palmer (1994)]. This is to
say, the indicator here measured the extent of leaf fluctuating
asymmetry. It is somewhat valuable to compare different
fluctuating asymmetry indices for recommending the best one.
However, the present work mainly focuses on: (i) the description
of the ovate leaf shape using a known parametric model, i.e., the

FIGURE 6 | Correlation between the adjusted root-mean-square error and
standardized index for lamina bilateral asymmetry. In each panel, the open
circles represent the observations; the red straight line represents the
regression line; r is the coefficient of correlation; n is the sample size.

MLRF model, based on a large sample size, and (ii) whether the
centroid ratio, which is obtained from the parameters of the
ovate leaf shape model, can have a significant influence on
the allocation of biomass to the petiole and lamina. Although
we quantified the extent of lamina bilateral asymmetry using
SI, it was used only to explore whether the goodness of fit
of the ovate leaf shape model is associated with the extent of
lamina bilateral asymmetry. The results showed that lamina
bilateral asymmetry (which reflects SI) accounted for ca. 50%
of the unexplained variation of the MLRF model. Our ovate
leaf shape model actually hypothesizes (predicts) a perfectly
bilateral symmetrical leaf shape, i.e., an ideal norm without
developmental instability, so any existing asymmetry for laminas
will more or less weaken the model’s power. Fortunately, given
developmental stability of leaves, the studied laminas are of
nice bilateral symmetry except a minor deviation (which we
can regard as a ‘modification’ from a bilateral symmetry) at the
lamina apex for a functional drainage requirement. It is necessary
to point out that fluctuating asymmetry is a population parameter
rather than a sample parameter (Graham, 2021), so it requires
using a large sample size to reflect an accurate asymmetrical
trait of interest. To serve our study aim of testing whether the
validity of the MLRF model is related to the extent of lamina
bilateral asymmetry based on individual leaves (samples), for the
two studied species, 320 and 296 leaves were used respectively,
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which should represent the general traits of lamina structure
including lamina bilateral asymmetry.

CONCLUSION

In this study, we tested the validity of the MLRF model for
describing leaf shapes of two species of Lauraceae using a large
sample for each species. The equation was confirmed to be
credible to describe the actual shapes, and all adjusted root-mean-
square errors (RMSEs) were smaller than 0.05. This means that
the mean absolute deviation is smaller than 5% of the radius of
an assumed circle whose area is equal to the lamina area. We also
found that the goodness of fit of the MLRF model relied on the
extent of lamina bilateral asymmetry. The prediction error can
be further accounted for by the lamina bilateral asymmetry, and
it explained ca. 50% of the unexplained variation of the MLRF
model. In addition, we did not find consistent evidence that the
centroid ratio is positively correlated with the ratio of leaf petiole
mass to lamina mass, which is perhaps associated with leaf petiole
patterns. A long and slender leaf petiole tends to correspond
to a small and broad leaf, regardless of the centroid ratio; a
short and thick leaf petiole tends to correspond to a large and
narrow leaf, and the ratio of leaf petiole mass to lamina mass is
more likely to positively correlate with the lamina centroid ratio.
This work provides important insights into the link between leaf
structure and function.
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Annual species show traits, such as shortleaf lifetimes, higher specific leaf area, and leaf
nutrient concentrations, that provided a more rapid resource acquisition compared to
perennials. However, the comparison of root traits between the annuals and perennials
is extremely limited, as well as the trade-offs of leaf and fine root traits, and resource
allocation between leaf and root, which may provide insight into the mechanism of
species changes in arid and semi-arid areas. With lab analysis and field observation, 12
traits of leaf and fine root of 54 dominant species from Horqin Sandy Land, Northeastern
China were measured. The organization of leaf and fine root traits, and coordination
between leaf and fine root traits of annual and perennial plants were examined. Results
showed that there were differences between annuals and perennials in several leaves
and fine root traits important in resource acquisition and conservation. Annuals had
higher leaf area (LA), specific LA (SLA), and specific root length (SRL) but lower
leaf dry-matter content (LDMC), leaf tissue density (LTD), leaf carbon concentration
(LC), and fine root dry-matter content (FRDMC) than perennials. Leaf nitrogen (LN)
concentration and fine root nitrogen concentration (FRN) were negatively related to
LTD and FRDMC in annuals, while FRN was positively related to FRTD and fine
root carbon concentration (FRC), and LA was positively related to LN in perennials.
These implied that annuals exhibited tough tissue and low palatability, but perennials
tend to have smaller leaves to reduce metabolism when N is insufficient. Annuals
showed significant positive correlations between FRC/FRDMC and LDMC/LTD/LC,
suggesting a proportional allocation of photosynthate between leaf and fine root. In
perennials, significant negative correlations were detected between LN, LC, and SRL,
fine root tissue density (FRTD), as well as between LA and FRTD/FRC. These indicated
that perennials tend to allocate more photosynthate to construct a deeper and rigid
roots system to improve resource absorption capacity in resource-limited habitats.
Our findings suggested that annuals and perennials differed considerably in terms
of adaptation, resource acquisition, and allocation strategies, which might be partly
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responsible for species changes in desertified grasslands. More broadly, this work
might be conducive to understand the mechanism of species changes and could also
provide support to the management and restoration of desertified grassland in arid and
semi-arid areas.

Keywords: leaf, fine root, plant functional traits, annuals, perennials, species changes, arid and semi-arid area

INTRODUCTION

Species changes are universal in degraded ecosystems, especially
in desertified grassland in arid and semi-arid areas (Kerley
and Whitford, 2009; Pfeiffer et al., 2019). Dominant species
in grassland changed from perennial grasses to annual forbs
and grasses after grazing in western Oklahoma, United States
(Collins et al., 1988). Herbaceous species, especially grasses, were
lost and replaced by xerophytic shrubs or semi-shrubs during
the degradation development in the cold semi-arid grasslands
of Qinghai-Tibet Plateau, North-west China (Li et al., 2006).
Understanding the mechanisms underlying these changes has
been a challenge for ecologists. Previous studies suggested that
the species changes during grassland desertification are the results
of the interaction between species adaptation and environmental
changes (D’Odorico et al., 2013; Zhang et al., 2020). Plant growth
is often limited by drought stress and nutrient deficiency in
arid and semi-arid areas, which have been exacerbated due
to grassland desertification (Bennett and Adams, 2001; Yair
and Kossovsky, 2002; Dong et al., 2009). Generally, functional
traits have been used as indicators of plant species response
to environmental change for characterizing plant survival and
resource use strategies under stress conditions (Dyer et al., 2001;
Reich et al., 2003). Previous studies compared photosynthetic,
leaf morphology, and chemistry traits in annuals and perennials
(Jaikumar et al., 2013; González-Paleo and Ravetta, 2018;
González-Paleo et al., 2019). Nonetheless, few have specialized in
the differences in coordination and organization in leaf and fine
root traits between annuals and perennials, and very few have
linked these with species changes. This study explores the plant
adaptive mechanisms and species assembly rules by addressing
the question as to whether there are differences in trade-offs of
leaf and fine root traits between annuals and perennials.

Abundant pieces of evidence suggested that for plants,
annual and perennial life histories exhibit leaf traits trade-offs
between the rapid acquisition of resources and conservation
of resources (Diaz et al., 2004; Wright et al., 2004a; Monroe
et al., 2019). Annuals with shortleaf lifetimes, high SLA and leaf
N concentrations, and fast returns to light and CO2 generally
capture resources and complete their life cycles more rapidly
(Wright et al., 2004b), while perennials exhibit robustness and
low palatability allow continued leaf function to maximize
resource conservation and have adaptive advantages in resource-
limited conditions (González-Paleo et al., 2019). However,
compared to leaf traits, fewer studies have focused on traits of
underground organs of annuals and perennials (Roumet et al.,
2006; DuPont et al., 2014). It is not clear whether traits of
root exhibit similar trade-offs (between below-ground resource
acquisition and resource conservation, and root persistence)

to leaf. Yet, there is some evidence suggesting that suites of
correlated root traits are linked to plant growth strategies. Fort
et al. (2012) found that drought-sensitive species have higher
SRL, revealing more opportunistic root strategies than drought-
tolerant species. Laughlin et al. (2021) demonstrated that forest
species in warm climates tend to have low SRL and high root
tissue density (RTD), but species in cold climates exhibit a high
SRL and low RTD. In addition, roots directly access underground
resources (nutrients and water) and hence better reflect plant
underground components in response to the environmental
changes and the adaptive strategy of plants to stressed conditions
in desertified grassland (Hodge, 2004; Bardgett et al., 2014).
The most obvious changes during grassland desertification are
the decrease in productivity and selective loss of nutrient-rich
fine soil particles which lead to seriously coarse-textured soil,
poor soil nutrients, and soil water retention (McLendon and
Redente, 1992; Zuo et al., 2009). Plant growth is mainly limited
by drought stress and nutrient deficiency rather than light and
CO2 in desertified grassland in arid and semi-arid grasslands.
We, therefore, tested whether fine root traits and organization
of fine root traits differ between annuals and perennials, which
might give insights in understanding species assembly in arid and
semi-arid areas.

If root traits between annuals and perennials are subjected
to the same trade-offs as leaf traits (resource acquisition
and resource conservation), differences in leaf-root traits
coordination between annuals and perennials are expected, with
leaf-root traits exhibiting extravagant resource allocation strategy
between above- and belowground components in annuals, and
resource conservation allocation strategy in perennials. Growing
evidence of consistent trait syndromes between leaf and root
indicates coordination between above- and belowground organs
in terms of the acquisition and allocation of limited resources
(Liu et al., 2010; de la Riva et al., 2016). However, there are
more reasons to expect that trade-offs between leaf and fine root
traits of annual species might differ considerably from those of
perennials. Literature demonstrated that this coordination varied
between growth forms and strategies. For example, Valverde-
Barrantes et al. (2021) found that among woody plants, high LN is
associated with low RTD, whereas among non-woody plants, low
SRL is associated with high LN. Fort et al. (2012) showed that for
the same SLA, drought-tolerant species exhibit higher root mass
and lower SRL than drought-sensitive species, to develop and
maintain a coarser and deeper root system. These trade-offs are
the result of plant species adapting to resource-poor habitats by
improving their resource-acquisition ability. In addition, trade-
offs between leaf and root traits might be also altered due to
changes in the environment owing to climatic or edaphic shifts.
Results from Liu et al. (2010) suggested that the ratio of leaf
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N per area root N per length increased, but the ratios of SLA
to SRL and leaf N to root N decreased from semi-arid to arid
environment. These changes are associated with the allocation
of photosynthates and N to root, likely reflecting that those
plants tend to allocate more resources to the construction of root
systems due to extremely dry conditions (Craine, 2006; Morales
et al., 2015). We surmised that different patterns of resource
allocation between leaf and root might be observed in annuals
and perennials, in response to stressed habitat, which might be
conducive to further understanding of adaptation strategies of
annual and perennial species in desertified grassland.

This study investigated 12 traits of leaf and fine root of 54
dominant species in Horqin Sandy Land, Northeastern China, to
analyze leaf and fine root traits organization and leaf-root traits
coordination in annuals and perennials, respectively. Horqin
Sandy Land is one of the four well-known Sandy Lands in
northern China, has been subjected to serious desertification
in the last 40 years (Duan et al., 2014). Studies in this area
have found that the dominance of annual species decreased
but that of perennial species increased with the desertification
development (Zhang et al., 2004; Zuo et al., 2009; Ning et al.,
2021). These might be attributed to the adaptation of plant
species to environmental changes, as well as different resource
use strategies. Our objective is to explore plant strategies of
resource use and allocation in annuals and perennials, by
using a functional approach, thereby implicating the mechanism
of species changes in desertified grassland. Specifically, we
hypothesize that: (a) Annual species differ from perennial species
in fine root traits organization in desertified grassland in arid and
semi-arid areas; (b) The coordination between leaf and fine root
traits of the annuals and perennials differs in ways that may reflect
different resource allocation strategies.

MATERIALS AND METHODS

Study Area
The study was conducted in the Horqin Sandy Land (118.4◦E to
123.5◦E, 42.7◦N to 45.8◦N, 180 to 650 masl), which covers an area
of 12.90 × 104 km2 in the northeastern part of Inner Mongolia,
China. The area has a continental semi-arid to a semi-humid
monsoon climate. The mean annual temperature ranges from
5.8◦C to 6.4◦C, with mean monthly temperatures from −12.6◦C
in January to 23.5◦C in August, and mean annual precipitation
from 343 mm to 451 mm, of which approximately 70% falls
from June to August. The mean annual potential evaporation
ranges from 1,500 to 2,500 mm. The mean annual wind velocity
ranges from 3.5 to 4.5 m s−1, and the mean wind velocity in
spring (the season with the lowest vegetation cover and thus,
the greatest vulnerability to erosion) ranges from 4.2 to 5.9
m s−1. Windy days with a velocity greater than 17 m s−1 is
from 25 to 40 days per year, which results in 10 to 15 days
of sandstorms and dust storms, mainly (more than 70% of the
total) in the spring.

The Horqin Sandy Land is a sandy dune landscape due to
desertification, with a mosaic distribution of flat or undulating
sandy land, mobile dunes, semi-fixed dunes, fixed dunes, and

interdune lowlands. The soil in the study area is classified as
a Cambic Arenosol (FAO and ISRIC, 1988), in which coarse
sand with a particle size of 0.25 to 1 mm accounts for 20
to 58% of the mass, fine sand with a particle size of 0.05 to
0.25 mm accounts for 40 to 67%, and clay and silt with a
particle size <0.05 mm accounts for 0.1 to 15%. The soil organic
matter content is 0.08 to 0.49%. The dominant species in this
area are Agriophyllum squarrosum (annual forb), Setaria viridis
(annual grass), Artemisia halodendron (sub-shrub), Caragana
microphylla (shrub), Bassia dasyphylla (annual forb), Artemisia
annua (annual forb), Chenopodium acuminatum (annual forb),
Artemisia frigid (annual forb), Periploca sepium (shrub), and
Cynanchum thesioides (annual forb).

Leaf and Fine Root Traits Measurement
In August 2018, we investigated the traits of leaf and fine root
of 54 dominant plants on a sand streak in Horqin Sandy Land.
We measured leaf and fine root traits on five samples for each
species, and at least five healthy and mature individuals were
collected as one sample. To obtain intact fine roots, we excavated
each plant by digging soil range 25 cm diameter and 25 cm
deep, and wider and deeper when necessary to obtain fine roots
for deeper-rooted species or taprooted species. For some sand-
fixing shrubs, such as A. halodendron and C. microphylla, it was
necessary to excavate to a depth of 1 m to obtain complete
fine root tissue. Plants were transported to the laboratory and
cleaned with distilled water to remove adherent soil, debris, and
root of surrounding plants. For leaves, intact and mature leaves
were collected for each sample. Part of the collection was oven-
dried at 65◦C for chemical analysis, while the other (10 leaves,
or more for microphyllous species) was placed in a plastic bag
for traits analysis. For fine root, we extracted undamaged fine
root (<2 mm) of each sample. Part of the collection was oven-
dried at 65◦C for chemical analysis, while the other was placed
in a plastic bag for traits analysis. Then, the collection of leaves
and fine roots of each sample were put in the water in the dark
for 24 h at 4◦C to allow water saturation. For the leafless species
Ephedra sinica, the plant part functionally similar to the leaf
was measured.

Before measurement, fresh and water-saturated leaf and fine
root were dried with clean filter paper gently and weighted for
water-saturated leaf and fine root. The leaf and fine root of each
sample were then scanned with a scanner (Epson, Japan) for the
digital image. Image analysis was conducted with WinRHIZO
software (Regent Instruments, Quebec, Canada) to measure the
LA, length, and volume of the fine root. After scanning, these
materials were oven-dried at 65◦C to a constant weight and
weighted. Leaf thickness (LT) was measured with a digital caliper
as the mean of 3 measurements for each leaf, and 10 leaves
were measured for each sample. SLA and SRL were calculated
as the ratio between leaf area and leaf dry mass, and between
root length and root dry mass, respectively. LDMC and FRDMC
were calculated as the ratio between leaf and fine root dry mass
and their water-saturated mass, respectively. LTD and FRTD were
calculated as the ratio between leaf dry mass and leaf volume, and
between fine root dry mass and root volume, respectively. The
leaf and fine root of each sample were ground into a fine powder
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using a ball mill (GT300 Ball Mill, POWTEQ, Beijing, China).
The C and N concentrations of leaf and fine root (LC, LN, FRC,
and FRN) were measured by an elemental analyzer (ECS4010,
Costech, Milan, Italy).

Calculations and Data Analysis
Phylogenetic signal (Blomberg’s K) in all leaf and fine root traits
was tested using the K statistic, where K is calculated as the
ratio of the observed phylogenetically correct mean-square error
divided by the mean-square error of the data, standardized by
the expectation under Brownian motion (Blomberg et al., 2003).
When measuring functional traits with phylogenetic signals, the
species in the phylogenetic tree are usually randomly permuted
999 times to calculate the K statistic. The higher the K-value, the
stronger the phylogenetic signal is and suggested the tendency of
close relatives to have similar traits due to their common ancestor.
The K-value and associated P-value were calculated with 3.5.3 of
R1, using the ‘picante’ package.

When the statistical analysis is conducted at the species level,
traits of plant species are not statistically independent because
species have a common ancestor and with different degrees of
genetic relationship among species (Felsenstein, 1985). Thus,
the phylogenetically independent contrasts (PIC) are essential
to enhance the reliability of statistical analysis and reveal the
potential importance of evolutional history in determining the
current traits of species. A phylogenetic tree was recovered
for 54 species by using the Phylo-matic tree2 (Webb and
Donoghue, 2005), based on the phylogenetic hypothesis for
relationships among angiosperm families. For this analysis,
branch lengths were estimated from a set of dated nodes based
on fossil calibrations of vascular plants (Webb et al., 2011).
PIC of each trait was calculated as the difference in mean trait
values for pairs of sister species and nodes. We calculated the
PIC of leaf and fine root traits of 54 species using the ‘ape’
package in R.

Coefficients of variation (CV) in leaf and fine root traits were
calculated using Equation 1:

CV (%) = SD/mean× 100 (1)

The 54 species in Horqin Sandy Land were classified into two
categories: annuals (27) and perennials (27) (Supplementary
Table A. 1). For all the variables measured, the distribution
of values was tested for normality (Kolmogorov–Smirnov test,
P = 0.05) and the homogeneity of error variance (using Levene’s
test, P = 0.05). An independent-sample t-test was used to test
for the differences in leaf and fine root traits between annuals
and perennials. The Pearson correlation tests were used to
analyze the correlations among leaf and fine root traits. We
repeated this correlation analysis using PIC of traits to test the
effect of species evolutional history in the correlation of leaf
and fine root traits. To test the correlations both within and
among traits defining leaf and fine root, a principal component
analysis (PCA) was performed on 12 traits (with ‘vegan’ package
in R). To account for the influence of species evolutionary

1https://www.r-project.org/
2http://camwebb.info/doc/phylomatic.html

histories, we conducted PCA both with and without the PIC.
Both PIC correlations and PCA with PIC were analyzed based
on standardized contrasts, calculating relationships through the
origin and adjusting degrees of freedom.

RESULTS

Variation of Leaf and Fine Root Traits
The LT and LA showed large variation (CV) among species,
while FRDMC, LC, FRC, LN, and FRN had low variation in 54
dominant species in Horqin Sand Land (Table 1). Significant
phylogenetic signals in LDMC, SLA, FRTD, and FRC were found
(P < 0.05), suggesting that these traits were strongly influenced
by their evolutionary history. However, the K values of these traits
were relatively small (K < 1).

Annuals showed significantly higher SLA and SRL than
perennials (Figure 1, P < 0.05). But the perennial species had
higher LDMC, LTD, LC, FRN, and FRC than annual species
significantly (P < 0.05). Unexpectedly, there was no significant
LN difference between annuals and perennials, as well as LT, LA,
FRDMC, and FRTD (P > 0.05).

Correlations Among Leaf and Fine Root
Traits
Pairwise correlation among leaf and fine root traits of overall
species were analyzed, significant correlations were found
(Table 2, P < 0.05). LDMC was positively related to LTD and LC
but negatively related to SLA and LN (P < 0.05). The correlation
of fine root traits had a similar pattern as the leaf. FRDMC
was positively related to FRTD but negatively related to SRL
(P < 0.05). When PIC was included in the analysis of pairwise
correlation of leaf and fine root traits, the different patterns of
correlation were observed (Table 2). The correlations between
LDMC and SLA, between LTD and LC, LN, and between SLA and
FRTD disappeared after considering evolutionary relationships
among species. But the SLA, FRTD, and FRDMC were associated
with FRN (P < 0.05).

Both for annuals and perennials, species with high LT tend
to low LDMC and LTD, and species with high SRL means low
FRTD (Tables 3, 4). However, annuals and perennials showed
different patterns of correlation among leaf traits or fine root
traits. In annuals, LN was negatively related to LTD, and FRN was
negatively related to FRTD (Table 4, P < 0.05). But in perennials,
LN was positively correlated with LA (Table 3, P < 0.05). And
FRN is positively correlated with FRTD and FRC.

Coordination Between Leaf and Fine
Root Traits
Looking at the relationship between leaf and fine root traits for
overall species, there was a positive correlation between LDMC
and FRDMC, as well as between LN and FRN, and between LC
and FRC (Table 2, P < 0.05). However, SLA and LTD did not
correlate to SRL and FRTD, respectively (P > 0.05). When PIC
was included, the SLA and SRL were still not correlated, while the
relationship between LN and FRN exhibited concordant patterns
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TABLE 1 | Traits of leaf and fine root of 54 dominant species in Horqin Sandy Land and their phylogenetic signal (K).

Traits Traits Mean ± SE Minimum Maximum CV (%) K P

Leaf thickness (mm) LT 0.26 ± 0.03 0.09 1.45 92.31 0.24 0.19

Leaf area (cm2) LA 6.69 ± 1.50 0.08 60.07 164.57 0.11 0.09

Leaf dry-matter content (g/g) LDMC 0.24 ± 0.01 0.07 0.47 41.67 0.06 0.02

Specific leaf area (cm2/g) SLA 219.74 ± 11.53 31.83 498.56 38.56 0.08 0.08

Leaf tissue density (g/cm3) LTD 0.03 ± 0.00 0.01 0.06 33.33 0.06 0.02

Fine root dry-matter content (g/g) FRDMC 0.34 ± 0.01 0.13 0.60 26.47 0.04 0.12

Specific root length (cm/g) SRL 1258.20 ± 107.15 375.90 4147.92 62.58 0.03 0.46

Fine root tissue density (g/cm3) FRTD 0.23 ± 0.01 0.09 0.55 39.13 0.08 0.01

Leaf nitrogen concentration (%) LN 2.36 ± 0.09 0.75 3.87 28.39 0.02 0.59

Leaf carbon concentration (%) LC 43.56 ± 0.47 35.63 49.89 7.85 0.05 0.13

Fine root nitrogen concentration (%) FRN 1.03 ± 0.07 0.11 2.46 24.27 0.04 0.27

Fine root carbon concentration (%) FRC 45.73 ± 0.24 41.65 50.76 3.94 0.06 0.04

K, phylogenetic signal.

FIGURE 1 | Traits of leaf and fine root of 54 dominant species. LT, leaf thickness; LA, leaf area; LDMC, leaf dry-matter content; SLA, specific leaf area; LTD, leaf
tissue density; FRDMC, fine root dry-matter content; SRL, specific root length; FRTD, fine root tissue density; LN, leaf nitrogen concentration; LC, leaf carbon
concentration; FRN, fine root nitrogen concentration; FRC, fine root carbon concentration. Values are mean ± SE. Independent-sample t-test, P < 0.05 represents a
significant difference between annuals and perennials.

as ahistorical correlations, although the magnitude was increased.
The LTD was positively correlated with FRTD, but the LDMC was
decoupled from FRDMC. Somewhat unexpected was the positive
relationship between LC and FRC in ahistorical correlations,

while the negative relationship was observed in evolutionary
correlations (Table 2).

The coordination between leaf and fine root traits of
annuals differed from those of perennials. For annuals, LT was
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TABLE 2 | Matrix of Pearson’s correlation coefficients for the relationships between leaf and fine root traits of 54 dominant species (n = 54).

Trait LT LA LDMC SLA LTD LN LC FRDMC SRL FRTD FRN FRC

LT −0.34* −0.57** −0.04 −0.45** −0.18 −0.85** 0.36* −0.14 0.00 −0.06 0.13

LA −0.10 0.22 0.01 0.02 0.53** 0.29* −0.44** 0.25 −0.48** 0.42** −0.44**

LDMC −0.31* −0.23 −0.18 0.31* 0.40** 0.70** −0.17 −0.15 −0.14 0.40** −0.49**

SLA −0.27* −0.04 −0.43** −0.68** 0.19 0.14 0.13 −0.03 −0.21 0.06 −0.09

LTD −0.52** −0.00 0.76** −0.41** −0.12 0.18 −0.24 0.22 0.35** −0.14 0.17

LN 0.10 0.10 −0.14 0.10 −0.33* 0.34* −0.52** 0.29* −0.58** 0.80** −0.66**

LC −0.30* −0.16 0.52** −0.07 0.39** 0.18 −0.26 0.11 −0.12 0.25 −0.35**

FRDMC −0.34* −0.27* 0.64** −0.10 0.51** −0.19 0.28 −0.24 0.45** −0.46** 0.23

SRL −0.17 0.14 −0.04 0.17 0.20 −0.35** −0.31* 0.06 −0.22 0.42** −0.20

FRTD 0.04 −0.18 0.10 −0.28* −0.02 0.32* 0.14 0.34* −0.57** −0.66** 0.48**

FRN 0.18 −0.00 0.08 −0.21 0.09 0.62** 0.22 −0.12 −0.26 0.31* −0.78**

FRC −0.14 −0.32* 0.35** −0.15 0.23 0.10 0.42** 0.22 −0.25 0.19 0.18

*P < 0.05; **P < 0.01.
Below-diagonal values and above-diagonal values indicate correlations without and with phylogenetically independent contrasts, respectively.
LT, leaf thickness; LA, leaf area; LDMC, leaf dry-matter content; SLA, specific leaf area; LTD, leaf tissue density; FRDMC, fine root dry-matter content; SRL, specific
root length; FRTD, fine root tissue density; LN, leaf nitrogen concentration; LC, leaf carbon concentration; FRN, fine root nitrogen concentration; FRC, fine root
carbon concentration.

TABLE 3 | Matrix of Pearson’s correlation coefficients for the relationships between leaf and fine root traits in perennials (n = 32).

Trait LT LA LDMC SLA LTD LN LC FRDMC SRL FRTD FRN

LA −0.05

LDMC −0.39 −0.12

SLA −0.34 −0.27 −0.27

LTD −0.62** 0.18 0.74** −0.24

LN 0.10 0.42* −0.09 0.08 0.37

LC 0.09 −0.39 0.48* −0.18 0.19 0.35

FRDMC −0.43* −0.38 0.35 0.11 0.40 −0.06 0.30

SRL −0.15 0.42* −0.05 0.02 0.20 −0.51** −0.47* −0.06

FRTD 0.15 −0.44* 0.18 −0.22 0.13 −0.42* 0.37 0.50** −0.51**

FRN 0.21 −0.22 0.05 −0.36 −0.13 0.70** 0.30 −0.07 −0.29 0.39*

FRC −0.09 −0.50** 0.16 −0.18 0.02 0.29 0.31 0.04 −0.38 0.25 0.39*

*P < 0.05; **P < 0.01.
LT, leaf thickness; LA, leaf area; LDMC, leaf dry-matter content; SLA, specific leaf area; LTD, leaf tissue density; FRDMC, fine root dry-matter content; SRL, specific
root length; FRTD, fine root tissue density; LN, leaf nitrogen concentration; LC, leaf carbon concentration; FRN, fine root nitrogen concentration; FRC, fine root
carbon concentration.

negatively related to FRDMC and FRC (Table 4, P < 0.05).
And the LDMC and LTD were related to FRDMC and
FRC positively (P < 0.05). The LN and LC were related
to FRN and FRC, respectively, suggesting the proportional
distribution of photosynthate and nutrients between the
aboveground and belowground components in annuals. But
for perennials, the LN was positively related to FRN, but
negatively related to SRL and FRTD (Table 3, P < 0.05).
A positive relationship between LA and SRL and a negative
relationship between LA and FRTD and FRC were also detected
in perennials (P < 0.05).

Principal Component Analysis of Leaf
and Fine Root Traits
The PCA of trait correlations was performed in leaf and fine
root traits in 54 dominant species (Figures 2A,B). The first
two axes of the PCA performed with leaf and fine root traits

accounted for 50% of the variance. The first PCA axis (PC1)
was a structural axis defined by LDMC, LTD, LC, and FRDMC;
the second PCA axis (PC2) was defined by SRL and LN,
FRN, and FRTD, but the SRL and other traits (LN, FRN,
and FRTD) were in an opposite direction (Supplementary
Table A. 3). Although there was a little overlap, traits of
annuals and perennials were clustered and separated from each
other. The annuals were mostly distributed on the left half of
the PCA axis 2, while the perennials were mainly distributed
on the right half of the PCA axis 2. Perennials had higher
LTD, LDMC, LC, FRDMC, FRTD, and FRC than perennials.
When including PIC in the PCA, the patterns of correlations
among leaf and fine root traits were completely inconsistent,
confirming that species evolutionary history influenced the
observed correlations among leaf and fine root traits. The first
and second PCA axis explained 58% of the total variation
of all 12 leaf and fine root traits (Figure 2A). The LN,
FRN, LA, and FRTD were loaded on the PCA axis 1, while
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TABLE 4 | Matrix of Pearson’s correlation coefficients for the relationships between leaf and fine root traits in annuals (n = 22).

Trait LT LA LDMC SLA LTD LN LC FRDMC SRL FRTD FRN

LA −0.16

LDMC −0.41* −0.28

SLA −0.24 −0.04 −0.26

LTD −0.63** −0.04 0.74** −0.33

LN 0.10 0.30 −0.33 0.19 −0.38*

LC −0.70** −0.01 0.42** 0.28 0.38* 0.04

FRDMC −0.42* −0.18 0.66** −0.10 0.51** −0.33 0.09

SRL −0.19 0.11 0.27 0.06 0.32 −0.21 −0.09 0.39*

FRTD 0.47* −0.11 −0.23 −0.28 −0.34 0.18 −0.20 −0.04 −0.66**

FRN 0.07 0.31 −0.38 0.33 −0.33 0.60** −0.08 −0.49** −0.04 −0.00

FRC −0.31 −0.37 0.48* 0.09 0.42* −0.20 0.48* 0.40* 0.00 −0.03 −0.49**

*P < 0.05; **P < 0.01.
LT, leaf thickness; LA, leaf area; LDMC, leaf dry-matter content; SLA, specific leaf area; LTD, leaf tissue density; FRDMC, fine root dry-matter content; SRL, specific
root length; FRTD, fine root tissue density; LN, leaf nitrogen concentration; LC, leaf carbon concentration; FRN, fine root nitrogen concentration; FRC, fine root
carbon concentration.

FIGURE 2 | Principal component analysis (PCA) on traits in 54 dominant species in Horqin Sandy Land. Data: (A) without and (B) with phylogenetically independent
contrasts. LT, leaf thickness; LA, leaf area; LDMC, leaf dry-matter content; SLA, specific leaf area; LTD, leaf tissue density; FRDMC, fine root dry-matter content;
SRL, specific root length; FRTD, fine root tissue density; LN, leaf nitrogen concentration; LC, leaf carbon concentration; FRN, fine root nitrogen concentration; FRC,
fine root carbon concentration.

the LT, LDMC, and LC were loaded on the PCA axis 2
(Supplementary Table A. 3).

DISCUSSION

Annuals Differed From Perennials in Leaf
and Fine Root Traits Important in
Resource Uptake and Conservation
Differences in leaf and fine root traits between annuals and
perennials followed the pattern of the gradient (from acquisitive
to conservative) in carbon-use strategies previously reported
(Wright et al., 2004b; González-Paleo and Ravetta, 2018). As
expected, the annuals exhibited higher LA, SLA, and SRL but

showed lower LDMC, LTD, and LC and FRDMC than perennials
(Figure 1). These results suggested that annuals have traits that
demonstrated a more acquisitive strategy than perennials since
higher SLA and SRL have usually been associated with large
leaf area and leaf gas exchange, rapid rates of root elongation,
and high resource uptake capacities (Hodge, 2004; Roumet
et al., 2006). By contrast, perennials leaf and fine root traits
were characterized by high LDMC, LTD, LC, and FRDMC,
which are associated with longer-lived leaf and root (Ryser,
1996; Tjoelker et al., 2005). Theoretically, the annuals have
higher LN and FRN than perennials, implying that a higher
proportion of the energy allocated to leaf and root construction
is used for ‘expensive’ proteins for rapid exploitation and
assimilation of resources (Eissenstat and Yanai, 1997; Martínez
et al., 2002). However, there was no significant difference in
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LN between annuals and perennials. Perennials had a higher
FRN than annuals unexpectedly (Figure 1). This might be
due to the fact that 7 of the 22 perennials we investigated in
this area were legumes, which are characterized by biological
N fixation.

High LA, SLA, and SRL might have been selected to maximize
leaf and root surface area in annuals, enabling a greater
acquisition of carbon and resource which is crucial to grow
fast and to complete their life cycle in a short period of time
(Hodge, 2004; Roumet et al., 2006). However, high N and
the combination of high SLA may increase leaf vulnerability
to herbivory and physical hazards in annuals. By contrast, in
perennials, the diversion of photosynthate promotes persistence,
tolerates herbivory, and resists environmental stress via higher
tissue density and dry matter content, which is the advantage of
survival in harsh conditions of desertified grassland (González-
Paleo et al., 2016). And perennials with higher FRDMC may
be advantageous in terms of more efficient soil exploration
and the ability to better penetrate the soil matrix, reflecting an
adaptation to survive and water stress tolerance in environments
where the competition is strong (Beyer et al., 2013; Liu et al.,
2019). Meanwhile, higher FRDMC in perennials is associated
with the longer-lived roots, which means a greater carbon
storage capacity, and enough total carbon available for the
next vegetation season (Munné-Bosch, 2014). PCA analysis also
showed considerable differences in leaf and fine root traits
between annuals and perennials (Figure 2), suggesting that
annuals and perennials have different adaptation and resource
acquisition strategies.

The Annual Species Differed From
Perennial Species in Leaf and Fine Root
Traits Organization in Arid and Semi-Arid
Grasslands
Surprisingly, significant relationships existed neither between
SLA and LN nor between SRL and FRN in arid and semi-arid
desertification in our study. The observed unwonted patterns
of leaf and fine root traits in our study might be attributed to
two reasons. First, functional trade-offs of traits and resource
acquisition strategies were differed among functional groups due
to their ecological specialization (Supplementary Table A. 2).
For instance, the grasses (annual grasses and perennial grasses)
had the highest SLA and SRL but the lowest LN and FRN, while
the perennial forbs had the highest LN, FRN, and FRTD but the
lowest SLA and SRL. The coexistence in desertified grassland
of species with a multifaceted array of resource acquisition
strategies was the key determinant of maintaining a range
of niche conditions and system stability (Kong et al., 2014;
Diaz et al., 2015; Kraft et al., 2015). Second, our principal
component analysis failed to identify LN and FRN (Figure 2A),
which support enzyme functioning and economy of resource
capture in plant tissues, as significant contributors to the primary
axis of leaf and fine root traits variation (Valverde-Barrantes
et al., 2017). Instead, leaf and fine root traits were most
significantly explained by structural traits. However, these were
significantly explained by FRN and LN after considering PIC

(Figure 2B), probably implying that the evolutionary history
overshadowed the central role of nitrogen in metabolic activity
in desertified grassland.

Negative correlations between FRTD and SRL, as well as
between LT and LTD, and LC were observed both in annuals
and perennials (Tables 3, 4). A general tendency for species
inhabiting arid and semi-arid areas to have thick leaf blades,
leathery leaves have been reported, which is beneficial for
plants to withstand drought by reducing water loss, excessive
irradiance, and heat load, and facilitating retention of water
(Sobrado and Medina, 1980; Niinemets, 2001; Wright et al.,
2001). And species with higher SRL in dry habitats are able to
avoid drought by accessing deep water, as confirmed by their deep
root system (Morales et al., 2015). Yet, it appears that annuals
did not follow similar patterns to perennials when we explored
the organization of leaf and fine root traits of annuals and
perennials. In annuals, LN and FRN were negatively correlated
with LTD and FRDMC, respectively (Table 4), probably due to
the fact that species with high protein content (typically high-
SLA leaf and/or high-SRL root) tend to have lower concentrations
of other ‘expensive’ compounds, such as lignin, phenols, and
lipids (Martínez et al., 2002). Perennials, however, showed a
positive correlation between FRN and FRTD/FRC. A possible
explanation for this unexpected result is that 7 of the 22
perennials we investigated were legumes (such as Caragana
microphylla, Lespedeza bicolor), which capture additional N
through biological N fixation. These legumes would have a
growth advantage in N limited desertified grassland, which is
theoretically one of the reasons why these species could colonize
in desertified grassland. Furthermore, a positive correlation
between LA and LN was observed in perennials. Leaf nitrogen
is integral to protein factors in photosynthetic machinery,
especially Rubisco (Wright et al., 2004a). This implied that as
a natural basis for light interception and substance exchange
of plants, leaves tend to be smaller to reduce metabolism,
such as photosynthesis, when N is insufficient. And small
leaf areas may cause a reduction of transpiration to protect
against water loss, which is probably the plant’s adaptation
to water scarcity in our study area (Bacelar et al., 2004).
This trade-off of leaf traits might be contributed by adapting
perennials in a resource-poor environment in arid and semi-
arid areas.

The Coordination Between Leaf and Fine
Root Traits of Annuals and Perennials
Differed in Ways in an Arid and Semi-Arid
Grassland
Studies have examined the coordination between leaf and
root traits for characterizing resource economic trade-offs and
allocation, such as SLA and SRL, leaf and root nutrients
concentrations (e.g., Tjoelker et al., 2005; Hajek et al., 2013).
Contrary to previous studies (Withington et al., 2006; Geng
et al., 2014), the SLA-SRL relation was not significant in our
study regardless of whether the PIC was considered, even though
we investigated 54 dominant species in our study area. The
missing SLA-SRL relationship might be due to the inconsistent
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effects of environmental and evolutionary pressures on the plant
above- and belowground components (Liu et al., 2010). LN was
inversely correlated with FRN, and the correlation coefficient has
increased by 90% after considering PIC, demonstrating that the
nutrient allocation between leaf and fine root was the outcome
of plant specialization toward soil fertility, instead of species
common lineages. And no significant phylogenetic signal was
detected in traits related to resource acquisition (SRL, SLA,
FRN, and LN), probably implying that these traits were less
affected by the degree of phylogenetic relatedness, and their
phenotypic plasticity obscure phylogenetic signal. We also tested
for coordination of structural traits between leaf and fine root.
The LDMC was decoupled from FRDMC, the LTD was positively
correlated with FRTD, and the LC-FRC correlation shifted from
positive to negative when including PIC. Meanwhile, a significant
phylogenetic signal was detected in structural traits (LDMC,
LTD, FRTD, and FRC), suggesting the conservative evolution
of these traits in desertified grassland, despite the presence
of environmental variation and resource limitation. Ma et al.
(2018) found that the variation in morphological traits (root
diameter and SRL) was strongly influenced by evolutionary
history at the global scale, while chemical traits did not show
a significant phylogenetic signal. These results indicated that
plants may show differentiation in plant traits depending on
environmental conditions. Pfennig et al. (2006) proposed that
divergence between species arising from trait plasticity could
contribute to species coexistence. In desertified grassland, the
differentiation in plant traits was occurred in resource-limited
conditions, as a result of the ability of plasticity and adaptation
to the environment.

When we explored the coordination between leaf and fine
root traits of annuals and perennials, respectively, it appears
that annuals did not follow similar patterns to perennials.
Annuals showed significant positive correlations between FRC,
FRDMC and LDMC, LTD and LC, suggesting a proportional
allocation of photosynthate between leaf and fine root in annuals.
However, a significant negative correlation was detected between
LN, LC, and SRL, FRTD in perennials, as well as between LA
and FRTD/FRC. These results implied a conservative resource
allocation strategy that more photosynthate has been allocated
to roots when leaf N is insufficient in desertified grassland,
to maximize root length and resource capture and decrease
potential growth rates. And perennials tend to have small
leaves, to allocate more photosynthate to root establishment.
Likewise, Fort et al. (2012) proposed that drought-tolerant species
may allocate more biomass to root and invest more in vessel
clarification to ensure water acquisition and transport in dry
conditions. Drenovsky et al. (2008) have found that invasive
perennial forbs allocated more biomass to roots and allocated
proportionately more root length to nutrient-rich microsites
than did natives, which might contribute to the success of
invasive forbs in low-nutrient environments. These pieces of
evidence altogether suggested that a deeper and rigid root
system and small leaves for the same level of investment for
unit mass in perennials might be produced and maintained, as
well as a conservative strategy and competitive advantage in
desertified grassland.

Implications for Species Changes in
Desertified Grassland in Arid and
Semi-Arid Areas
In Horqin Sandy Land, a large amount of clay and silt
particles have been removed by strong wind erosion resulting
in coarse-textured soil, which is conducive to the infiltration
of precipitation and replenishing of water into the deep soil
layer (Cheng et al., 2020). The precipitation regimes that
characterize arid and semi-arid grasslands are largely composed
of small-sized precipitation events (<10 mm), which effectively
improved shallow soil moisture, but only be accounted for
a small proportion of the total rainfall (17%). The large-
sized precipitation events (>30 mm), which mainly affect
deep soil moisture, are account for 48% of the total rainfall
during the growing season (Liu et al., 2011). Walter’s two-
layer model proposed that water in the deep layers of the
soil is ineffective for grasses with shallow roots, and shrubs
with deep roots have exclusive access to a source of water
in relatively deep layers (Walter, 1979; Walker et al., 1981).
Based on this model, we believed that annuals with a more
opportunistic strategy, could utilize the short-term availability
of water in upper soil layers and rapidly grow to complete
their life cycle once the rainfall event occurs in arid and
semi-arid areas. Perennial, however, tend to develop a deeper
and rigid root system to have access to deeper soil water
resources in drier areas as water stress intensifies, and establish
smaller leaves to reduce metabolism and leaf gas exchange,
as well as to allocate more photosynthate to root build when
nutrients are insufficient. With these conservative strategies,
perennials have less response to the fluctuation of rainfall
in arid and semi-arid areas and are gradually colonized in
desertified grassland.

On the vertical direction, vertical resource partitioning
interacted with annuals-perennials resource utilization strategy
differences, to realize the diversification of soil water resources
utilization, which is the driving force behind annuals-perennials
coexistence (Holdo, 2013). Furthermore, the colonization of
perennial plants in desertified grassland increases resource
heterogeneity by forming fertile islands beneath their canopies
(Ding and Eldridge, 2021). The perennial patches could act as
nurse plants for annuals in arid and semi-arid areas, protecting
annuals from windy, dusty, and herbivores (Dohn et al., 2013).
On the horizontal direction, spatial differences in resource
utilization (e.g., nutrients, moisture, light) resulted in niche
partitioning (and therefore coexistence) between annuals and
perennials. Therefore, annuals and perennials could coexist
stably due to the diversification of their both vertical and
horizontal spatial resource utilization in undisturbed habitat,
which provides necessary conditions for the colonization of
perennials in desertified grassland. However, if the persistently
external disturbance is removed, some perennial species may
gradually vanish as vegetation succession progressed in the
late stage of desertified grassland restoration. For example, the
establishment of the protective system of artificial vegetation
in Shapotou, China, led to an increase in the percentage of
annual herbaceous species, but a decrease in the abundance of
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others, such as restored (artificial) planted shrubs, as succession
progressed. These changes were related to a thickened sand
surface crust, the reduced moisture content in the deep layer, and
the limited reproduction of deep-rooted shrubs and perennial
herbaceous plants (Li et al., 2003).

In the last 40 years, Horqin Sandy Land has been subjected
to serious desertification, accompanied by a sharp decline in soil
nutrients and marked changes in the vegetation. The dominant
species Cleistogenes squarrosa, Chenopodium acuminatum,
Tribulus terrester, Chloris virgata, etc., were observed in the
early stage of desertification. Then, Aneurolepidium dasystachys,
Caragana microphylla, Artemisia halodendron, Bassia dasyphylla,
Lespedeza bicolor, Pennisetum centrasiaticum gradually colonized
(Ning et al., 2021). This process was closely related to the
adaptation and resource utilization strategies of these species.
But in the most extreme cases, resulting from continuous
disturbances, shrub or thicket (Artemisia halodendron) and/or
Agriophyllum squarrosum dominated the final state, virtually
excluding other species (Zhang et al., 2004).

The differences in adaptation, resource acquisition, and
allocation strategies between annuals and perennials can also
provide guidance for the restoration and management of
desertified grassland. In severely desertified grassland, it is
necessary to establish artificial sand-fixing vegetation with
perennial plants, which have a conservative strategy, such as
smaller leaves and a deeper and rigid roots system, and thus
can gradually colonize in desertified grassland. The colonization
of perennials can create better conditions for the recolonization
of annuals, which adopt an opportunistic strategy. Annuals can
utilize the short-term availability of water in upper soil layers
and rapidly grow to complete their life cycle once the rainfall
events occur. Annuals and perennials might show a dynamically
balanced state and coexist stably, due to diversification of their
both vertical and horizontal spatial resource utilization. Thus,
a new artificial-natural ecosystem might be established in the
former moving dune-dominated landscape, which is important
to the mitigation of desertification and restoration of desertified
grassland in arid and semi-arid areas.

CONCLUSION

Our study shows important implications for an in-depth
understanding of the mechanism of species changes in desertified
grassland in arid and semi-arid areas. Annuals and perennials
differed considerably in terms of adaptation, resource acquisition,
and allocation strategies, which might be partly responsible
for species changes in desertified grassland. First, annuals
differed from perennials in terms of several leaves and fine
root traits important in resource uptake and conservation.
Annuals displayed an opportunistic strategy associated with
enhanced resource acquisition via the presence of large leaves,
high SLA and SRL, low-density leaf and fine root, and high N
concentration, while perennials exhibited a conservative strategy
relatively. Second, annuals tend to establish tough tissue and low
palatability, but perennials tend to have smaller leaves to reduce
metabolism and water loss in resource-limited conditions. Third,

there was a proportional allocation of photosynthate between leaf
and fine root in annuals. But perennials showed a conservative
resource allocation strategy that species tend to allocate more
photosynthate to roots to improve resource absorption capacity
in resource-limited habitats, resulting in a deeper and rigid roots
system and smaller leaves. Perennials gradually colonized and
coexisted with annuals in desertified grassland in arid and semi-
arid areas, due to their different conservative adaptation and
resource acquisition strategies, as well as their diversified use
of spatial resources. These different strategies of annuals and
perennials might be useful for the prediction of the succession of
vegetation community in desertified grassland in arid and semi-
arid areas, and thus provide support for the management and
restoration of desertified grassland. We suggest the establishment
of artificial sand-fixing vegetation with perennials in desertified
grassland, which would facilitate the recolonization of annuals,
and is expected to form a stable artificial-natural ecosystem.
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Leaf lamina mass and area are closely correlated with the photosynthetic capacity
and competitive ability of plants, whereas leaf age has been demonstrated to affect
physiological processes such as photosynthesis. However, it remains unknown whether
the lamina mass vs. area scaling relationship is influenced by leaf age, which is important
for understanding plant adaptive strategies and, more broadly, resource utilization and
growth. We measured the leaf functional traits of five leaf-age groups of Photinia× fraseri
for a total of 1,736 leaves. ANOVA followed by Tukey’s honestly significant difference
test was used to compare the functional traits among the five leaf-age groups. Reduced
major axis regression protocols were used to fit the scaling relationship between lamina
mass and area, and the bootstrap percentile method was used to compare the lamina
mass vs. area scaling relationships among the leaf-age groups. Lamina area, and the
ratio of lamina dry mass to lamina fresh mass increased with increasing leaf age. Lamina
fresh mass per unit area, and lamina dry mass per unit area both exhibited a parabolic-
like trend as leaf age increased, i.e., at the leaf maturation stage, it showed a slight but
significant decline. The phenomenon called diminishing returns were confirmed by each
of the five leaf-age groups, i.e., all of the numerical values of the scaling exponents of
lamina mass vs. area were significantly greater than 1. There were significant differences
in the scaling exponents of lamina mass vs. area for the leaves across different sampling
times. The scaling exponents were lower at the early rapid growth stage, indicating a
lower cost for increasing leaf area compared to the leaf maturation stage. These data
are consistent with leaves undergoing a transition from resource acquisition to resource
conservation in the process of their development and growth.

Keywords: diminishing returns, leaf development, leaf functional traits, LMA, resources utilization strategy

INTRODUCTION

Photosynthesis plays an indispensable and critical role in maintaining the balance of carbon
and oxygen in the atmosphere. Leaves provide the most important albeit not the only organ
for photosynthesis. Consequently, the functional traits of leaves are of primary interest in
understanding plant biology and ecosystem dynamics. In the context of the functional traits, the leaf

Frontiers in Plant Science | www.frontiersin.org 1 April 2022 | Volume 13 | Article 86020645

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.860206
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2022.860206
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.860206&domain=pdf&date_stamp=2022-04-08
https://www.frontiersin.org/articles/10.3389/fpls.2022.860206/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-860206 April 4, 2022 Time: 12:12 # 2

Jiao et al. Leaf Age and Diminishing Returns

lamina mass and area are important indexes to describe
photosynthetic capacity as well as reflecting the trade-off between
the investment (“cost”) of leaf construction and photosynthetic
return. Prior studies have shown that there is a significant
allometric relationship between the lamina mass and area (Milla
and Reich, 2007; Niklas et al., 2007; Huang et al., 2019;
Liu et al., 2020) indicating that increases in the dry mass
investment in lamina construction do not obtain a proportional
increase in lamina area. This phenomenon has been described as
diminishing returns (Niklas et al., 2007).

In addition to leaf lamina mass and area, the leaf lamina
dry mass per unit area (LMA) is an important functional trait
(Westoby et al., 2002; Poorter et al., 2009). Wright et al. (2004)
concluded that the maximum photosynthetic capacity of leaves
decreased significantly with increasing LMA such that species
with faster resource utilization and return efficiency tend to have
lower LMA, higher photosynthetic efficiency, and shorter leaf life
spans. In a similar vein, some investigators (Niinemets, 2001;
Westoby et al., 2002; Hikosaka and Shigeno, 2009) concluded
that species with lower resource utilization rates and return
efficiencies have high LMA, which is often used to reflect the
adaptive abilities of plants to obtain carbon resources in different
environments (Poorter et al., 2009; Cui et al., 2020). Therefore,
the study of leaf functional traits can effectively reflect the
photosynthetic capacity and competitiveness of plants.

Leaf age and leaf growth stages are crucial factors in
morphological construction and physiological processes of many
plants. For example, Niklas (1991) showed that the total leaf
mass and total leaf area per plant are positively correlated with
leaf age by comparing shoots with young and mature leaves of
Populus tremuloides Michx. Mediavilla et al. (2014) contended
that the interspecific differences in leaf longevity, morphology,
and chemical composition of mature leaves are more notable
compared to immature leaves. Ji et al. (2021) report that LMA
and leaf dry matter content increase significantly during the
development of leaves. In addition, previous studies have shown
that leaf age is closely associated with photosynthetic capacity
(Field and Mooney, 1983; Han et al., 2008). However, with
increasing leaf age, photosynthetic capacity is known to gradually
decrease (Kitajima et al., 1997). For example, Day et al. (2001)
concluded that the leaves of the red spruce (Picea rubens Sarg.)
manifest age-related trends in leaf morphology and physiology
and that the decline in the productivity of old red spruce results
from the age-related decline in photosynthetic rate.

However, prior research on the effects of leaf age on growth
has mainly focused on conifers, e.g., Pinus pinaster Ait., Pinus
koraiensis Sieb. et Zucc., and Picea rubens Sarg (Eimil-Fraga et al.,
2015; Ji et al., 2021). To address this bias, we examined the shade-
tolerant evergreen shrub species Photinia × fraseri to determine
the effects of leaf age on leaf functional traits and the leaf (lamina)
mass vs. area scaling relationship Specifically, we addressed the
following two questions: (i) Do leaf functional traits change with
leaf age? and (ii) Does the scaling relationship between leaf mass
and area change with age? Photinia × fraseri is a hybrid between
Photinia glabra and Photinia serratifolia. It is a nothospecies in
the rose family, Rosaceae. Photinia × fraseri was selected for
study because of its availability and because its evergreen leaves

have a comparatively simple ovoid morphology, which makes
measurements of lamina mass and area comparatively simple to
make (Figure 1).

MATERIALS AND METHODS

Leaf Collection Protocols
The sampling site was located at the campus of Nanjing
Forestry University (118◦48′35′′ E, 32◦04′67′′ N), Nanjing,
Jiangsu Province, China, which has a subtropical monsoon
climate. The mean annual precipitation is 1,156 mm, and the
mean annual temperature is 15.6◦C based on the climate data
collected between 1951 and 2014.1 The rainy season is from
June to August, approximately accounting for half of the annual
accumulated precipitation.

A total of 1,736 leaves were collected from 40-50
Photinia × fraseri “Red Robin” plants in 2021. Newly developed
leaves in early March 2021 were collected in the middle of March,
April, May, June, and July 2021. These collections are labeled as
N3, N4, N5, N6, and N7, respectively (to denote “new” in each
month) (Figure 1 and Table 1).

Measures of Leaf Functional Traits
We measured the fresh mass of each lamina using an electronic
balance (Type: ML 204; Mettler Toledo Company, Greifensee,

1http://data.cma.cn

FIGURE 1 | Examples of leaves from the five leaf-age groups. Newly
developed leaves in early March 2021 were harvested in the middle of March,
April, May, June, and July 2021, which were denoted by N3-7, respectively.
The numbers on written on leaves were used to mark leaves harvested in
different months.

TABLE 1 | Leaf collection information for Photinia × fraseri “Red Robin”.

Leaf-age group Sampling date Sample size Leaf-unfolding time

N3 March 15, 2021 387 Early March 2021

N4 April 11, 2021 333 Early March 2021

N5 May 16, 2021 330 Early March 2021

N6 June 15, 2021 350 Early March 2021

N7 July 17, 2021 336 Early March 2021
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FIGURE 2 | Boxplots of lamina area (A), the ratio of lamina dry mass to lamina fresh mass (B), lamina fresh mass per unit area (C), and lamina dry mass per unit
area (D) for the five leaf-age groups. The lowercase letters indicate the significance of the difference between any two of the five groups; the numbers below the
lowercase letters are the coefficients of variation. In each panel, there was a significant difference (p ≤ 0.05) between any two leaf-age groups that did not share the
same letter, and there was no significant difference (p > 0.05) between any two leaf-age groups that shared the same letter based on Tukey’s HST test with the 0.05
significance level.

Switzerland; measurement accuracy 0.0001 g) and scanned the
leaves to bitmap images at a 600-dpi resolution using a photo
scanner (V550, Epson Indonesia, Batam, Indonesia). Adobe
Photoshop (CS6, version: 13.0) was used to obtain a black
and white image of each lamina. The M-file based on MatLab
(version ≥ 2009a) developed by Shi et al. (2018) was used to
extract the planar coordinates of each lamina. And then leaf A was
calculated using an R script (version 4.0.3; R Core Team, 2020)
developed by Shi et al. (2018) and Su et al. (2019). The fresh leaves
were then dried to constant weight in an oven (Type: XMTD-
8222; Jinghong Experimental Equipment Co., Ltd., Shanghai,
China) at 80◦C for 48 h to measure dry mass using the same
electronic balance.

Statistical Methods
We used the analysis of variance (ANOVA) with a 0.05
significance level to test whether leaf age had a significant effect
on the leaf lamina area, the ratio of lamina dry mass to lamina
fresh mass (i.e., LDM/LFM), the lamina fresh mass per unit area
(LFMA), and the lamina dry mass per unit area (LMA). Provided
that a significant effect of leaf area on each of the measures was
found, we used Tukey’s honestly significance difference test with
a significance level of 0.05 (Hsu, 1996) to test the significance of
the difference between any two groups in the leaf lamina area,
LDM/LFM, LFMA, and LMA. Additionally, we used a power-law
function to fit the scaling relationship between any two variables

of interest:
Y1 = βYα

2 ,

where Y1 and Y2 represent the two interdependent variables,
respectively, and α and β are the scaling exponent and the
normalization constant, respectively. In order to stabilize the
variance of leaf measures, both sides of the equation were log-
transformed (Niklas, 1994; Niklas et al., 2007):

y = γ+ αx.

where y = ln Y1, x = ln Y2, and γ = ln β. The numerical
values of α and γ were obtained using reduced major axis
regression protocols (Niklas, 1994; Smith, 2009). The bootstrap
percentile method (Efron and Tibshirani, 1993; Sandhu et al.,
2011) was used to compare the significance of the differences
of the numerical values of α between any two leaf-age groups.
For any two leaf-age groups (denoted as groups A and B),
we calculated 4,000 replicates of α for each group using the
bootstrap method (Efron and Tibshirani, 1993). Denoting D as
the differences in the replicates of α between groups A and B,
we observed whether the 95% CI of D included 0. If the lower
bound of the 95% CI of D is larger than 0, it indicates that the
estimated α-value of group A is larger than that of group B; if the
upper bound of the 95% CI of D is smaller than 0, it indicates that
the estimated α-value of group A is smaller than that of group
B; if the 95% CI of D includes 0, it indicates that there is no
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FIGURE 3 | Fitted scaling relationships between lamina dry mass and lamina fresh mass for the five leaf-age groups. The small open circles represent
log-transformed values of lamina dry mass vs. lamina fresh mass; the red straight lines represent the regression lines; CI represents the 95% confidence intervals of
the slope; r2 is the coefficient of determination; and n is the sample size.

significant difference in the estimated α-values between groups
A and B (see Sandhu et al., 2011 for details). To measure the
goodness of fit, the root-mean-square error (RMSE = the square
root of the quotient of residual sum of squares and sample size)
was used. All statistical analyses were carried out using R (version
4.0.3; R Core Team, 2020).

RESULTS

There were significant effects of leaf age on the leaf lamina
area, LDM/LFM, LFMA, and LMA among the five leaf-age

groups (all p-values < 0.01). With increasing leaf age, both the
lamina area and LDM/LFM significantly increased (Figure 2).
The LMA and LFMA both exhibited a parabolic-like trend with
increasing age, i.e., LMA and LFMA increased and then declined
with increasing leaf age (Figure 2). All of the functional leaf
traits examined over the course of this study were significantly
correlated within each of the five leaf-age groups when the data
were log-log transformed (Figures 3–5). Each of the coefficients
of determination (r2) equaled or exceeded 0.75 for each of the
leaf-age groups. There was a statistically significant log-log linear
relationship between LDM and LFM for each leaf-age group.
The 95% confidence intervals for the N6 and N7 included unity,
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FIGURE 4 | Fitted scaling relationships between lamina fresh mass and lamina surface area for the five leaf-age groups. The small open circles represent the
log-transformed values of lamina fresh mass vs. lamina surface area; the red straight lines represent the regression lines; CI represents the 95% confidence intervals
of the slope; r2 is the coefficient of determination; and n is the sample size.

and the lower bound of the 95% confidence intervals of the
scaling exponents of LDM vs. LFM for N5 was approximately
equal to 1 with a difference from 1 < 0.01. For N3 and N4, the
difference between the upper bound of the 95 CIs of the slope
and 1 and between the lower bound of the 95 CIs of the slope
and 1 were slightly larger, with the absolute value of 0.04. This
indicated that the mature leaves maintained an isometric scaling
relationship, whereas the young leaves tended to slightly deviate
from the isometric scaling. However, for the pooled data, the
scaling exponent of LDM vs. LFM was overestimated because

of the differences in water content across the different leaf-age
groups (Figure 3).

There was a strong positive relationship between lamina mass
and area for each leaf-age group (Figures 4, 5). The lower
bound of the 95% CIs of the lamina mass vs. area scaling
relationship exceeded unity for each of the five leaf-age groups,
indicating that the lamina mass vs. area scaling relationship is
allometric. For each leaf-age group, the scaling exponents of LFM
vs. lamina area and LDM vs. lamina area exceeded unity, and
were therefore consistent with the hypothesis of “diminishing
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FIGURE 5 | Fitted scaling relationships between lamina dry mass and lamina surface area for the five leaf-age groups. The small open circles represent the
log-transformed values of lamina dry mass vs. lamina surface area; the red straight lines represent the regression lines; CI represents the 95% confidence intervals of
the slope; r2 is the coefficient of determination; and n is the sample size.

returns.” However, the r2 value of the LDM vs. lamina area scaling
relationship was lower than that of the LFM vs. lamina area
scaling relationship for each leaf-age group (compare Figure 4
with Figure 5). In addition, for the pooled data, the scaling
exponent of LDM vs. lamina area was largely overestimated in
comparison with that of LFM vs. lamina area.

With the exception of N3, the numerical values of the LDM vs.
LFM scaling exponents decreased and converged onto a value of
1 with increasing leaf age (Figure 6). The scaling exponents of leaf
M vs. lamina area for N3 and N4 were significantly smaller than

those of N5, N6 and N7 (Figure 6), indicating that older leaves
had larger costs of construction.

DISCUSSION

Variations in Leaf Functional Traits
Across Leaf-Age Groups
Prior research has shown that the photosynthetic
capacity of leaves decreases with increasing leaf age
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(Horsley and Gottschalk, 1993; Bauerle et al., 2020), and
that this might be associated with the changes in chemical
composition, leaf nitrogen content, and CO2 diffusion
limitation (Zhang et al., 2008). Photosynthetic rates of fully
expanded leaves generally show a decline with increasing leaf
age due to the reallocation of resources to young leaves to
optimize the overall systemic photosynthetic returns of an
individual plant, rather than resulting from leaf functional
degradation (Field and Mooney, 1983; Hikosaka et al., 1994).
Moreover, the photosynthetic capacity of young leaves has
been shown to be significantly lower than mature leaves
(Hikosaka and Shigeno, 2009; Liu et al., 2020; Ji et al.,
2021). Although leaf functional traits have been regarded
as important references for understanding plant ecological
and growth strategies (Westoby et al., 2000, 2002), there
are trade-offs among different leaf functional traits (e.g.,
lamina area, LMA) under the limitation of resources. If plants
increase their investment to one functional trait, they are
likely to reduce their investment to other functional traits
(Falster et al., 2018).

The data presented here show that the leaf lamina area,
the ratio of LDM to LFM, and LMA generally increase
with increasing leaf age, which is consistent with previous
reports in other species (Niklas, 1991; He and Yan, 2018; Liu
et al., 2020; Guo et al., 2021). In addition, LFMA decreased
at the leaf maturation stage. There are two interrelated
explanations for this phenomenology. First, over the course
of leaf development, maturation, and subsequent senescence,
the dry matter investment disproportionately increases with
increasing age, and, second, the symplastic volume fraction
(the living contents of a leaf, i.e., the protoplasmic contents)
systematically decreases with increasing age. Both of these trends
are reflected in the trends of lamina area, LDM/LFM, LFMA,
and LMA reported here with increasing leaf age, and both are
clearly and intrinsically interrelated, although the proximate
mechanism(s) underlying each of these trends differs. During
leaf expansion, leaves generally have a low cost of construction
with increasing leaf area because leaf expansion involves the
volumetric increase in cell size (and increase in the symplastic
volume fraction) rather than the addition of significant amounts
of cell wall (apoplastic) materials. The reverse is generally true
during leaf maturation during which the apoplastic volume
fraction increases relative to the symplasic volume fraction
as a consequence of the deposition of secondary cell wall
materials including the lignification of vascular tissues. This
general phenomenology is consistent with the trends in our data
(see Figure 2).

The aforementioned growth dynamic has obvious
physiological and biomechanical consequences. For example,
species with long versus short leaf longevities must adopt
specific and different strategies to maintain growth (Mediavilla
et al., 2014). It is not surprising therefore that previous studies
have shown that variations in LMA are correlated across plant
functional groups (such as trees, shrubs, herbs) as well as
abiotic variables such as light, temperature, water and nutrient
availability, and atmospheric composition (Ackerly, 1992;
Poorter and de Jong, 1999; Niinemets, 2001; Poorter et al.,

FIGURE 6 | Comparisons of the scaling exponents of LDM vs. LFM (A), LFM
vs. lamina area (B), LDM vs. lamina area (C) for the five leaf-age groups. The
lowercase letters indicate the significance of the difference between any two
of the five leaf-age groups.

2009). In our study site, ambient temperature and precipitation
gradually increase during the rainy season, especially in June,
July, and August, over the course of leaf initiation, expansion,
and maturation (see the online Supplementary Material in
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Li et al., 2022). LMA has been demonstrated to have plastic
responses to climate, e.g., in arid environments plants can reduce
water requirements, which results in a higher LMA relative to
those in humid environments (Poorter et al., 2009). Similarly,
at the leaf maturation stage, the ratio of lamina dry mass to
fresh mass reached a stable status, and the precipitation might
play an important role in affecting the numerical value of LMA.
For example, June and July receive greater amount of rain
than May, which perhaps to a certain degree accounts for why
the LMAs in June and July are significantly but slightly lower
than that in May (Figure 2). Thus, changing but predictable
environmental conditions might have exerted an influence
to a certain degree on the expression of leaf functional traits
(Poorter et al., 2009). Nevertheless, it requires additional
controlled experiments for testing whether the amount of
precipitation can change LMA, i.e., a plasticity of LMA to
weather, in future studies.

Influence of Leaf Age on Leaf Allometry
The scaling exponents of LDM vs. LFM were found to be
significantly different between March and April, likely because
new leaves were growing expanding at this time. Figure 2 shows
significant increases in both the lamina area and LDM/LFM
between March and April. With the exception of March, the
scaling exponents of LDM vs. LFM decreased toward 1 with
increasing leaf age (Figure 6). We interpret these data to
indicate that leaf water content and leaf dry mass tend to
synchronously increase.

Liu et al. (2020) confirmed that for leaves of Alangium chinense
(Lour.) Harm and Liquidambar formosana Hance, the scaling
exponents of the lamina mass vs. area scaling relationship during
the spring are significantly higher than during the summer.
This is consistent with our results. In the case of N3 and
N4, the numerical values of the lamina mass vs. area scaling
exponents were significantly smaller compared to those for
N5, N6, and N7 (Figure 6), indicating that the larger leaf
area of mature leaves require greater apoplastic investments.
Under any circumstances, it is obvious that the investment
in leaf construction changed between the early rapid growth
and leaf maturation stages. Changes in leaf investment may be
related to photosynthetic returns (Day et al., 2001; Bielczynski
et al., 2017), such that young leaves produce less photosynthates
(Falster and Westoby, 2003) compared to more mature leaves
(Pan et al., 2012).

The numerical values of the scaling exponents of the lamina
mass vs. area scaling relationship for each of leaf-age groups
were in excess of unity, and thus conform with the phenomenon
called “diminishing returns” (see also Huang et al., 2019; Liu
et al., 2020). In general, although larger leaf lamina area can
yield a higher photosynthetic capacity, progressively larger leaves
generally require a disproportionately greater investment in
their mechanical support (Niklas, 1992, 1999; see also Gibert
et al., 2016). This disproportionate investment in the apoplastic
content relative to the symplastic content per unit leaf area
can account for the numerical values of the lamina mass vs.
area scaling relationship approaching and exceeding unity (i.e.,
α > 1.0).

CONCLUSION

Our data indicate that both lamina area and ratio of lamina
dry mass to lamina fresh mass increase with increasing leaf
age, whereas LMA and LFMA manifest a parabolic-like trend.
With the exception of leaves collected in March, the numerical
values of the LDM vs. LFM scaling exponents decreased
and converged onto 1, indicating a proportional (isometric)
relationship between leaf dry mass and leaf absolute water
content. All of the numerical values of the lamina mass
vs. area scaling exponents exceeded 1, thereby confirming
the phenomenon called diminishing returns. Based on these
numerical values and the trends exhibited, we concluded that the
costs of leaf construction increase and subsequently plateau as
a consequence of an increase in the apoplastic volume fraction
per unit leaf area over the course of leaf expansion, maturation,
and early senescence over the course of leaf ontogeny. We believe
that this ontogenetic pattern holds for the leaves of all plant
species. Future research is necessary, however, to validate this
speculation, and needs to be expanded to include the leaves
of different functional and phyletic plant groups (e.g., ferns,
cycads, and monocots).
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The altitudinal gradient is one of the driving factors leading to leaf trait variation. It is
crucial to understand the response and adaptation strategies of plants to explore the
variation of leaf traits and their scaling relationship along the altitudinal gradient. We
measured six main leaf traits of 257 woody species at 26 altitudes ranging from 1,050 to
3,500 m within the eastern Qinghai-Tibet Plateau and analyzed the scaling relationships
among leaf fresh weight, leaf dry weight, and leaf area. The results showed that leaf dry
weight increased significantly with elevation, while leaf fresh weight and leaf area showed
a unimodal change. Leaf dry weight and fresh weight showed an allometric relationship,
and leaf fresh weight increased faster than leaf dry weight. The scaling exponent of leaf
area and leaf fresh weight (or dry weight) was significantly greater than 1, indicating
that there have increasing returns for pooled data. For α and normalization constants
(β), only β of leaf area vs. leaf fresh weight (or dry weight) had significantly increased
with altitude. All three paired traits had positive linear relationships between α and β.
Our findings suggest that plants adapt to altitudinal gradient by changing leaf area and
biomass investment and coordinating scaling relationships among traits. But leaf traits
variation had a minor effect on scaling exponent.

Keywords: scaling relationship, leaf trait, elevational gradient, arid valley, alpine plant

INTRODUCTION

Leaves are crucial for plant metabolic performance, have significant functions in biogeochemical
cycles (Cui et al., 2020; Cubino et al., 2021), and influence global climate change (Niinemets, 2001;
Li et al., 2008; Cubino et al., 2021). Previous studies have confirmed that leaf size spans six orders
of magnitude (Milla and Reich, 2007; Wright et al., 2017), and this variation in leaf size is the basis
for maintaining biodiversity (Mi et al., 2021). For leaves, abiotic factors (e.g., altitude) are one of
the driving forces of variation (Chen et al., 2021; Jiang et al., 2021; Ren et al., 2021). The scaling
relationship between leaf traits caused by leaf size may affect leaf biomass and element allocation,
and this relationship has also been proven to be one of the strategies for species to acquire resources,
and even affect species coexistence and community construction (Li et al., 2008; Ren et al., 2021).
Although variations in leaf and scaling relationships between different climatic regions and life
forms have been widely documented (Niklas et al., 2007; Li et al., 2008), how they vary along
elevation gradient remains unclear.
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Plant leaves have abundant phenotypic variation. Milla and
Reich’s (2011) study showed that leaves gradually became thicker
and water content decreased with elevation, and Guo et al.’s
(2018) study showed that the leaves gradually became smaller
with altitude. These variations are thought to be better adapted
to the environment, with smaller, thicker leaves that can endure
mechanical damage from intense radiation, freezing, and wind
(Xiang et al., 2009; Pan et al., 2013). However, at present,
many studies only focus on the changes of leaf traits along
the elevation gradient, and such static changes only represent
the leaves’ current situation, while the dynamic changes among
traits, such as allometric relationship (or scaling relationship),
are ignored. Another very important aspect is that although Sun
et al. (2017) and Guo et al. (2018) have done some work on
allometric variation along elevation gradients, a single species
(bamboo) is not a good representative plant for the whole
community. Therefore, it is urgent to explore whether leaves
allometric growth at the community level is affected by altitude.

Elevational gradient represents a combination of various
changing environmental factors, namely, colder climate,
decreasing soil depth, and less fertile soil, but also reduced
human disturbance with increasing altitude (Kühn et al., 2021).
Meanwhile, the elevation gradient is known as a “natural
platform” for studying plant variation (Thakur et al., 2019).
With increasing altitude, most functional traits, namely, leaf area
(LA), leaf dry weight (LDW), leaf fresh weight (LFW), and water
content, decreased significantly (Guo et al., 2018). Because most
traits are correlated, these will further lead to variation in the
scaling relationship. For instance, Pan et al. (2013) found that
the scaling exponent between LA with LDW gradually increased
from 0.859 to 1.258 along the elevational gradient for 121 vascular
species ranging from 414 to 1,462 m on Mt. Tianmu, and they
attributed the reason to environmental variations that cause
different leaf biomass allocation. However, Thakur et al. (2019)
showed that the scaling exponent of LA and LDW decreased
significantly from 1.08 to 0.85 with increasing elevation with
the altitude from 3,350 to 5,150 m in the western Himalaya.
Therefore, we attempted to further summarize the general
relationship between LDW–LFW, LA–LFW, and LA–LDW
through a larger elevation scale, and test the relationship between
leaf size and scaling exponent to systematically elucidate the
variation mechanism of leaf traits and their internal relationships
with altitudes. These will help to expand our understanding
of plant light capture cost mechanisms and their response and
adaptation to elevation gradient.

The eastern region of the Qinghai-Tibet Plateau has diverse
native flora and is significant for protecting biodiversity and
ecosystem balance (Chen et al., 2021; Liu et al., 2021). Some
vegetation of this region has been severely disturbed in the
past. After decades of restoration and conservation, most of the
vegetation is recovering (Yan et al., 2013; Chen et al., 2021).
Therefore, the region is one of the most powerful “natural
laboratories” for studying the elevation responses of the plant
(Thakur et al., 2019). To explore changes of scaling exponents
and normalization constants along the elevation gradient, we set
26 plots in different altitudes along 1,050–3,500 m located at
the eastern Qinghai-Tibet Plateau. In this research, we measured

leaf traits—i.e., LA, LFW, LDW, specific leaf area (SLA), and
leaf dry matter content (LDMC)—of 257 woody plant species
with the following objectives: (1) How do the leaf traits change
along the altitudinal gradient? (2) Whether elevation gradient
will affect the variation of scaling exponent and normalization
constant?

MATERIALS AND METHODS

Study Sites
The study sites located in Gongbahe of Bailong River (GBR) in
Zhouqu County, Southern Gansu Province, P.R. China (103◦
57′ 05′′–104◦ 42′ 05′′ E, 33◦ 14′ 32′′–33◦ 53′ 52′′ N, 998–
3,600 m a.s.l.), which is the transition zone of temperate
monsoon, subtropical monsoon, and plateau montane climate
zones, and at the boundary between semihumid and semiarid
regions (Chen et al., 2021). According to the last 30 years of
climatic data, the mean annual rainfall, evaporation of GBR,
relative humidity, and mean annual temperature are 951 mm,
918 mm, 82%, and 4.3◦C, respectively. The mean temperature of
the coldest month (January) is −13.3◦C; the mean temperature
of the hottest month (July) is 20.8◦C; and the annual frost-
free period is about 96.7 days. The annual sunshine duration
is 1,398.4 h, and the sunshine percentage is 32.0%. The old-
growth vegetation of GBR had been logged several decades
ago and the regrowth of restored vegetation is well underway
(Yang et al., 2021).

During previous in situ surveys, we found that vegetation
gradually changed from arid valley dwarf xerophytic shrubs,
deciduous broad-leaved forests, to the evergreen coniferous forest
and evergreen broad-leaved shrubs from 1,050 to 3,500 m (Chen
et al., 2021; Yang et al., 2021). We set up a transect along an
elevational gradient and surveyed 26 plots of 20 m × 20 m at
different altitudes (Appendix 1).

Sampling and Measurement of Leaves
We identified a total of 257 woody plant species (some
plants were found in multiple plots), belonging to 55
families and 115 genera (Appendix 2) according to Flora
of China,1 selected three healthy branches of each woody
species, and collected five leaves from the middle-upper
canopy of each plant at 10:00–14:00. Then, put the leaves
into plastic self-sealing bags in a portable incubator with
ice bags (to prevent blades from deforming and losing
water), and then brought them to the forest research
station to measure.

Each leaf was scanned, and images were saved as bitmap
images at a 480-dpi resolution using a scanner (EPSON V39,
Indonesia). Image J software (version 1.48)2 was used to
obtain a leaf profile in a black and white image. Then, the
length, width, and area of the blade were measured by the
Image J. We then measured LFW and dried the leaves in
a ventilated oven at 105◦C for 15 min and turned to 75◦C

1http://www.iplant.cn/frps
2https://imagej.net/software/fiji/
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until achieving a constant dry weight (i.e., LDW) (Huang
et al., 2019a; Guo et al., 2021; Jiang et al., 2021). LFW
and LDW were both measured using an electronic balance
(0.0001 g, Zhuojing Experimental Equipment Co. Ltd., BMS,
Shanghai, China).

Data Analysis
The arithmetic mean value is often used to represent the average
of a series of measurements. But when data are not normally
distributed, the median may be more representative. Thus,
we tested the normality of the dataset, and five out of six
traits showed non-normal distribution (Figure 1). So, we first
calculated the mean for every individual leaf trait as a species
traits value, then, for each altitude (plot), we calculated each plot
species median traits value as a community traits value. Some
previous studies found that LFW is better for describing the
scaling relationship between leaf biomass and LA (Huang et al.,
2019b; Shi et al., 2020). So, we calculated SLA by LFW and LDW,
which were used by SLAF and SLAD, respectively.

We established scaling relationships between traits based on
species at each altitude (plot). The relationships of LDW–LFW,
LA–LFW, and LA–LDW can be described as y = β x α, linearized
under the form log (y) = log (β) + α log (x). The values of
α determine whether the relationship is isometric (α = 1.0) or
allometric (α > 1.0 or α < 1.0). The term β is the y-intercept of
the relationship (Xiang et al., 2009; Pan et al., 2013). Its value does
not determine the form of the relationship and, if two lines of the
same slope are compared, the difference between their respective
values of β indicates the difference independent of parameters.
The 95% CIs of α and β were calculated using the SMATR
Version 2.0 (Falster et al., 2006). For the three paired traits, we
compared its α with 1.0 to test the difference. If the slope is not
significantly different from 1.0, the relationship between the two
indexes represents roughly isometric growth; and if the slope is
greater or less than 1.0, the relationship between the two indexes
is allometric growth (Xiang et al., 2009; Sun et al., 2017). We used
the coefficient of determination (R2) to determine the goodness of
fit. The images describing scaling exponents and normalization
constants were analyzed by the mgcv (2011) package and of R
4.0.5 software (R Core Team, 2021).

RESULTS

Leaf Traits Variation Along the Altitudinal
Gradient
Leaf fresh weight (LFW) and LA showed significant unimodal
variation across the elevational gradient (Figures 2A,D) and
ranged from 0.024 g and 1.456 cm2 to 0.366 g and 24.619 cm2,
respectively. LDW gradually increased and then decreased
(p < 0.05) at 3,200 m (Figure 2B). LDMC ranged from
24.21 to 48.96% and had no obvious relationship with altitude
(Figure 2C). SLAF and SLAD ranged from 41.686 and
116.582 cm2·g−1 to 112.179 and 437.291 cm2·g−1, respectively
(Figures 2E,F). They neither showed a significant relationship
with elevations, but had a maximum unimodal at 2,500 m.

Scaling Relationship Between Leaf Traits
for Pooled Data
The log-transformed relationships of LDW–LFW, LA–LFW,
and LA–LDW exhibited strong linear (Figure 3). The scaling
exponent of LDW–LFW was 0.962 (95% CI, 0.951–0.973)
(Figure 3A), which was significantly less than 1.0 (p< 0.001). The
scaling exponents of LA–LFW and LA–LDW were 1.066 (95% CI,
1.044–1.088) and 1.108 (95% CI, 1.082–1.136) (Figures 3B,C),
both significantly greater than 1.0 (p < 0.001).

Scaling Exponent and Normalization
Constant Variation Along the Altitudes
All α of LDW–LFW, LA–LFW, and LA–LDW showed no
relationship with altitudinal gradient (Figures 4A,C,E). For LA–
LFW and LA–LDW, the β first increased and then slowly
converged with altitude (Figures 4B,D,F).

The Relationship Between Leaf Traits
and Scaling Parameters
The relationships among two scaling parameters (i.e., α and β)
and other derived parameters were very complex (Figures 5–
7). Overall, only the α and β of the three paired traits had a
significant quadratic relationship (all p < 0.001) (Figures 5H,
6H, 7H), other traits and scaling parameters had no clear linear
relationship (Figures 5A–G, 6A–G, 7B–G). Even so, we still
detected a weakly relationship between α of LA-LDW with LA
(R2 = 0.351, p = 0.088) (Figure 7A).

DISCUSSION

Plant traits response and adaptation to the environment are
critical for plant survival. Combining with scaling relationship to
explore the connection between leaf traits provides a theoretical
basis for leaf variations with altitudinal gradient. Based on this
study, we have found that plants adapt to altitude gradient mainly
by adjusting LA and leaf mass, and the change of area and mass
further affects scaling relationships.

Effects of Altitude on Leaf Traits
Plants can produce adaptive strategies to cope with the
environmental variation caused by the elevational gradient
(Rudgers et al., 2019; Cui et al., 2020; Cubino et al., 2021).
Previous studies had suggested that as elevation increases, the
temperature always lowers, heat and energy supply limited LA
expansion (Pan et al., 2013; Sun et al., 2017). But our study
showed that the LA gradually increased up to 2,500 m. This non-
intuitive pattern might be caused by the influence of precipitation
on LA. The lowest elevation of our plots was located in a dry
valley, where plants exhibited smaller leaves (Niinemets, 2001;
Rudgers et al., 2019; Sun et al., 2020). As the altitude increased,
precipitation and atmospheric humidity gradually increased,
and LA also increased. Beyond a critical altitude (in our case,
perhaps 2,500 m), temperature and heat may have limited LA
increasing (Nikita et al., 2018). At low temperatures, smaller
leaves reduce thermal convection in the boundary layer, which
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FIGURE 1 | Frequency distribution histogram and normality test of leaf traits. (A) LFW; (B) LDW; (C) LDMC; (D) LA; (E) SLAF -based fresh weight; and
(F) SLAD-based dry weight. ME, mean value; MD, median value; S, skewness; K, kurtosis; N, total number.

is very important for maintaining leaf heat and keeping the
appropriate temperature of photosynthesis (Cubino et al., 2021;
Lyu et al., 2021). LFW and LA have the same variation model.
By comparison, LDW increased continuously with the altitude,

and then gradually convergent. The increase of leaf biomass with
altitude may reflect the conservative strategy of leaves, that is, the
harsher the environment, the more investment in leaf biomass
(Pan et al., 2013; Zhang et al., 2020; Yang et al., 2021). Abundant
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FIGURE 2 | The variation of leaf traits along elevation gradient. (A) LFW; (B) LDW; (C) LDMC; (D) LA; (E) SLAF -based fresh weight; and (F) SLAD-based dry weight.
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FIGURE 3 | The scaling relationship between leaf traits. (A) The scaling
relationship between LFW and LDW. (B) The scaling relationship between
LFW and LA. (C) The scaling relationship between LDW and LA. The blue
circle represents observed values, the red line represents the SMA regression
line, and the black-dotted line represents the 1:1 line; R2 is the coefficient of
determination that is used to measure the goodness of fit; p represents the
significant level of goodness of fit at 0.05 level.

investment of leaf biomass promotes the denser mesophyll tissue,
this not only helps prevent freezing injury but also reduces
mechanical damage (Niinemets, 2001; Nikita et al., 2018).

In this study, SLA showed a unimodal change with altitude,
the result is inconsistent with Umaña and Swenson (2019), who
found that SLA of four out of six species decreased with elevation.
This difference may cause by the relatively limited range of
altitudes in their study (only ranged from 250 to 1,075 m a.s.l.).
In addition, Costa et al. (2018) researched trait patterns along
tropical elevation gradient ranging from 1,620 to 3,060 m also
found that LA, SLA, and LDMC showed different patterns along
their elevational gradient—sometimes decreasing, increasing, or
showing no clear changes. Unimodal patterns of leaf traits may
also reflect changes in biodiversity. Many studies have linked
changes in leaf traits to species richness (Costa et al., 2018; Chen
et al., 2021; Liu et al., 2021); competition among species may
increase as species abundance increases. Furthermore, increased
species abundance may promote niche differentiation, which can
also influence the leaf traits pattern (Costa et al., 2018; Zhu et al.,
2019; Guo et al., 2021). The biotas and succession along the
altitudinal gradient may be one of the main factors leading to the
variation of leaf traits.

For plants, leaf water content is associated with photosynthesis
and light capture efficiency. Many studies have shown this for
bamboos, climbing plants, and alpine plant taxa (Huang et al.,
2019a, 2020; Wang et al., 2021). The goodness of fit between LFW
(R2 = 0.437) with altitude is greater than that LDW (R2 = 0.399)
with altitude, which is consistent with the findings of other
research. It may be due to the different leave shapes. Compared
with broad leaves, narrow leaves require dense tissue (lower water
content) to resist static loads. In other words, even given the same
leaf fresh mass, different plants will have a great difference in leaf
dry mass. Huang et al. (2019a) thought that the studies of leaf
allometry had to consider the influence of foliar water content on
the scaling relationship. However, in the field sampling process,
it is difficult to obtain the leaves’ fresh weight in time, so there are
still many operational difficulties.

Effects of Altitude on α and β
Allometric relationships among leaf traits reflect their priority
needs and dynamic growth. Based on the pooled data, the LDW
did not keep pace with LFW, and as the leaf size gradually
increased there was more biomass investment per unit area.
The result of this study did not support the law of diminishing
returns, which was inconsistent with Huang et al. (2019a,
2020). This implied that with the increasing of LFW, leaf water
content gradually increased or leaf dry matter content gradually
decreased. It may be because larger LA transpiration more
water and therefore need to store more water, and plenty of
water keeps photosynthesis going. So, leaf water content and
dry matter content will gradually increase, and the increased
rate of water content is higher than that of dry matter content.
Consistent with Yang et al.’s (2021) study, the fitness of LA–
LFW is better than that of LA–LDW. Most plant—like evergreen
and deciduous species have different hydraulic strategies and
photosynthetic efficiency (Niinemets, 2001; Cubino et al., 2021;
Wang et al., 2021), which may lead to differences in leaf water

Frontiers in Plant Science | www.frontiersin.org 6 April 2022 | Volume 13 | Article 82446160

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-824461 April 12, 2022 Time: 9:40 # 7

Yang et al. Leaf Funtional Traits

FIGURE 4 | The relationship between scaling exponent and normalization constant with elevation gradient. (A) Scaling exponent of LDW and LFW; (B) normalization
constant of LDW and LFW; (C) scaling exponent of LA and LFW; (D) normalization constant of LA and LFW; (E) scaling exponent of LA and LDW; and (F)
normalization constant LA and LDW.
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FIGURE 5 | The correlation relationship of parameters of LDW and LFW. (A) The relationship between α and LFW; (B) the relationship between β and LFW; (C) the
relationship between α and LDW; (D) the relationship between β and LDW; (E) the relationship between α and LDW/LFW; (F) the relationship between β and
LDW/LFW; (G) the relationship between β and LFWα; and (H) the relationship between β and α.

content or dry matter content, and thus lead to divergences in
LDW per unit area.

To our knowledge, few studies reveal the variation of scaling
parameters (i.e., scaling exponent and normalization constant)
for leaf traits at such a large scale. Scaling relationships among
leaf traits can reveal how the material allocation at leaf level
as they grow. We found that most scaling exponents and
normalization constants had no significant relationship between
altitudes, except for the β of LA–LFW and LA–LDW. Our
results were inconsistent with Pan et al. (2013) and Sun et al.
(2017), who reported that scaling exponents for leaf mass and
area significantly increased or was the V-shape with altitudinal
gradient. These might be different vegetation types. Their study

sites were located in subtropical monsoon regions, where most
plants were evergreen. Previous studies indicate that evergreen
and deciduous plants have different strategies to adapt to their
habitat. The evergreen plants are resource-conserved and have
greater leaf thickness and mass, lower SLA and water content, and
longer leaf life span; and the deciduous are resource-acquisitive,
with thinner leaves, greater SLA and lower dry matter content,
and shorter leaf life (Li et al., 2008; Wu et al., 2013). Generally,
evergreen plants have a higher biomass investment per unit
area than deciduous plants (Lyu et al., 2021; Zhang et al.,
2021). Another plausible explanation for this discrepancy may
be because of the elevation range; the other studies included
only 3 or 6 altitudes (Pan et al., 2013; Sun et al., 2017). If we
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FIGURE 6 | The correlation relationship of parameters of LA and LFW. (A) The relationship between α and LA; (B) the relationship between β and LA; (C) the
relationship between α and LFW; (D) the relationship between β and LFW; (E) the relationship between α and LA/LFW; (F) the relationship between β and LA/LFW;
(G) the relationship between β and LFWα; and (H) the relationship between β and α.

had selected only a few elevations, we would found a significant
linear relationship, too. In future studies, we suggest researchers
consider elevation amplitude and study variation across more
altitudes, vegetation types, and climatic regions.

Leaf mass and area are two important leaf traits for the most
vascular plants. The relative changes of leaf mass and area reveal
the metabolic activity and photosynthesis potential, which are
not invariable (Liu et al., 2016; Umaña and Swenson, 2019; Sun
et al., 2020). The scaling exponent and normalization constant
for LDW–LFW, LA–LFW, and LA–LDW of this study were
significant positive correlations. The altitude shifted leaf traits

and affected α and β, it is not clear whether altitude, leaves, or
their coupling relationship changes α and β. Along the altitudinal
gradient, the environment changes rapidly over a short distance.
Plants are subject to a lower temperature and higher irradiance
and strong wind at higher altitudes (Nikita et al., 2018; Zhang
et al., 2020; Kühn et al., 2021). However, in the middle altitude,
most plants are understory, a few dominant species may be
in the canopy. In other words, understory plants are rarely
exposed to wind and strong light irradiance (Pan et al., 2013;
Costa et al., 2018). Environmental variation at different stages of
altitudinal gradient (high, middle, and low altitude) may be the
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FIGURE 7 | The correlation relationship of parameters of LA and LDW. (A) The relationship between α and LA; (B) the relationship between β and LA; (C) the
relationship between α and LDW; (D) the relationship between β and LDW; (E) the relationship between α and LA/LDW; (F) the relationship between β and LA/LDW;
(G), the relationship between β and LDWα; and (H) the relationship between β and α.

main factors leading to the change of many traits that showed
unimodal patterns.

The Relationship Between α and β With
Derived Parameters
Scaling relationships for leaves quantifies the allometry
of resource allocation at the leaf scale and helps to
interpret correlations among traits and scaling parameters
(Thakur et al., 2019; Zhang et al., 2020). Our data showed close

relationships between scaling exponent and normalization
constant for all leaf traits. However, contrary to previous studies
(Milla and Reich, 2007; Sun et al., 2017), LA did not affect
α of LA–LFW and LA–LDW, LFW also did not affect α of
LDW–LFW. The reason might be that our target plant species
included conifer species such as Abies fabri, Pinus bungeana, and
Cupressus chengiana, and our results were the pooled data rather
than life-form or plant-specific.

In our study, we included conifer species, whose unusual leaf
morphology may have influenced the results of our analysis.
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For example, they have very small LA (needle or scale leaf),
specific LA, and water content, but have large leaf mass. They may
be a very strong disturbance when compared with broad-leaved
species, and we recommend that future studies treat broad-leaved
and coniferous species separately.

CONCLUSION

With the increase of altitude, the LFW and LA showed a
unimodal change, while the LDW was a slow increase. LA with
LFW and LDW showed an increasing returns relationship. Our
study demonstrates that there is no fixed variation pattern of
scaling relationship with altitude, and leaf traits had little effect on
the variation of scaling relationship. Therefore, the coordination
of leaf trait variation and scaling relationship may be the positive
response of plants to the elevation gradient. These provide a
possible biological explanation for the plant adaptation to high
radiation, freezing, and strong wind on altitude gradient.
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Water availability is a key environmental factor affecting plant species distribution, and 
the relationships between hydraulic and economic traits are important for understanding 
the species’ distribution patterns. However, in the same community type but within different 
soil water availabilities, the relationships in congeneric species remain ambiguous. In 
northwest China, Quercus wutaishanica forests in the Qinling Mountains (QM, humid 
region) and Loess Plateau (LP, drought region) have different species composition owing 
to contrasting soil water availability, but with common species occurring in two regions. 
We analyzed eight hydraulic traits [stomatal density (SD), vein density (VD), wood specific 
gravity (WSGbranch), lower leaf area: sapwood area (Al: As), stomatal length (SL), turgor 
loss point (ΨTlp), maximum vessel diameter (Vdmax) and height (Height)] and five economic 
traits [leaf dry matter content (LDMC), leaf tissue density (TD), leaf dry mass per area 
(LMA), Leaf thickness (LT) and maximum net photosynthetic rate (Pmax)] of congeneric 
species (including common species and endemic species) in Q. wutaishanica forests of 
QM and LP. We explored whether the congeneric species have different economic and 
hydraulic traits across regions. And whether the relationship between hydraulic and 
economic traits was determined by soil water availability, and whether it was related to 
species distribution and congeneric endemic species composition of the same community. 
We found that LP species tended to have higher SD, VD, WSGbranch, Al: As, SL, ΨTlp and 
Vdmax than QM species. There was a significant trade-off between hydraulic efficiency and 
safety across congeneric species. Also, the relationships between hydraulic and economic 
traits were closer in LP than in QM. These results suggested that relationships between 
hydraulic and economic traits, hydraulic efficiency and safety played the role in constraining 
species distribution across regions. Interestingly, some relationships between traits 
changed (from significant correlation to non-correlation) in common species across two 
regions (from LP to QM), but not in endemic species. The change of these seven pairs 
of relationships might be a reason for common species’ wide occurrence in the two 
Q. wutaishanica forests with different soil water availability. In drought or humid conditions, 
congeneric species developed different types of adaptation mechanisms. The study helps 

67

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.902509﻿&domain=pdf&date_stamp=2022-05-25
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.902509
https://creativecommons.org/licenses/by/4.0/
mailto:yueming@nwu.edu.cn
https://doi.org/10.3389/fpls.2022.902509
https://www.frontiersin.org/articles/10.3389/fpls.2022.902509/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.902509/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.902509/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.902509/full


Frontiers in Plant Science | www.frontiersin.org 2 May 2022 | Volume 13 | Article 902509

Zhang et al. Hydraulic and Economic Traits

to understand the environmental adaptive strategies of plant species, and the results 
improve our understanding of the role of both hydraulic and economic traits during 
community assembly.

Keywords: functional trait, congeneric species, trade-off, species distribution, temperate forest

INTRODUCTION

Water availability is an essential resource for plants survival, 
growth and distribution (Toledo et  al., 2012; Poorter et  al., 
2017; Ramírez-Valiente and Cavender-Bares, 2017; Ali et  al., 
2018; Granato-Souza et  al., 2018; Rodríguez-Ramírez et  al., 
2019). The long-term adaptation of plants to different water 
conditions will originate different water regulation strategies 
(Aguilar-Romero et al., 2017; Luo et al., 2017; Liu et al., 2021a) 
and functional traits (Rita et  al., 2016). Different strategies of 
plants in response to the environment, such as water transport, 
mechanical support, and defense strategies, combine to determine 
the survival and distribution of plants (Bucci et al., 2012; Reich, 
2014). Therefore, the relationships between functional traits 
and species distribution in multiple dimensions of traits should 
be  studied (Laughlin, 2014; Liu et al., 2021c). Previous studies 
have focused on economic traits (Zheng and Shangguan, 
2007a,b,c; Tanaka-Oda et  al., 2010; Suter and Edwards, 2013; 
Chai et  al., 2015; Zhang et  al., 2017; Han et  al., 2020; Ji et  al., 
2020), which reflect trade-offs between acquisition and investment 
of resources (Wright et  al., 2004). Economic traits are related 
to CO2 and water exchange and light capture, such as maximum 
net photosynthetic rate (Pmax; Li et  al., 2015). However, it is 
of great ecological significance to explore the water limitation 
in vegetative growth through hydraulic traits, which could 
reflect these resource allocation strategies as well (von Arx 
et  al., 2012). Economic and hydraulic traits reveal different 
response levels of plants to environmental changes (Yin et  al., 
2018; Zhao et  al., 2021). Hydraulic traits are related to water 
transport and loss, which affect plants’ water transport efficiency 
and gas exchange and thus affect economic traits (i.e., the 
rate of photosynthesis; Liu et al., 2021b). Hydraulic traits play 
a key role in limiting species’ growth, competition and distribution 
(Meinzer et  al., 1999; Brodribb et  al., 2005; Tomasella et  al., 
2008; Villagra et  al., 2013; Cosme et  al., 2017), which are 
more directly reflection of water availability.

Species may exhibit a combination of hydraulic traits under 
different soil water availability, which can be related to the ability 
to tolerate drought or wetness (von Arx et  al., 2012). The 
combination of divergent species hydraulic traits suggests a trade-off 
between hydraulic efficiency and safety (Tyree et al., 1994; Cosme 
et al., 2017). Normally, the combination follows biophysical rules, 
that is, hydraulic efficiency (i.e., large and grouped vascular 
bundles) and hydraulic safety (i.e., narrow and isolated vascular 
bundles) cannot coexist (Litvak et  al., 2012; Liu et al., 2020b). 
In low soil water availability, plants must take a conservative 
strategy to ensure hydraulic safety by investing in traits that can 
improve water-resistance, avoid cavitation, minimize the risk of 
embolism (i.e., to conduct water with narrow vessels; Zhao et al., 
2021). By contrast, plants must invest in traits that confer high 

hydraulic efficiency in humid regions (i.e., to conduct water with 
wide vessels) to reduce the resistance of water flow and to increase 
conductivity (Cosme et  al., 2017). A recent integrated analysis, 
however, has shown only weak support for the trade-off between 
hydraulic efficiency and safety (Gleason et  al., 2016b; Schuldt 
et  al., 2016; Zhu et  al., 2017; Santiago et  al., 2018), causing 
some controversy (Bittencourt et  al., 2016; Brodersen, 2016; 
Gleason et  al., 2016a). The combinations of hydraulic traits for 
species under different soil water availability remain unclear. 
Cosme et  al. (2017) argued that there was hydraulic safety vs. 
efficiency trade-off in different water conditions, which affects 
species co-occurrence. The results were obtained in congeneric 
endemic species mostly restricted to plateaus (drought) or valleys 
(humid). However, Zhu et al. (2017) showed the opposite results: 
in two forests with different water conditions, the relationships 
of congeneric common species remained decoupled, which have 
high hydraulic efficiency and safety at the same time. Therefore, 
the relationships between hydraulic efficiency and safety should 
be  tested closely. Both congeneric endemic species and common 
species should be  considered.

Previous studies found that hydraulic traits and economic 
traits were decoupled (Li et  al., 2015; Zhang et  al., 2015; Liu 
et al., 2020a). The decoupled relationships brought greater 
freedom for more combinations of leaf traits to adapt to different 
environments (Li et  al., 2015). But Yin et  al. (2018) indicated 
hydraulic and economic traits may be  coupled in semi-arid 
regions and the relationships depend on water availability. 
Similar results were also found in Li et  al. (2018) and Males 
and Griffiths (2018). However, the physiological effects of the 
different relationships are unknown. In addition, Zhu et  al. 
(2017) showed that common species can be  found commonly 
in two regions owing to escaping hydraulic trade-off. Whether 
the relationships between hydraulic and economic traits would 
affect plant species distribution is still unclear. Exploring the 
relationships between hydraulic and economic traits under 
different water availability may help reveal how water availability 
shapes plant communities (Kraft et  al., 2008).

Since the Middle Pleistocene, Quercus wutaishanica forest 
has become the dominant and stable community in specific 
areas of Qinling Mountains (QM, humid region) and Loess 
Plateau (LP, drought region; Zhu, 1982). Quercus wutaishanica 
forests in QM and LP have different species composition owing 
to different soil water availability (Yue, 1998; Zhao et al., 2021), 
but with some species that can be  found commonly in two 
forests. There are congeneric endemic species with complementary 
distributions (For each genus, a species mostly restricted to 
LP and a species mostly restricted to QM) and congeneric 
common species distributed in two regions. It is necessary to 
explore the causes of the distribution patterns through economic 
and hydraulic traits.
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In the present study, we investigated the relationships between 
hydraulic and economic traits of congeneric species (common 
and endemic species) in Q. wutaishanica forests which are 
disjunctively distributed in QM and LP. We aim to understand 
why species composition differs within the same community 
type, revealing the physiological and ecological mechanisms 
of species niche differentiation. We  hypothesized that in soils 
with different water availability, (1) there was a trade-off between 
hydraulic safety and efficiency across congeneric species (common 
species and endemic species), which might affect species 
co-occurrence at the regional scale. (2) The relationships between 
hydraulic and economic traits were closer in drought region 
than in humid region, which might be  a type of adaptation 
mechanism. (3) Common species might change the relationships 
between hydraulic and economic traits, which might provide 
an explanation for their common occurrence in the two 
Q. wutaishanica forests.

MATERIALS AND METHODS

Study Sites and Plant Materials
The present study was performed in natural Q. wutaishanica 
forests in Shaanxi province, northwest China. Based on our 
previous work, both Ziwuling region (35°41′–35°44′ N, 109°00′–
109°02′ E) on the middle section of LP and Taibaishan Nature 
Reserve (33°84′–33°86′ N, 108°82′–108°87′ E) in the north 
slope of QM were selected as the sampling sites. The climate 
of Q. wutaishanica forests in LP is semiarid, temperate, continental 
monsoon, with a mean annual temperature of 9°C–11°C (Chai 
et  al., 2014). The mean annual precipitation is approximately 
560–650 mm. The soil type is cinnamon soil (Liang et  al., 
2010). The northern boundary of its distribution is determined 
by water (Meng et  al., 2011; Yin et  al., 2018). The climate of 
Q. wutaishanica forests in QM is temperate monsoon, with a 
mean annual temperature of 6.5°C, and its upper limit of 
distribution is determined by temperature (Zhu et  al., 1982). 
The mean annual precipitation is approximately 900–1,000 mm, 
which is relatively humid. The soil type is brown soil (Zhu 
et  al., 1982). There are also significant differences in soil water 
content under such different climatic conditions (Supplementary  
Figure S1; Zhao et  al., 2021).

This research was surveyed in July 2019, three plots (50 × 50 m) 
were established in the Q. wutaishanica forests of LP (35°37′–
35°49′N, 109°00′–109°11′E; at 1100–1112 m) and QM (33°84′–
34°41′N, 107°45′–108°83′E; 1900–1958 m), and the geographic 
information is the same as our previous work (Table  1  in 
Zhao et  al., 2021). The total number of common species in 
the two communities is less than 15% (Zhao and Yue, 1996; 
Yue, 1998). The species selected in this study are the most 
abundant species of Q. wutaishanica communities in the two 
regions. After sampling investigation, we  sort out and selected 
20 pairs of congeneric common species (20 species on LP 
and 20 species in QM) and 11 pairs of congeneric endemic 
species (11 species on LP and 11 species in QM), a total of 
31 pairs of congeneric species (62 species in two regions; 
Figure  1) in six plots across two regions. Because of the 

interaction between environmental gradients and species, the 
interspecific differences in traits may offset or strengthen the 
effects of environmental gradients on traits. Therefore, it is 
necessary to exclude the influence of genetic background. The 
control of phylogenetic relatedness is included in the sampling 
design to exclude the influence of genetic background as much 
as possible (Fine et al., 2006; Baraloto et al., 2007). In particular, 
we selected 18 special congeneric species in six genera (Crataegus, 
Cotoneaster, Quercus, Euonymus, Acer, and Lonicera) from the 
total 62 species, that is, three species in each genus, including 
a common species in the two regions and two endemic species 
limited to LP or QM (Figure 1). We  tested the first hypothesis 
by 18 special congeneric species to accurately exclude the 
influence of genetic background.

Within each plot, three to five healthy and mature individuals 
were randomly selected from each target species. Three to five 
sun-exposed branches with well-developed leaves were collected. 
The diameter of the base of the cut branches was 6–8 mm, 
and the length was 15–30 cm. After cutting, branches were 
immediately sealed in opaque plastic bags, humidified by moist 
paper towels and transported back to the laboratory for 
measurements of economic traits and physiological hydraulic 
traits. Three to five leaves and branches (5–7 cm) were immediately 
fixed in FAA70 (formaldehyde, acetic acid, and 70% ethanol) 
for analyses of hydraulic traits (stomatal, veinal traits and 
anatomical structures; Table  1).

Trait Selection
We measured 13 functional traits (eight hydraulic traits and 
five economic traits) of 62 species growing in Q. wutaishanica 
forests on LP and in QM (Table  1). Eight hydraulic traits 
include stomatal density [stomatal density (SD), vein density 
(VD), wood-specific gravity (WSGbranch), lower leaf area: sapwood 
area (Al: As), stomatal length (SL), turgor loss point (ΨTlp), 
maximum vessel diameter (Vdmax) and height (Height)]. Five 
economic traits include [leaf dry matter content (LDMC), leaf 
tissue density (TD), leaf dry mass per area (LMA), Leaf thickness 
(LT) and maximum net photosynthetic rate (Pmax)].

Economic Traits
We scanned and measured surface areas of each fresh leaf 
with Motic Images Plus 6.0 software (Motic China group, 
Xiamen, China). The fresh mass was measured with electronic 
balance (one ten-thousandth). Thereafter, samples were oven-
dried for 72 h at 70°C and weighed as leaf dry mass. Leaf 
mass per area (LMA, g m−2) was calculated as the ratio of 
dry mass to leaf surface area (Yin et al., 2018). Leaf dry matter 
content (LDMC, g g−1) was calculated as the ratio between 
leaf dry mass and fresh mass (Zhao et al., 2021). Leaf thickness 
(LT, μm) was measured through transverse sections using 
Image-Pro Plus 6.0, avoiding the influence of major veins. Ten 
to twenty measurements were made for each leaf. Leaf tissue 
density (TD, g cm−3) was calculated as the ratio of LMA to 
LT (Yin et  al., 2018). The photosynthetic rate was determined 
using the portable photosynthesis system (Li-6,800, Li-Cor, 
Lincoln, NE, United  States) between 9:00 and 11:00  in the 
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field. The temperature was controlled at 20°C–25°C in ambient 
CO2, and the airflow rate was set at 500 μmol s−1. The 
photosynthetically active radiation (PAR) gradients were 1800, 
1,500, 1,200, 1,000, 800, 600, 400, 200 and 0 μmol m−2  s−1. 

Maximum net photosynthetic rate (Pmax, μmol m−2  s−1) was 
obtained by fitting the empirical equation of the least square 
method adopted by Bassman and Zwier (1991).

Hydraulic Traits
For vein density assessments, 2 cm2 of leaf area were sampled 
in the central region, immersed in 10% NaOH in an oven at 
65°C for 4–12 h. Samples were repeatedly washed with deionized 
water for about 30 min, immersed and bleached in 10% H2O2 
for 10–30 min and then, washed again in deionized water. 
Sections were next stained with safranin for 30 min. The sections 
were then dehydrated using graded ethanol series and immersed 
in xylene/ethanol absolute (1:1) solution and xylene. Stained 
sections were mounted, photographed and then, analyzed using 
Image-Pro Plus 6.0 (Media Cybernetics, United  States). The 
total length of veins per unit area was measured as vein density 
(VD, mm mm−2; Zhao et  al., 2021).

Leaf stomatal density (SD, mm−2) and stomatal length (SL, 
μm) were measured on three leaves for one by the nail-polish 
imprint method (Zhao et  al., 2016; Yin et  al., 2018). Stomatal 
prints were observed and photographed under a Classica SK200 
digital light microscope (at ×10 magnification; Motic ChinaGroup 
Co., Ltd., China). More than 20 fields randomly were selected 
per leaf and a photograph of 200 × 200 μm in the area was 
selected for analyses using Image-Pro Plus 6.0. The density of 

FIGURE 1 | List of 31 pairs of congeneric species (including 20 pairs of congeneric common species and 11 pairs of congeneric endemic species) in Quercus 
wutaishanica forests across two regions and evolutionary relationship for 18 special congeneric species in six genera selected for this study.

TABLE 1 | List of 13 functional traits measured at the branch, leaf, and whole-
plant level for this study with corresponding abbreviations and units.

Plant traits Abbreviation Unit Organ

Hydraulic 
traits

Height Height m Whole plant
Wood specific gravity WSGbranch g·cm−3 Branch
Leaf area: sapwood 
area

Al:As Branch

Maximum vessel 
diameter

Vdmax μm

Turgor loss point Ψtlp MPa Leaf
Vein density VD mm·mm−2 Leaf
Stomatal density SD mm−2 Leaf
Stomatal length SL μm Leaf

Economic 
traits

Maximum net 
photosynthetic rate

Pmax mmol·m−2·s−1 Leaf

Leaf dry matter 
content

LDMC g·g−1 Leaf

Leaf dry mass per area LMA g·m−2 Leaf
Leaf thickness LT μm Leaf
Leaf tissue density TD g cm−3 Leaf
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stomata (SD, mm−2) was calculated by counting all stomata 
for each specified area (200 × 200 μm) and dividing this number 
by the area. We  measured the length of the guard cells as 
stomatal length (SL, μm).

We used the paraffin method to get a transverse section 
of the petiole vessel (Zhao et  al., 2021). The paraffin sections 
were observed and photographed under a light microscope at 
×40 magnification equipped with a digital camera. Using 
Image-Pro Plus 6.0, we assessed the diameter of petiole conduits 
as described by Schulte (1999) to get the maximum vessel 
diameter (Vdmax, μm).

Leaf water potential (Ψleaf, MPa) was measured using a 3,115 
portable plant water potential pressure chamber (SEC., Ltd., 
United  States) in consecutive sunny days of mid-July 2019. 
Leaf samples from three individuals of each species were 
collected and immediately sealed in opaque plastic bags, 
humidified by moist paper towels, and transported back to 
the laboratory. First, leaves were weighed to obtain the initial 
fresh mass and then placed in a pressure chamber to determine 
the initial water potential. We  measured leaf mass and water 
potential periodically during slow desiccation of the sample 
in the natural condition. Samples were oven-dried for 72 h at 
70°C and weighed as leaf dry mass. Finally, pressure–volume 
curves were elaborated according to Tyree and Hammel (1972) 
to calculate the leaf turgor loss point (ΨTlp, MPa).

For one individual, 5 cm long branches were cut from the 
base of the annual branches on the upper part of the species 
under good light conditions. Then, we  removed the bark and 
determined the wood density (WSGbranch; Zhao et  al., 2021). 
We used the drainage method to get the volume of the branches, 
and the dry mass was obtained by weighing scales with an 
accuracy of 0.0001 g after oven-drying at 70°C for 72 h. The 
WSGbranch is the dry mass of the annual branch divided by 
the volume of the branch (Zhao et  al., 2021). We  measured 
the diameter of the branches by digital calipers (HITEC 
MESSTECHNIK., Ltd., Germany). Heartwood and pulp were 
subtracted, and the sapwood area (As) of the branches was 
obtained. Then, all the leaves on the branches were collected 
to calculate the total leaf area (Al) and the ratio of total leaf 
area to sapwood area (Al: As). We  estimated the total height 
of all trees by laser rangefinder. The mean height per species 
was the average of the five individuals sampled for that species.

Data Analysis
We used paired t-tests (SPSS, Chicago, IL, United  States) to 
evaluate whether 18 special congeneric species (common species 
and endemic species) in six genera have divergent hydraulic 
and economic traits. Relationships between economic and 
hydraulic traits were analyzed with Pearson’s correlation (SPSS, 
Chicago, IL, United  States). Linear regression analyses were 
used to examine the correlations of traits (SigmaPlot, SPSS 
Inc., Chicago, IL, United States). Standardized major axis (SMA) 
estimation (R 3.2.2 statistical platform) was used to determine 
whether the correlations between economic and hydraulic traits 
changed with environmental water availability. Multivariate 
associations of leaf traits were analyzed with a principal 

component analysis (PCA) in CANOCO software for Windows 
4.5 (Microcomputer Power, Ithaca, NY, United  States).

RESULTS

Congeneric Species Differ in Hydraulic 
Traits Across Regions
The results showed significant differences in hydraulic traits 
among 18 special congeneric species in six genera under different 
soil water availability. Within each genus, common species on 
LP had lower values of Al: As, SL (except for Crataegus wilsonii), 
Vdmax, and more negative ΨTlp values, but higher values of SD, 
VD and WSGbranch values than in QM (Figure 2). For example, 
the common species of Quercus is Q. wutaishanica. The SD 
of Q. wutaishanica on LP was higher than that in QM 
(Figure  2B). There was non-significant difference for Height 
(Figure  2E). For economic traits, LDMC, LMA, LT, and TD 
of common species did not differ significantly across regions, 
except that Pmax showed significant differences (higher in QM 
than on LP; Figure  3).

In each of six genera, the congeneric endemic species had 
similar results with the common species. Except for Height, 
the other seven hydraulic traits differ significantly across regions 
(Figure  2). Compared with species in QM, species on LP 
tended to have lower values of Al: As, SL, Vdmax and more 
negative ΨTlp values. SD, VD and WSGbranch values were higher 
in QM than on LP. For example, the endemic species of Quercus 
are Q. acutissima on LP and Q. serrata in QM. The SD of 
Q. acutissima was higher than that of Q. serrata. Similarly, 
most of the five economic traits (LDMC, LMA, LT (except 
for Acer spp.) and TD) showed no significant differences between 
the two regions, except that the differences of Pmax were significant 
(higher in QM than on LP; Figure  3).

Relationships Between Hydraulic and 
Economic Traits Differ Across Two 
Regions
The PCA of 20 common species on LP showed that economic 
traits could be  divided into three groups and were coupled 
with some hydraulic traits, respectively. Pmax and TD, coupled 
with Vdmax; LDMC and LT, coupled with WSGbranch and Al: As; 
LMA, coupled with VD, SD, height, and ΨTlp. But these were 
less obvious for 20 common species in QM (Figure 4A). We found 
similar results in total 31 pairs of species and 11 pairs of endemic 
species (Figures 4B,C), that is, the relationships between hydraulic 
and economic traits were closer on LP than in QM.

Relationships Between Hydraulic and 
Economic Traits Changed in Common 
Species
According to linear regression and SMA analysis, most 
relationships between hydraulic and economic traits differed 
between LP and QM, which were closer on LP than in 
QM for 20 pairs of congeneric common species, 11 pairs 
of congeneric endemic species and total 31 pairs of congeneric 
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species (Figure  5; Supplementary Figures S2–S6). There 
was a negative relationship between VD and LMA in common 
species across regions. LMA decreased with increasing VD, 
and LMA decreased more on LP than in QM. In addition, 
some relationships were only found on LP, but not in 
QM. For instance, the relationships between LDMC and 
VD were positive on LP, but no relationships were found 
in QM (Figure  5).

Interestingly, by sorting out the results of linear regression 
and SMA analysis of all the relationships (Figure  5; 
Supplementary Figures S2–S6) we  found some relationships 
between hydraulic and economic traits changed (from significant 
correlation to non-correlation) in common species across regions 
(from LP to QM), but not in endemic species. For example, 
Al: As, VD and LDMC; VD and TD; WSGbranch and LMA; 
SD, ΨTlp, VD, and Pmax (Table  2).

A

B

C

D

E

F

G

H

FIGURE 2 | Eight hydraulic traits: (A) leaf area: sapwood area (Al: As), (B) Stomatal density (SD), (C) Turgor loss point (ΨTlp), (D) Maximum vessel diameter (Vdmax), 
(E) Height (height), (F) Stomatal length (SL), (G) Vein density (VD), and (H) Wood specific gravity (WSGbranch) for 18 special congeneric pairs of species (common 
species and endemic species in six genera) in Loess plateau (LP; low soil water availability) and Qinling Mountain (high soil water availability). The species 
abbreviations are shown in Figure 1. Error bars represent 1 SE, and different letters indicate significant differences between regions (p < 0.05).
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DISCUSSION

The Trade-Off Between Hydraulic 
Efficiency and Safety in Congeneric 
Species
Here, we  focused on 18 special congeneric species (common 
species and endemic species) in six genera in Q. wutaishanica 
forests within different soil water availabilities (LP and QM), 
considering the control of species genetic background. 
We  found significant differences in most hydraulic traits. 
Across congeneric species, the different combination of 
hydraulic traits values within each environmental condition 
showed a significant trade-off between hydraulic efficiency 
and safety. The result was consistent with our hypothesis 
that safety vs. efficiency trade-off might affect species 
co-occurrence at the regional scale. Compared with species 
in QM, congeneric species on LP tend to adopt conservative 
water-use strategies and invest in hydraulic traits associated 
with water transport safety, which indicated a better adaptation 
to drought environment (Zhao et  al., 2021). Both endemic 
species and common species on LP had higher values of 
SD, VD, and WSGbranch, lower Vdmax, SL, Al: As, and more 

negative ΨTlp values, indicating that species on LP invest in 
higher hydraulic safety at the expense of efficiency, whereas 
congeneric species in QM had contrasting trait values, 
suggesting more investment in water transport efficiency. The 
similar results of endemic species and common species in 
the same genera fully indicated that differences in hydraulic 
traits were caused by soil water availability.

Highly embolism resistance is an important feature for 
species to adapt to low soil water availability (Barigah et  al., 
2013; Pfautsch et  al., 2016; Zhu et  al., 2017). Low values of 
Al: As are associated with hydraulic safety. Because low leaf 
areas reduce transpiration and ensure water supply, and narrow 
xylem vessels reduce embolism risk by increasing sapwood 
area (Togashi et al., 2015; Anderegg and Hillerislambers, 2016; 
Sande et  al., 2019). Also, high values of WSGbranch mean thick 
conduit walls or a great proportion of mechanical tissue, which 
increase the implosion-resistance (Hacke et  al., 2001; Lens 
et al., 2011; Markesteijn et al., 2011). In low soil water availability, 
species are favorable to regulate the two traits (WSGbranch and 
Al: As) at the branch level to improve the water-resistance 
(Pratt et al., 2007; Fortunel et al., 2014) and increase hydraulic 
safety (Cosme et  al., 2017). At the leaf level, species can 

A

B

C

D

E

FIGURE 3 | Five economic traits: (A) Leaf dry matter content (LDMC), (B) Leaf thickness (LT), (C) Leaf tissue density (TD), (D) Leaf mass per area (LMA), and 
(E) Maximum net photosynthetic rate (Pmax) for 18 special congeneric pairs of species (common species and endemic species in six genera) in Loess plateau (low 
soil water availability) and Qinling Mountain (high soil water availability). The species abbreviations are shown in Figure 1. Error bars represent 1 SE, and different 
letters indicate significant differences between regions (p < 0.05).
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minimize embolism risk by reducing diameters of the maximum 
vessels in leaf petioles. In low soil water availability, species 
with narrow vessels appear to be  at low risk of air seeding 
into the water column to ensure water transport safety (Zhao 
et  al., 2021). Increasing leaf vein density is also an effective 
adaptation to cope with drought (Xiong et  al., 2017). The 
high values of VD increase the paths of water transportation 
to ensure hydraulic safety (Sack and Scoffoni, 2013). Besides, 
small and dense stomata (high values of SD and low values 
of SL) can be  more flexible to deal with drought, i.e., close 
stomata to reduce water loss in time (Franks et  al., 2009). 
ΨTlp is also a key factor to determine the tolerance of leaves 
to drought stress (Bartlett et al., 2012; Maréchaux et al., 2015). 
It can be used as a proxy of leaf hydraulic vulnerability (Meinzer 
et  al., 2016, 2017; Zhu et  al., 2018). Compared with species 
in QM, species on LP with more negative ΨTlp values can 
maintain positive turgor pressure, certain stomatal conductance, 
hydraulic conductivity, and photosynthetic gas exchange in 

low soil water availability (Brodribb and Holbrook, 2003). 
Therefore, species on LP were more drought resistant. In 
previous studies, adjustments in ΨTlp have also been observed 
in different water availability (Mitchell and O’Grady, 2015; 
Farrell et al., 2017; Johnson et al., 2018). There was no significant 
difference in Height. One possible reason is that species in 
QM suffer from disturbances caused by winds, heavy rains 
and animals (Hu et al., 2014; Zhang et al., 2019), which might 
limit tree growth.

Our results indicated that within-genus variation in hydraulic 
traits was caused by soil water availability. Different combinations 
of hydraulic traits for congeneric species (including common 
species and endemic species) across two regions with different 
soil water availability supported the trade-off between hydraulic 
efficiency and safety, which might affect species co-occurrence 
at the regional scale. The results were different from Zhu et  al. 
(2017), who found that hydraulic efficiency and safety were 
decoupled in common species. Zhu et al. (2017) mainly discussed 

A

B

C

FIGURE 4 | Principal component analysis (PCA) between hydraulic and economic traits on cross-species means among congeneric species (A) (20 pairs of 
congeneric common species, (B) 11 pairs of congeneric endemic species and (C) 31 pairs of congeneric species). Values in parentheses in the axis labels are 
percentages explained by the first two components. Eight hydraulic traits were included: SD, stomatal density; SL, stomatal guard cell length; Vdmax, maximum vessel 
diameter; Height; Al:As, leaf area: sapwood area ratio in the branch; VD, vein density; WSGbranch, wood specific gravity of branch; ΨTlp, turgor loss point. Five economic 
traits were included: LMA, leaf dry mass per area; LT, leaf thickness; TD, leaf tissue density; LDMC, leaf dry matter content; and Pmax, maximum net photosynthesis rate.
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that distinctive dimorphic xylem vessels (extremely large vessels 
and many small vessels) may assure both hydraulic efficiency 
and safety, which are the reasons of decoupled relationships 
between hydraulic efficiency and safety in common species. 
The extremely large vessels allow for high hydraulic efficiency, 
while the many small vessels allow for high hydraulic safety 
(Rosell and Olson, 2014). However, many other hydraulic traits 
can confer hydraulic efficiency or safety in addition to xylem 
vessels, such as vein density (Sack and Holbrook, 2006; Brodribb 
et al., 2007). It is obviously not convincing to only considering 
xylem vessels. No significant differences were found in most 
economic traits. Our results suggested that hydraulic traits are 
important in determining the mechanisms of species’ response 
to drought and may be  important for predictions of future 
species distribution (Anderegg et  al., 2012).

A B C

D E F

G H I

J K L

M N O

FIGURE 5 | Relationships between VD and (A-C) LDMC, (D-F) LMA, (G-I) LT, (J-L) Pmax, (M-O) TD of congeneric species (20 pairs of congeneric common 
species, 11 pairs of congeneric endemic species and 31 pairs of congeneric species) in Loess plateau (low soil water availability; closed circles) and Qinling 
Mountain (high soil water availability; open circles). Linear regressions were fitted to the data (black regression lines, LP; red regression lines, QM). Values of R2 are 
followed by significance level (*, p < 0.05; **, p < 0.01; ***, and p < 0.001). Values of K represent slopes of lines.

TABLE 2 | According to Figure 5, Supplementary Figures S1–S5, list the 
relationships between hydraulic and economic traits of 20 pairs of congeneric 
common species and 11 pairs of congeneric endemic species, which changed 
with soil water availability [O, significant correlation (p < 0.05); \, no correlation 
(p > 0.05)].

Hydraulic-
economic

Common species Endemic species

LP QM LP QM

Al: As-LDMC O \ \ \
SD-Pmax O \ \ \
ΨTlp-Pmax O \ \ \
VD-LDMC O \ \ \
VD-Pmax O \ \ \
VD-TD O \ \ \
WSGbranch-LMA O \ \ \
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Relationships Were Closer in Drought 
Region (LP) Than in Humid Region (QM)
Relationships between economic and hydraulic traits were 
coupled in two regions but were closer couple on LP than in 
QM. The results were different from previous studies (Li et  al., 
2015; Zhang et  al., 2015; Liu et  al., 2020), which showed that 
hydraulic traits and economic traits were decoupled. The closely 
relationships of species on LP indicated the principle of 
optimization in water transportation and CO2 assimilation 
(Wright et  al., 2004) and the adaptation mechanism in low 
water availability (Yin et  al., 2018).

We found three groups (TD and Pmax; LT and LDMC; LMA) 
that were, respectively, coupled to several hydraulic traits on 
LP, but were not obvious in QM. TD has an important influence 
on the structure and function of leaves (Kitajima and Poorter, 
2010). Under low soil water availability, high values of TD 
can reduce water loss and increase photosynthetic capacity 
(Mediavilla et al., 2001; Niinemets, 2001; Elizabeth et al., 2014). 
Therefore, TD and Pmax are closely related and coupled with 
Vdmax. The diameters of vessels affect water transport capacity 
(Zhu et al., 2017). According to Hagen–Poiseuille’s law, hydraulic 
conductance efficiency is proportional to the sum of the vessel 
diameters to the fourth power (Zimmermann, 1983). High 
values of LDMC and LT indicated that species have high 
resource utilization and strong resistance to external water 
stress and retain water (Garnier et  al., 2001). LDMC and LT 
were coupled with WSGbranch and Al: As, which indicated that 
drought-resistant plants improve their hydraulic safety (WSGbranch 
and Al: As, as the discussion in the first part) at the cost of 
increasing the carbon investment in leaf tissue construction 
(LDMC and LT; Simonin et  al., 2012). LMA is an important 
leaf carbon economic trait and the core of complex and 
diversified relational network among leaf economics spectrum 
(Osnas et al., 2013). On one hand, high values of LMA represent 
strong wilting resistance and competitiveness against water 
stress (Baltzer et  al., 2008; Rose and Hertel, 2013). VD, ΨTlp, 
and stomatal characteristics (such as SD, SL) are also important 
indexes to measure drought resistance (Martínez-Vilalta et  al., 
2014). Thus, the coupled relationships between LMA and VD, 
ΨTlp, SD, SL confer the extremely strong resistance against 
hydraulic failure (Blonder et  al., 2011; Kardiman and Ræbild, 
2017). On the other hand, leaf structural trait (LMA) and leaf 
hydraulic traits (VD, Ψ TLP, SD, SL) were coupled, indicating 
that there is a trade-off between the carbon investment allocated 
to the leaf water transport system and the carbon investment 
allocated to the construction of leaf structure (Villagra 
et  al., 2013).

Water transport and CO2 diffusion are the key processes that 
determine the assimilation efficiency of terrestrial plants (Flexas 
et  al., 2013). As many studies showed that for plants species 
the greatest biophysical barrier to survival is the ability to maintain 
high carbon gain while avoiding desiccation (Nardini and Luglio, 
2014). Through the close relationships, species on LP tended 
to improve photosynthetic carbon assimilation efficiency and 
the resistance to low soil water availability, then form corresponding 
morphological structures and strategies (Zhao et al., 2021). Similar 
results were also found in woody angiosperms on the LP (Yin 

et  al., 2018). By comparison, species in QM with high soil 
water availability tend to form more flexible combinations in 
adaption to the environment. Like the relationships between 
hydraulic efficiency and safety, the results suggested that 
relationships between hydraulic and economic traits also played 
a role in constraining species distribution across regions.

Common Species Changed Relationships 
Within Different Soil Water Availability
Species distribution is greatly related to water conditions (Cosme 
et  al., 2017). Changes in soil water availability can lead to 
changes in species composition of communities, which are 
determined through the process of species migration and 
substitution (Parmesan and Yohe, 2003; Zhao et  al., 2021). 
Zhu et  al. (2017) reported that the reason for common species 
occurrence in two forests with contrasting soil water conditions 
was that they could escape the hydraulic trade-off. In our 
study, there was hydraulic trade-off in common species. Therefore, 
the causes for common species’ wide occurrence in two forests 
need further research.

The hydraulic safety and efficiency, water transportation and 
CO2 assimilation trade-offs affect species co-occurrence at the 
region scale. Species on LP had strong drought-resistant ability 
and maximize their survival at the expense of hydraulic efficiency 
and CO2 assimilation efficiency. Through sorting out all the 
relationships between hydraulic and economic traits, we  found 
that seven pairs of relationships (Al: As, VD and LDMC; VD 
and TD; WSGbranch and LMA; SD, ΨTlp, VD, and Pmax) changed 
(from significant correlation to non-correlation) in common 
species across regions (from LP to QM), but not in endemic 
species. The changes in relationships might be  a reason for 
common species’ wide occurrence in the two Q. wutaishanica 
forests with different water availability and for endemic species 
only distinctly occurring in either LP or QM.

Common species can be found in two regions, which indicates 
a stronger ecological adaptability to different water availability 
than endemic species. We  found that common species were 
sensitive to water availability and capable of changing the 
hydraulic and economic traits trade-offs in time. On LP with 
low soil water availability, the significant correlations make 
common species to adapt to the environment by “increasing 
resources and reducing expenditure” (Wright et  al., 2004; Yin 
et  al., 2018). Whereas in QM with high water availability, 
non-correlation indicated that common species adapt to the 
environment by flexible combinations. Endemic species were 
similar in morphology but were different in ecological and 
adaptive strategies to occupy the most suitable region in 
Q. wutaishanica forests within different water conditions. On 
LP with low soil water availability, the development of community 
is sensitive to water (Xu et  al., 2016; Yin et  al., 2018). Long-
term adaptations to drought allow drought-tolerant species to 
survive. On the other hand, water stress may also limit species 
migration and thus accelerate the process of the formation of 
LP regional endemic species (Parmesan and Yohe, 2003). By 
contrast, QM with abundant water inhibited the dominance 
of drought-tolerant species to some extent but met water 
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demand of acquired species and improved their competitiveness 
to inhibit the development of other species in the community. 
Thus, endemic species on LP are unable to establish. Therefore, 
endemic species can only be  distributed in a certain region 
without the change of the relationships between traits.

CONCLUSION

This study showed significant differences in hydraulic traits and 
not in most economic traits of congeneric species across two 
regions. The different hydraulic traits combinations indicated the 
trade-off between hydraulic safety and efficiency. We  also found 
the trade-off between hydraulic and economic traits, which were 
more closely on LP than in QM. The two trade-offs affect species 
co-occurrence at the regional scale. Seven pairs of relationships 
changed in common species across regions, but not in endemic 
species, which may be  the reason for differences in the species 
composition of the same community type. The changes in common 
species might explain their distributions across regions, but endemic 
species can only be  distributed in a certain region because they 
lack variation. The results are helpful to understand distributions 
and adaptive strategies of species, as well as the importance of 
both hydraulic and economic traits during community assembly.
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The Montgomery equation predicts leaf area as the product of leaf length and width 
multiplied by a correction factor. It has been demonstrated to apply to a variety of leaf 
shapes. However, it is unknown whether tree size (measured as the diameter at breast 
height) affects leaf shape and size, or whether such variations in leaf shape can invalidate 
the Montgomery equation in calculating leaf area. Here, we examined 60 individual trees 
of the alpine oak (Quercus pannosa) in two growth patterns (trees growing from seeds 
vs. growing from roots), with 30 individuals for each site. Between 100 and 110 leaves 
from each tree were used to measure leaf dry mass, leaf area, length, and width, and to 
calculate the ellipticalness index, ratio of area between the two sides of the lamina, and 
the lamina centroid ratio. We tested whether tree size affects leaf shape, size, and leaf 
dry mass per unit area, and tested whether the Montgomery equation is valid for calculating 
leaf area of the leaves from different tree sizes. The diameters at breast height of the trees 
ranged from 8.6 to 96.4 cm (tree height ranged from 3 to 32 m). The diameter at breast 
height significantly affected leaf shape, size, and leaf dry mass per unit area. Larger trees 
had larger and broader leaves with lower leaf dry mass per unit area, and the lamina 
centroid was closer to the leaf apex than the leaf base. However, the variation in leaf size 
and shape did not negate the validity of the Montgomery equation. Thus, regardless of 
tree size, the proportional relationship between leaf area and the product of leaf length 
and width can be used to calculate the area of the leaves.

Keywords: bilateral symmetry, centroid ratio, DBH, growth patterns, leaf ellipticalness index, Montgomery 
equation

INTRODUCTION

Leaf shape has been demonstrated to be  important for light interception, evapotranspiration, 
and mechanics (Niklas, 1988, 1999; Nicotra et  al., 2008, 2011), and thus to affect the tradeoff 
between the leaf support cost and photosynthetic returns (Niinemets et  al., 2007; Lin et  al., 
2020). For example, using computer simulations, Niklas (1988, 1989) reported that the extent 
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of leaf lobing affected the capacity to intercept light, whereas 
Santiago and Kim (2009) found that Sonchus species from 
exposed habitats have smaller, more dissected leaves with greater 
photosynthetic rates compared with those of Sonchus species 
from shaded habitats. Thus, leaf shape can often be  used as 
a predictor of photosynthetic capacity of leaves, such as rates 
of carbon uptake (Ölçer et  al., 2001; Royer and Wilf, 2006). 
In this context, Shi et  al. (2021a) showed that the ratio of 
leaf width to length (RWL) is significantly positively correlated 
with the fractal dimension of leaf shape, which means that 
RWL is a good indicator of the geometric characteristics of 
leaf shape. Using 101 bamboo taxa, Lin et al. (2020) demonstrated 
that the scaling exponent of leaf dry mass vs. leaf surface 
area decreases toward 1 as RWL increases, thereby indicating 
that broader leaves tend to have lower support cost with 
increasing unit leaf area compared to narrower leaves.

In addition to RWL, other leaf shape indices are available, 
i.e., the leaf roundness index and its reciprocal, the leaf dissection 
index (Kincaid and Schneider, 1983; Thomas and Bazzaz, 1996; 
Niinemets, 1998; Santiago and Kim, 2009; Peppe et  al., 2011). 
However, an accurate quantification of many elliptical, oval, 
and oboval leaves significantly deviates from circular leaves. 
Consequently, Li et  al. (2021b) proposed a new index, the 
leaf ellipticalness index (EI), based on the Montgomery equation 
(ME; see Montgomery, 1911), which assumes that leaf area is 
proportional to the product of leaf length and width. In contrast 
to the leaf roundness index, the EI reflects the extent to which 
an elliptical leaf deviates from an ellipse, and can be  used to 
calculate leaf area provided that leaf length and width are 
known. In theory, the EI value can be  larger or smaller than 
1 depending on leaf shape. It cannot be  used to accurately 
evaluate the degree of leaf bilateral asymmetry, or predict the 
leaf centroid from the base of an oval or oboval leaf shape. 
In order to cope with this limitation, Shi et al. (2021b) developed 
an ovate and obovate leaf shape model using leaf length and 
width and a third parameter representing the distance from 
the leaf base to the point on the leaf length axis associated 
with maximum leaf width. Consequently, Li et  al. (2021c) 
defined the “centroid ratio” (as the ratio of this third parameter 
to leaf length) to quantify the extent of the deviation of the 
leaf centroid from the midpoint of leaf length. Using this 
model, Li et  al. (2021c) found that the centroid ratio is 
significantly correlated with the ratio of leaf petiole mass to 
lamina mass for two Lauraceae species (Cinnamomum camphora, 
and Machilus leptophylla). Therefore, the centroid ratio is a 
potentially a good quantitative index of leaf shape. It is necessary 
to point out the difference between the centroid ratio (as the 
ratio of the distance, from the leaf base to a point on the 
leaf length axis associated with the maximum leaf width, to 
the leaf length) and centroid size in geometric morphometrics 
(Mitteroecker et  al., 2013; Klingenberg, 2016). The latter is 
equal to the Euclidean distance between the landmarks on 
the boundary of a planar polygon to their centroid, which 
the centroid is the geometric centre of the polygon. In the 
present work, the definition of the “centroid” is the point on 
the leaf length axis associated with the maximum leaf width, 
which is not the geometric center in geometric morphometrics 

methods. The reason is that it is difficult to find landmarks 
on the boundary of a completely or approximately entire leaf.

A critical and as yet unanswered question is whether plant 
size (which is often but not invariably correlated with the age 
of perennial plant species) affects leaf shape or size. Tree 
populations usually consist of different age- and size-groups. 
For evergreen tree species, leaves are in a constant state of 
renewal, and limited research has shown that leaf and overall 
plant age can to a large extent determine overall photosynthetic 
capacity (Küppers, 1989; Bielczynski et  al., 2017). In addition, 
tree height, which is often correlated with age, is important 
because water transport from roots to the highest elevated 
leaves becomes progressively more difficult (Becker et al., 2000). 
Thus, the leaf size, shape, leaf-level cost of light-interception 
(which can be quantified by leaf dry mass per unit area, LMA, 
or its reciprocal specific leaf area, SLA) can vary significantly 
within a canopy (Sack et  al., 2006; He and Yan, 2018). 
Nevertheless, whether leaf shape varies significantly across tree 
size has not been tested.

Quercus pannosa was selected for study because it is an 
important evergreen tree species, which usually forms a single 
forest or a mixed forest with other Quercus species typically 
growing at altitudes of 3,300–4,200 m in China. The species 
also produces leaves that are elliptical or oboval in shape 
(Figure  1) with a high dry mass per unit area (LMA). The 
leaf structure and shape of this species allows it to tolerate 
low temperatures and to grow closer to the climatic conifer 
treeline (He et  al., 1994; Yang et  al., 2020). He et  al. (1994) 
explored the relationship between leaf anatomical structures 
and elevation of alpine oaks, and found that at high altitudinal 
areas the quadrangular and pentagonal epidermis in leaves are 
frequently observed, and that the stomatal density decreases 
at high elevations. However, there are no studies that have 
quantified the leaf-shape of this species, or that have related 
leaf-shape and LMA to tree size.

FIGURE 1 | Adaxial surface (i.e., the upper image) of a representative leaf of 
Quercus pannosa. L represents the leaf length; W represents the maximum 
leaf width; W1/4L represents the leaf width associated with 1/4 L from leaf 
base; W3/4L represents the leaf width associated with 3/4 L from leaf base; 
W1/8L represents the leaf width associated with 1/8 L from leaf base; W7/8L 
represents the leaf width associated with 7/8 L from leaf base.
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To address this question, we  sampled >6,500 leaves from 
60 naturally growing individual trees of Quercus pannosa 
Hand.-Mazz. at two sites (representing two growth patterns, 
i.e., trees growing from seeds vs. trees growing from roots) 
in south-western China to test: (i) whether tree size and 
growth pattern affects leaf shape, size, and leaf-level cost of 
light interception, (ii) whether the ME is valid for calculating 
the leaf area of different tree sizes at the individual tree level 
and for the pooled data across all individuals, and (iii) whether 
the EI differs from other leaf-shape indices including the 
leaf RWL and centroid ratio. In general, although the diameter 
at breast height (DBH) is positively correlated tree height, 
in practice, DBH is easier to accurately measure tree size. 
Therefore, in the present study, DBH is used as a measure 
of tree size.

MATERIALS AND METHODS

Sampling Sites and Leaf Collection
Two sites (see Table  1 for details) measuring 100 m × 100 m 
in naturally growing tree communities were selected for 
study in Shangri-la, Yunnan Province, China. The annual 
accumulated precipitation for Shangri-la from 2000 to 2019 
is 624 ± 124 mm; the mean annual temperature is 6.8°C ± 0.4°C; 
the annual duration of sunshine is 2,182 ± 149 h; the number 
of days for frosts per year is 152 ± 12 days (China 
Meteorological Data Service Centre).1 Thirty trees were 
randomly selected from the first site (S1), and another 30 
trees were randomly selected from the second site (S2). For 
S1, Q. pannosa was intermixed with Q. pseudosemecarpifolia, 
and the coverage of either oak species accounted for ca. 
25%–35%. For S2, Q. pannosa dominated the forest community, 
and accounted for ca. 85%–95% of the total forest coverage. 
Most trees grew from seeds in S1; most trees in S2 grew 
from roots. Most trees growing from seeds in S2 were cut 
down by local farmers, and the following trees growing 
from roots were usually shorter and the trunks near the 
ground are most curved, which is easy to distinguish between 
the trees of two growing patterns by observing tree size 
and simultaneously checking how bent the trunks are. In 
addition, S1 is far away from villages, and it is difficult 
for local farmers to arrive; however, S1 is closer to villages, 
and local farmers used to go to this site and the surrounding 
area to cut firewood. There were 22 out of the 30 trees 
whose DBH values ≥ 30 cm in S1, but were only 2 out of 
the 30 trees whose DBH values ≥ 30 cm in S2. Our 
experimental design is to choose 30 trees from each site, 
representing the smallest big sample size in statistics. In 
each site, we  randomly sampled 30 trees in the range of 
100 m × 100 m, and there is no need to sample more trees 
given the heavy workload required. We  used a quadrat of 
20 m × 20 m around the center of each site to measure the 
site information (Table  1).

1 http://data.cma.cn/

On 25 September 2021, we  randomly sampled 100–110 leaves 
from the lower canopy of each of the 30 trees in S1, and on 1 
October 2021, we sampled leaves from S2. Because of the difference 
in height among different individual trees, we  defined “the lower 
canopy” as the positions of ≤1/4 of a tree crown height, and 
sampled leaves without distinguishing directions and between the 
shade and sun leaves given that a large sample can well reflect 
general characteristics of leaf shape and size. All leaves were 
wrapped in wet newspaper to reduce tissue dehydration.

Indices for Measuring Leaf Shape
To quantify leaf shape, we  used six indices.

(i) The ratio of leaf width to length (RWL)

 RWL / ,=W L

where W denotes leaf maximum width, and L denotes leaf length.
(ii) The leaf ellipticalness index (EI; Li et  al., 2021a,b)

 ( )
EI ,

/4π
=

A
LW

where A denotes leaf area.
(iii) The ratio of the W associated with 1/4 L from leaf 

base to the leaf width associated with 3/4 L from leaf base, 
which is referred to as the proximal ratio index (PRI). To 
normalize this parameter, we used its log-transformed value, i.e.,

 
ln ln .

/

/

PRI =
W
W

L

L

1 4

3 4

TABLE 1 | Site information.

Information Site 1 (S1) Site 2 (S2)

Location 27° 37′33.05″ 99°34′0.68″
Elevation (m) 3,202 3,716
Size (m2) 20 × 20 20 × 20
Slope (°) 27 24
Aspect (°) 172 158
Soil type Brown soil Brown soil
Soil depth (m) 0.5–1.0 0.1–0.2
Dominant species of the 
community

Quercus pannosa

Quercus 
pseudosemecarpifolia

Rhododendron decorum

Fragaria nilgerrensis

Quercus pannosa

Rhododendron 
Rubiginosum

Ainsliaea fragrans

Coverage of Q. pannosa (%) 25–35 85–95
Human disturbance Weak Strong
Main growth pattern of 
Q. pannosa

Growing from seeds Growing from roots

The trees are all native species for both S1 and S2, and are naturally distributed in Site 
1. Local farmers often cut down trees in and around S2 for daily use. However, it is 
difficult to accurately estimate tree age for each individual. We randomly sampled 30 
trees from each site of 100 m × 100 m, and we calculated the site information in this 
table using one quadrat of 20 m × 20 m around the center of each site.
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(iv) The ratio of the W associated with 1/8 L from the leaf 
base to the width associated with 7/8 L from the leaf base. 
This ratio is referred to as the distal ratio index (DRI). To 
normalize this parameter, we  also used its log-transformed 
value, i.e.,

 
ln ln

/

/

DRI =
W
W

L

L

1 8

7 8

(v) The area ratio of the two sides of a leaf (AR). We  used 
a log-transformed form to normalize this parameter, i.e.,

 
ln ln ,AR

Left

Right

=
A
A

where ALeft  and ARight  represent the areas of the left and 
right sides of a leaf, respectively.

(vi) The centroid ratio (CR), which is the ratio of the 
distance from leaf base to a point on the leaf length axis 
associated with leaf maximum width (LW) to leaf length (L), i.e.,

 
CR =

L
L
W
.

We did not take mathematically transformed forms (i.e., 
the log-transformation) of RWL, EI, or CR because the 
log-transformation did not improve the normality of these 
data, and because the tails of the histograms of those variables 
did not exhibit skewness.

Image Processing and Data Acquisition
After taking leaves back to the laboratory of Shangri-la Alpine 
Botanical Garden, we used three photo scanners (Type: CanoScan 
LiDE 220, Cannon, Vietnam) to scan all leaves to JPE images 
at 600 dpi resolution. The leaves were then dried using an 
oven (DHG 9070A, SoodKing, Suzhou, China) at 108°C for 
48 h until achieving constant dry mass. We  used an electric 
balance (BSA 124S, Sartorius Scientific Instruments Ltd., Beijing, 
China; measurement accuracy: 10−4 g) to measure leaf dry mass.

The scanned images were transformed to black–white BMP 
images, and we used the protocols proposed by Shi et al. (2018) 
to obtain the planar coordinates of each leaf edge. We  used 
the statistical software R (version 4.2.0; R Core Team, 2022) to 
run the R script developed by Su et  al. (2019) to calculate leaf 
area, length and width. To calculate PRI, DRI and CR, the 
slightly modified R script of Su et al. (2019) was used to provide 
values, which has been combined into the “bilat” function in 
a special R package “biogeom” (Shi et  al., 2022a) was used to 
calculate the parameters related to leaf shape and size.

Statistical Analyses
The ANOVA followed by the Tukey’s honest significant difference 
(HSD) test at the 0.05 significance level (Hsu, 1996) was used 

to test the significance of the differences between any two 
individual trees in their leaf size, shape, and LMA.

To check the influence of DBH on leaf shape, size, and 
LMA, linear mixed-effects models (Bates et  al., 2015) were 
used. For each tree, there was one DBH value, and 100–110 
measurements for leaf shape, size, and LMA (i.e., those of 
100–100 leaves). DBH was regarded as a fixed effect, and site 
(representing the levels of the two growth patterns, i.e., trees 
from seeds vs. trees from roots) as a random effect. The 
intraclass correlation coefficient was calculated to check the 
extent of variation between the levels:

 

2

2 2 ,α

α ε

σ
ρ

σ σ
=

+

where σα and σε represent the standard errors between the 
levels and within the levels, respectively. When there is no 
variation between the levels, σα = 0 and ρ = 0; when the variation 
between the levels is much larger than that within the levels, 
ρ will approach 1 (Faraway, 2006).

To check whether tree size affected leaf area, the Montgomery 
equation (ME; Montgomery, 1911) was used:

 A LW= ⋅MP ,

where MP is the Montgomery parameter, i.e., the proportionality 
coefficient to be  estimated. We  used the log-transformation of 
this equation to stabilize the variance of leaf area, i.e.,

 ln ln ,A a LW= +

where a is the natural logarithm of MP. When the ME held 
true, EI could be  used as an indicator of leaf shape (Li et  al., 
2021b). The MP has a relationship with EI as:

 
MP EI.

4
π

=

According to the principle of similarity (Thompson, 1917), 
the area of an object is usually proportional to the square 
of its length. However, the empirical estimates for the scaling 
exponent of leaf area vs. leaf length for complex leaf shapes 
(especially those with lobes) can deviate from 2 (Shi et  al., 
2019; Yu et  al., 2019, 2020). However, for elliptical, oval, 
and oboval leaf shapes, the principle of similarity has been 
confirmed (Shi et al., 2022b). Because the leaves of Q. pannosa 
exhibit elliptical and oboval shapes, it was nevertheless 
necessary to check whether it follows the principle of similarity. 
If and when it is confirmed, it can simplify the calculation 
of leaf area only using one leaf length dimension. We  also 
checked whether the extent of variation in RWL influenced 
the validity of the principle of similarity. We  calculated the 
root-mean-square error (RMSE) of fitting the following  
equation
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 ln ln ,A c L= + 2

and checked whether RMSE increases with the increase of the 
coefficient of variation (CV) in RWL. If it increases with 
increasing CV in RWL, it signifies the extent to which the 
principle of similarity depends on the variation in RWL. All 
analyses were carried out using the statistical software R (version 
4.2.0; R Core Team, 2022).

RESULTS

The DBHs of the trees examined over the course of this study 
ranged from 8.6 to 96.4 cm. Tree height ranged from 3 to 
32 m. Table  2 shows the influence of DBH and site on leaf 
size, shape, and LMA. Leaf size and the ratio of leaf width 
to length (RWL) tend to increase with increasing DBH 
(Figures  2A,C), whereas LMA decreases with increasing DBH 
(Figure 2B). DBH did not significantly affect the leaf ellipticalness 
index (EI; Figure  2D; Table  2), which appears to result from 
a random effect. There were large variations among the sites 
for EI, leaf area, LMA, and RWL, with ρ ranging from 0.1832 
to 0.5056 (Table  2). For other leaf shape indices, DBH had 
a statistically significant effect on the proximal ratio index 
(PRI), and the random site effect was very minor (Figures 3A–C; 
Table  2). With increasing DBH, the leaf centroid did not shift 
closer to the leaf apex or to the leaf base (Figure 3D; Table 2), 
that is, leaves morphologically maintain an oboval shape rather 
than an elliptical shape regardless of tree size. The DBH did 
not significantly affect the distal ratio index (DRI) or the area 
ratio of the two sides of leaves (AR), and the random site 
effect was very minor, with ρ < 0.1. The intercept of ln AR 
was not significant (p > 0.05), which indicated that there was 
no significant difference in area between the two sides of leaves 
(Table  2).

The Montgomery equation (ME) was found to be  valid for 
the leaves of each tree with a correlation coefficient r ranging 
from 0.985 to 0.999. The estimated Montgomery parameter (MP) 
ranged from 0.7 to 0.8, and exceeded π/4 for 13 out of the 60 
trees examined (Figure  4). Using the pooled data of the 60 
trees, there was a significant log–log linear relationship between 
leaf area and leaf length on a log–log scale, and that between 

leaf area and the product of leaf length and width (Figure  5). 
However, the latter had a higher goodness of fit for a <0.05 
RMSE than the former with a >0.13 RMSE. The 95% confidence 
intervals of the slope did not include 2 (Figure  5A), which 
indicated that the principle of similarity did not hold true for 
this oak species. There was a strong correlation between the 
goodness of the fit of the A vs. L2 data on a log–log scale and 
the coefficient of variation of RWL (Figure  6). A smaller RMSE 
corresponded to a better goodness of fit and a lower coefficient 
of variation in RWL. Therefore, overall, the ME was found to 
be  valid for calculating leaf area both at the individual tree level 
and for the pooled data across all individuals that were examined. 
Although the estimated MP values differ across individual trees, 
these values varied over a small range, which resulted in a <0.05 
RMSE by fitting the pooled leaf data of the 60 trees.

DISCUSSION

Leaf Size and LMA of Quercus pannosa
The data presented here reveals a trend in which leaf size 
increases with increasing tree size (as measured by DBH), 
which is not in accord with previous reports of the opposite 
trend (England and Attiwill, 2006). A number of possible 
explanations for this contradiction become apparent. However, 
we  believe that it might result from the differences in the 
conduit sizes (vessel diameters) with increasing overall tree 
size reflecting an adaptation to extreme alpine environments. 
The number of days of frosts per year is more than 150 days 
in the study area. Quercus pannosa has evolved a special diffuse 
porous anatomy with more comparatively small diameter conduits 
capable of avoiding fatal winter embolism across multi-year 
vessel cohorts (Yang et  al., 2020), since freezing can cause 
xylem cavitation for alpine trees (Mayr et  al., 2007). However, 
narrower vessels also have a greater resistance to water transport, 
which limits the rate at which water can be  delivered to leaves 
high in the canopy. The mean vessel diameter of newly formed 
vessels in larger Q. pannosa trees tends to be  larger than that 
of newly formed vessels in smaller trees. It is possible therefore 
that this ontogenetic anatomical shift in vessel size permits 
the development of larger leaves (see Figure 2A). Future research 
in this area is required.

TABLE 2 | Fitted results of the linear mixed model to eight leaf size and shape indices.

Item

Estimate Significance (P) Standard deviation Intraclass

correlation 
coefficientIntercept DBH Intercept DBH Site Residual

Leaf area (m−2) 6.780850 0.107641 <0.05 <0.05 3.5449 5.6104 0.2853
LMA (g m−2) 189.151290 −0.151780 <0.05 <0.05 14.9116 31.4880 0.1832
Leaf width/length 0.676246 0.000298 <0.05 <0.05 0.0437 0.0871 0.2009
Leaf ellipticalness index 0.984667 −0.000079 <0.05 >0.05 0.0382 0.0377 0.5065
ln W1/4L/W3/4L −0.031559 −0.000278 <0.05 <0.05 0.0134 0.1179 0.0128
ln W1/8L/W7/8L −0.011575 0.000253 >0.05 >0.05 0.0305 0.1977 0.0233
ln ALeft/ARight 0.027439 0.000183 >0.05 >0.05 0.0224 0.1611 0.0190
Centroid ratio 0.523712 0.000041 <0.05 >0.05 0.0053 0.0692 0.0059
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Turning attention to the morphometrics of leaves, it is 
important to note that LMA reflects the leaf-level cost of 
light interception (Poorter et  al., 2009), and serves as an 
important indicator of plant ecological strategies (Westoby 
et  al., 2002). A high LMA and long leaf lifespan dimension 
signifies slow turnover of plant components, long nutrient 
residence times, and slow response to favorable growth 
conditions (Westoby et  al., 2002). In light of the extreme 

growth environment of Q. pannosa, we  speculate that the 
leaves of this species are typically in a state of water deficiency 
as a consequence of the comparative narrow vessels in their 
wood. A drought environment usually correlates with large 
LMA values (Poorter et  al., 2009), and the mean LMA of 
Q. pannosa ranges between 100 and 250 g m−2 (Figure  2B), 
which is larger than that previously reported for other evergreen 
trees, that is, 50–50 g m−2 as is reported by Poorter et al. (2009). 

A

B

C

D

FIGURE 2 | Boxplots of leaf area (A), leaf dry mass per unit area (B), ratio of 
leaf width to length (C), and leaf ellipticalness index (D). The notches of boxes 
represent the medians, and the colors of boxes reflect their DBH values (see 
panel A).

A

B

C

D

FIGURE 3 | Boxplots of the logarithm of leaf proximal ratio index (A), logarithm 
of leaf distal ratio index (B), logarithm of the area ratio of the left side to the right 
side (C), and centroid ratio (D). The notches of boxes represent the medians, 
and the colors of boxes reflect their DBH values (see panel A).
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Our results are inconsistent with those of England and Attiwill 
(2006) who found that SLA (the reciprocal of LMA) of a 
Eucalyptus species decreases with increasing tree age, which 
translates in a trend of increasing LMA. The present work 
shows that LMA decreases with increasing DBH. This can 

be  explained based on the differences in the conduit sizes 
(vessel diameters) with increasing overall tree size reflecting 
an adaptation to an extreme alpine environment. Because 
larger trees have larger mean vessel diameters in their newly 
formed vessels than smaller trees, water transport in larger 

FIGURE 4 | The estimates of the Montgomery parameters (blue open circles) and correlation coefficients (red open lower triangles) for the leaves sampled from 
each of the 60 trees. Each Montgomery parameter (MP) was estimated as a proportionality coefficient for leaf area = MP × leaf length × length width on a log–log 
scale, and the correction coefficient was used to reflect the linear degree between leaf area and the product of leaf length and width on a log–log scale.

A B

FIGURE 5 | Fitted results to the data of leaf area vs. leaf length (A), and the data of leaf area vs. the product of leaf length and width (B). In panel (A), CI represents 
the 95% confidence intervals of the slope; in panel (B), CI represents the 95% confidence intervals of the exponential of the intercept, i.e., the Montgomery 
parameter’s CI. RMSE is the root-mean-square error of the linear regression; r is the correlation coefficient, with three asterisks indicating p < 0.001; n is the sample 
size, i.e., the number of the pooled data.
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trees is relatively better than in younger trees, i.e., the leaves 
of small trees are in a state of water deficiency, and thus 
have larger LMA values.

Leaf Shape of Quercus pannosa
Previous studies have shown that the Montgomery parameter 
(MP) of most leaves ranges from 1/2 to π/4 (Shi et  al., 2019; 
Yu et  al., 2020; Schrader et  al., 2021). Even in the case of 
the oblong and oblate leaf-shapes examined by Schrader et  al. 
(2021), MP tends to be  <π/4. However, in the present study, 
13 out of a total of 60 MP values were larger than π/4 (Figure 4). 
In addition, most of the mean centroid ratios were numerically 
>0.5 (Figure  3D). These features indicate that the leaf shape 
of Q. pannosa is not a standard ellipse. Indeed, visual inspection 
(Figure  2D) shows that the leaves of this species are not 
ellipses, a feature that is numerically quantifiable by virtue of 
the leaf ellipticalness index (EI), which is either >1 or <1. 
Thus, the leaf-shape of Q. pannosa may be a superellipse rather 
than an ellipse (Gielis, 2003; Li et  al., 2021a), as defined by 
the formula

 x yn n
/ / ,α β+ =1

where x and y are the planar coordinates of a superellipse, 
and n is a parameter determining the shape of the superellipse. 
The area formula of a superellipse (Huang et  al., 2020) is

 

( )
( )

1/4 1 1/
,

0.5 1 /
π− Γ +

=
Γ +

n n
A LW

n

where Γ is the gamma function. With n −>∞, the superellipse 
will approximate a rectangle, so MP −> 1 and EI −> MP/
(π/4) ≈ 1.27. Figure  7 shows that EI is a sigmoid function of 
n, and has an asymptotic value. This suggests that Q. pannosa 
might produce approximately superelliptical leaves. In this 
regard, Li et  al. (2021a) have demonstrated the existence of 
superelliptical leaves in nature for two Magnoliaceae species.

Finally, it is noteworthy that the ratio of leaf width to 
length (RWL) increases with tree size (Figure  2C; Table  2), 
which differs from the leaves produced by other tree species 
(England and Attiwill, 2006). This phenomenology might 
be related to water deficiency. The relationship between conduit 
size and tree size with the corresponding influences on leaf 
size and shape deserves further investigation.

CONCLUSION

Bigger trees (as measured by DBH) of Q. pannosa tend to have 
larger and broader leaves. The LMAs for the 60 trees are much 
larger than those reported for other evergreen tree species. 
We conclude that this phenomenology reflects hydraulic limitations 
resulting from adaptions to the cold alpine environment in which 
this species of oak grows. The mean leaf centroid position exceeds 
the midpoint of leaf length, but the centroid does not shift closer 
to the leaf apex with increasing tree size. There is no significant 
difference in the lamina area of the two sides of leaves, which 
indicates a bilateral symmetry for Q. pannosa leaves. The relationship 
between leaf area and length does not support the principle of 

FIGURE 6 | Correlation between the goodness of fit based on the principle of 
similarity (assuming a square relationship between leaf area and leaf length) and 
the coefficient of variation in the ratio of leaf width to length. The y-label 
represents the root-mean-square error of the linear regression for the 
relationship between leaf area and the square of leaf length on a log–log scale; 
and r is the correlation coefficient, with three asterisks indicating p < 0.001.

FIGURE 7 | Leaf ellipticalness index (EI) varying with the n values in the 
superellipse. The point corresponds to the EI when n = 2.
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similarity, which postulates that the area of an object is proportional 
to the square of its length. Our results show that the principle 
of similarity depends on the extent of variation in the ratio of 
leaf width to length (RWL). A larger coefficient of variation in 
RWL obtains a larger prediction error when the principle of 
similarity is used to calculate leaf area. In contrast, the variation 
in leaf shape does not affect the validity of the Montgomery 
equation in calculating leaf area based on leaf length and width. 
The effect of tree size on leaf area can be  neglected when using 
the Montgomery equation could be  better related to the altitudes 
at which Q. pannosa grows and its hydraulic limitations resulting 
from adaptions to the cold alpine environment.
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The Chicxulub bolide impact has been linked to a mass extinction of plants at the
Cretaceous—Paleogene boundary (KPB; ∼66 Ma), but how this extinction affected
plant ecological strategies remains understudied. Previous work in the Williston Basin,
North Dakota, indicates that plants pursuing strategies with a slow return-on-investment
of nutrients abruptly vanished after the KPB, consistent with a hypothesis of selection
against evergreen species during the globally cold and dark impact winter that followed
the bolide impact. To test whether this was a widespread pattern we studied 1,303
fossil leaves from KPB-spanning sediments in the Denver Basin, Colorado. We used
the relationship between petiole width and leaf mass to estimate leaf dry mass per area
(LMA), a leaf functional trait negatively correlated with rate of return-on-investment. We
found no evidence for a shift in this leaf-economic trait across the KPB: LMA remained
consistent in both its median and overall distribution from approximately 67 to 65 Ma.
However, we did find spatio-temporal patterns in LMA, where fossil localities with low
LMA occurred more frequently near the western margin of the basin. These western
margin localities are proximal to the Colorado Front Range of the Rocky Mountains,
where an orographically driven high precipitation regime is thought to have developed
during the early Paleocene. Among these western Denver Basin localities, LMA and
estimated mean annual precipitation were inversely correlated, a pattern consistent with
observations of both fossil and extant plants. In the Denver Basin, local environmental
conditions over time appeared to play a larger role in determining viable leaf-economic
strategies than any potential global signal associated with the Chicxulub bolide impact.

Keywords: Cretaceous—Paleogene boundary, leaf mass per area (LMA), mass extinction, paleobotanical
analysis, Denver Basin, Williston Basin, leaf economic spectrum (LES), Castle Rock

INTRODUCTION

More than 50% of plant species in mid-continental North America went extinct at the Cretaceous—
Paleogene boundary (KPB; ∼66 Ma; Wilf and Johnson, 2004; Nichols and Johnson, 2008;
Lyson et al., 2019) in a mass extinction linked to the Chicxulub bolide impact (Alvarez et al.,
1980; Vellekoop et al., 2014; Hull et al., 2020) and concurrent volcanism from the Deccan
Traps (Courtillot et al., 1986; Schoene et al., 2019; Sprain et al., 2019). This event also caused
the total extinction of non-avian dinosaurs (Le Loeuff, 2012) and led to significant ecological
selection on insects and mammals (Labandeira et al., 2002; Grossnickle and Newham, 2016).
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The nature of ecological selection on plants is less understood.
Extinction at the family level was negligible (Cascales-Miñana
et al., 2018), and angiosperm dominated ecosystems were already
well established by the Late Cretaceous (i.e., Johnson et al., 2003;
Carvalho et al., 2021), raising the question of how the mass
extinction caused functional changes in plant communities, if at
all. One hypothesis suggests that an impact winter triggered by
the bolide favored deciduous plants (Wolfe and Upchurch, 1986;
Wolfe, 1987). Impact generated aerosols could have imposed a
regime of global dim light and low atmospheric temperatures
for months to years (Vellekoop et al., 2014), giving deciduous
plants, naturally disposed to periods of dormancy, a competitive
advantage over their evergreen counterparts.

The signal for a shift toward deciduous strategies is difficult
to pick up in the fossil record. However, a proxy for estimating
the functional trait leaf dry mass per area (LMA) is well suited
for making inference about shifts in plant strategy, including
between deciduous and evergreen leaf habit (Royer et al., 2007).
This is because LMA estimates can be mapped onto the leaf
economics spectrum (LES), a continuum of viable leaf strategies
that reflects tradeoffs in leaf resource allocation (Wright et al.,
2004). One end of the LES represents fast-return strategies, which
are manifested as thin, flimsy leaves (low LMA) that trade a short
leaf lifespan (often deciduous) for high rates of photosynthesis.
The other end of the LES represents slow-return strategies,
manifested as thick, tough, long-lived leaves (high LMA), that
due to a low rate of photosynthesis only slowly make a return
on their initial carbon investment. These trait relationships are
robust across the angiosperm phylogeny and although particular
clades can have distinctive trait values (Ackerly and Reich, 1999),
including LMA (Cornwell et al., 2014), the same fundamental
leaf economic tradeoffs still occur (Wright et al., 2004). Thus,
even in a mass extinction scenario in which there was significant
taxonomic turnover, shifts in trait values represent shifts in leaf
economic strategies.

Within this leaf economic framework, Blonder et al. (2014)
studied Late Cretaceous and early Paleocene fossil plant localities
from the Williston Basin, North Dakota (Figure 1), and found
evidence for a loss of slow-return, high LMA species across
the KPB; Wilson Deibel (2022) reports similar patterns further
west in the basin. Both studies interpret their results to
represent the increased survival of fast-return, likely deciduous,
plants in response to an impact winter. This theory, reliant
on a global-scale change in environment, suggests a global
response. However, recent studies indicate that the angiosperm
trait response to the mass-extinction event was geographically
heterogeneous, highlighting different responses between South
American floras and the North American Williston Basin
flora (Stiles et al., 2020; Carvalho et al., 2021). Further, other
hypotheses of selection across the KPB connect survival to traits
not explicitly linked to the LES, such as non-recalcitrant seeds
(Berry, 2020) and polyploidy (Fawcett et al., 2009; Moeglein et al.,
2020; Wei et al., 2020).

In light of these recent findings, we test whether the shift
toward fast-return strategies observed in the Williston Basin
represents a common response to the global effects of the bolide
impact. Following Blonder et al. (2014) we use LMA estimates

to position fossil plant communities preserved in KPB-spanning
sediments of the Denver Basin, Colorado (Figure 1) along the
LES. The Denver Basin fossil record complements the Williston
Basin well and offers new opportunities for interpreting LMA and
the broader LES across the KPB. First, while the Late Cretaceous
fossil record in the Williston Basin is better represented than
the Paleocene record (Wilf and Johnson, 2004), the reverse is
true in the Denver Basin (Johnson et al., 2003). Second, the
Paleocene flora of the Williston Basin consists of a homogeneous
low-diversity, basin-center flora within a broad, low-relief coastal
plain (Johnson, 2002). In contrast, the synorogenic, KPB-
spanning sediments in the Denver Basin, which were deposited
adjacent to and during the uplift of the Colorado Front Range
of the Rocky Mountains, contain a heterogeneous flora that
includes both low-diversity basin-center localities and high-
diversity mountain-proximal localities (Johnson et al., 2003).
While the flora in the center of the Denver Basin provides a close
taxonomic and ecological analog to the flora of the Williston
Basin (i.e., the “Fort Union Flora,” see Nichols and Johnson,
2008), the mountain proximal flora provides an opportunity to
evaluate the ecological strategies and responses of different plant
assemblages, such as the early rainforest flora at Castle Rock
(Johnson and Ellis, 2002).

To understand trans-KPB shifts in LMA in the Denver Basin,
we evaluate four scenarios following Blonder et al. (2014). These
are (1) directional shift—a shift in LMA space associated with a
shift in environmental conditions; (2) convergence—a narrowing
in LMA space associated with a loss of viability of ecological
strategies; (3) divergence—a widening in LMA space associated
with the appearance of new environmental conditions supporting
newly viable strategies; and (4) a lack of environmental filtering—
no significant changes in LMA expression because environmental
changes are unrelated to LMA. In the Williston Basin, the loss
of slow-return strategies was a combination of a directional
shift and a convergence toward low LMA values (Blonder
et al., 2014). If this represents a global response to the bolide
impact, the Denver Basin flora should also exhibit a downward
directional shift and a convergence in LMA space across the
KPB, regardless of taxonomic and environmental differences
between the basins. A KPB spanning subset of 39 localities in the
Corral Bluffs study area of the Denver Basin (Figure 1) showed
a moderate downward shift in both minimum and maximum
LMA values but no significant shift in median LMA (Lyson
et al., 2019), leaving it unresolved whether plant communities in
the Denver Basin responded similarly to those in the Williston
Basin. We present here a Denver Basin LMA analysis on a larger
scale, spanning four million years across the KPB and ranging
from the low-diversity basin center to the taxonomically and
environmentally diverse floras of the Denver Basin’s mountain
proximal western margin.

MATERIALS AND METHODS

Data Sources
We estimated LMA on 1,303 fossil leaves from 95
localities in the Denver Basin (paleolatitude: ∼44–46◦ N;
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FIGURE 1 | Bedrock geology of the Denver Basin (modified from Dechesne et al., 2011) and locations of megafloral fossil sites. The D1 Sequence in yellow and the
Laramie Formation in pink are the two fossil-bearing sediments considered in this study. The inset map [Paleogeography of the North America Western Interior at the
KPB, from Ron Blakely, Colorado Plateau Geosystems, Arizona, United States (http://cpgeosystems.com/paleomaps.html)] shows the relative position of the
Williston and Denver Basins; the stars are in the general region of the fossil sites used from each basin.

Van Hinsbergen et al., 2015), representing 551 species-site pairs.
All measured leaves come from woody dicot angiosperms.
Common taxa were described and many of the individual
localities were listed by Johnson et al. (2003), with the remaining
localities collected subsequently by the Denver Museum of
Nature and Science (DMNS). The chronology of the Denver
Basin is well constrained, with U-Pb dates for the KPB
(66.021 ± 0.024 Ma) and the magnetochron boundaries C28 n
through C30 n taken from the 688 m long Kiowa core near the
center of the basin and along the West Bijou Creek escarpment
(Clyde et al., 2016; Figure 1); individual localities within the
basin can be constrained to ∼100 k.y. time bins or finer using
radiometric dates and magnetochron boundaries (e.g., Clyde
et al., 2016), combined with correlations between the Kiowa
core, oil and water well logs throughout the basin, and surface
outcrops (Raynolds et al., 2007; Dechesne et al., 2011). Many

localities can be further constrained to ∼10 k.y. time bins by
local sedimentation rates and a biostratigraphic framework
derived from pollen, megaflora, and vertebrate fossils (Hicks
et al., 2003; Johnson et al., 2003; Raynolds et al., 2007; Clyde
et al., 2016; Lyson et al., 2019; see Supplementary Material for
site age errors).

The measured fossils come from the Late Cretaceous
Laramie Formation (∼69–68 Ma) and the KPB spanning D1
sequence of the Denver Basin Group (∼68–63.8 Ma; Johnson
et al., 2003). The Laramie Formation consists of coal-bearing,
backswamp floodplain facies associated with the withdrawal of
the Western Interior Seaway (Raynolds and Johnson, 2003).
The D1 sequence is an unconformity-bounded, synorogenic
sedimentary package that contains the Arapahoe Formation (or
Conglomerate; Raynolds, 2002), the Denver Formation, and
the lower Dawson Formation (or Arkose). These interfingering
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formations, which were deposited adjacent to and during the
uplift of the Colorado Front Range (Raynolds and Johnson,
2003), preserve floodplain facies deposited in environments that
range from well- to poorly drained.

Cretaceous sediments of the D1 sequence are under-sampled
compared to Paleocene sediments and contain a diverse and
spatially heterogeneous flora (Johnson et al., 2003; Raynolds et al.,
2007). As a result the characteristics of this flora are not fully
understood, but it contains many species that appear to go extinct
after the KPB, as well as many species also found in Cretaceous
sediments of the Williston Basin (Johnson et al., 2003; Lyson et al.,
2019).

Paleocene sediments of the D1 sequence are highly sampled
and spatially heterogeneous. Much of the heterogeneity of the
flora can be observed across a west-to-east profile shaped by
proximity to the Colorado Front Range (Barclay et al., 2003; Ellis
et al., 2003; Johnson et al., 2003). Based on this observation,
Johnson et al. (2003) binned localities into three megafloral
associations defined by geographic and stratigraphic occurrence
(Figure 1): P-D1-West, P-D1-Central, and P-D1-East (“P” for
Paleocene, “D1” for D1-sequence).

The P-D1-West floral association occurs in a narrow
geographic band along the western margin of the basin close to
the Front Range, and is generally found in high-energy floodplain
systems associated with alluvial fans suggesting local topographic
complexity. This association typically contains diverse floras
with large leaves. A noteable site that falls within the P-D1-
West association is Castle Rock (63.84 Ma; DMNH loc. 1,200,
2,689, 2,690, 2,698, 2,699, 2,716, 2,720, 2,723, 2,731, 2,733,
2,748, 2,763, 2,801, 2,802, 2,831, 2,966, 2,967, 2,968, 2,969, 2,994;
Kowalczyk et al., 2018), an autochthonous leaf litter deposit
which has been interpreted as an early Paleocene rainforest
(Ellis and Johnson, 2013) very near to the Front Range (Ellis
et al., 2003). The nearby Plum Creek Parkway (DMNH loc.
3,613, 3,618, 3,620) and Sick of Sycamores (DMNH loc. 2,339)
localities (63.84 and ∼63.8 Ma, respectively) are not quite as
diverse or as strongly diagnostic of rainforest physiognomies
as Castle Rock, but are considered coeval floras found in
different depositional settings on the floodplain (Ellis et al., 2003;
Ellis and Johnson, 2013).

The P-D1-East floral association occurs in the eastern
exposures of the basin, furthest from the Front Range. These
localities are found in low-energy fluvial, lacustrine, or paludal
systems indicating low paleo-relief, and the flora is typically low
diversity (Barclay et al., 2003). The P-D1-East association shares a
close taxonomic affinity with the Paleocene flora of the Williston
Basin (Johnson et al., 2003) and is sometimes referred to as part
of a widespread early Paleocene “Fort Union flora” (Nichols and
Johnson, 2008), components of which can be found in similar
swampy environments from the nearby Raton Basin (Wolfe and
Upchurch, 1987) to the Ravenscrag Formation in Saskatchewan
(West et al., 2021). Compared to the rest of the Paleocene D1,
P-D1-East localities are sparse and do not represent as large of
a temporal range, with most localities found nearer to the KPB
(Johnson et al., 2003).

Last, the P-D1-Central floral association, while appearing
geographically close to the western basin margin, is far enough

from the Front Range that deposits are lower energy than the
alluvial fan deposits characteristic of the P-D1-West floodplain
systems. These P-D1-Central localities vary from low to high
diversity and generally represent an intermediate flora with a
smaller leaf size than is seen in the P-D1-West association
but without the uniformly low diversity seen in the P-D1-East
association. The Paleocene sites in the Corral Bluffs study area
considered by Lyson et al. (2019; Figure 1) are part of the
P-D1-Central association.

To evaluate changes across the KPB, we compared the
Cretaceous D1 sequence floras (67.5–66.02 Ma; n = 17 localities)
to the Paleocene D1 sequence floras that occur during the
first one million years after the KPB (herein referred to as
the “early Paleocene D1” flora; 66.02–65.02 Ma; n = 44). This
categorization excludes the older Laramie Formation (n = 5)
from the Cretaceous bin, and 29 younger Paleocene localities
from between 64.75 and 63.8 Ma, including Castle Rock, from
the Paleocene bin, resulting in a relatively continuous temporal
sequence of measured fossils comparable in age range to fossils
measured in the Williston Basin by Blonder et al. (2014).

Morphotypes
The Denver Basin flora was initially classified with the
morphotype method developed by Johnson (1989), using a
separate set of morphotypes for five different study areas in the
basin (Castle Rock—CR, Scotty’s Palm—SP, West Bijou Site—
BC, Laramie Formation—LA, the remainder—JC; Johnson and
Ellis, 2002; Barclay et al., 2003; Ellis et al., 2003; Johnson et al.,
2003). The DMNS later partially integrated the five study areas
into a single set of morphotypes covering the entire basin
(Denver Basin—DB). The most common of these morphotypes
were assigned to species and are typically found throughout
the Denver Basin and sometimes in the Williston Basin as well
(Johnson, 2002). The DMNS also made substantial collections at
the Corral Bluffs study area in 2017 and 2018 (Lyson et al., 2019).
These fossils have been assigned to a new morphotype series
(Colorado Springs—CS) but are not integrated within the basin-
wide DB system. Finally, a number of less-productive localities,
along with many collected after Johnson et al. (2003), have not
been integrated into either the DB or study area morphotype
systems. Fossils from these localities have instead been assigned
bin numbers, which are locality-specific classifications based
on taxonomically important morphological characters (Ellis
et al., 2009). Combined, the quality of taxonomy across these
collections enables the analysis of morphospecies-site pairs
(herein referred to as species-site pairs) with the understanding
that bin numbers are not significant beyond their locality and that
the morphotype series are only significant among the localities
that the associated study area is comprised of.

Leaf Mass per Area Measurements
LMA estimates were made using the petiole width proxy of
Royer et al. (2007), which depends on the mechanical relationship
between the cross-sectional area of the petiole and leaf mass.
We digitally photographed fossils at the DMNS using a Nikon
D5300 digital camera with an af-s micro Nikkor 40 mm 1:2.8
g macrophotography lens, except for fossils from Castle Rock,
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FIGURE 2 | An example of leaf dry mass per area (LMA) estimation. Petiole
width (0.07 cm) was measured at the pink line; leaf area (12.3 cm2) was
estimated with a conservative reconstruction of the leaf apex.
LMA = 60.5 g/m2. Morphotype DB396, EPI 53397. Baptist Road DMNH
2177 (65.7 Ma). Scale bar = 1 cm.

which DMNS staff photographed using a Canon EOS Mark 5
d digital camera and 100 mm lens. We selected fossils with
the petiole preserved widthwise at the base of the leaf blade
and with enough of the leaf margin intact that we could
confidently reconstruct the complete leaf area (Figure 2). Image
manipulation and measurements were both done in Adobe
Photoshop following Royer et al. (2007). Petiole width (PW)
was measured with the ruler tool at the basal-most point of
intersection between the petiole and the leaf blade. Leaf area
(LA) was measured by tracing the margin of the leaf blade
and petiole with the polygonal lasso tool, reconstructing any
missing margin along the way, and then computing area with
the measurement log toolbar (Figure 2). LMA was estimated
with the linear regression derived by Royer et al. (2007) from a
large set of leaves from 468 extant woody dicot species (Equation
1). 95% prediction intervals for each species site pair were
derived following Sokal and Rohlf (2012) using the equation and
coefficients provided by Royer et al. (2007; their Table 2). See
Supplementary Material for all measurements.

log10LMA = 3.070 + 0.382 × log10

(
PW2

LA

)
(1)

Climate Estimates
Estimates of mean annual temperature (MAT) and mean annual
precipitation (MAP) for 77 and 11 localities respectively, come
from previous reports (Ellis et al., 2003; Johnson et al., 2003;
Lyson et al., 2019; see Supplementary Material). All MAT
estimates used Wilf (1997) regression and all MAP estimates
come from Johnson et al. (2003), preserving methodological
continuity between locality climate estimates.

Statistical Analysis
The significance of directional shifts in LMA was tested using
the Mann-Whitney U-test, a non-parametric test of the null
hypothesis that populations have the same median, and the
Kolmogorov-Smirnov two-sample-test, a non-parametric test
of the null hypothesis that two samples have an identical
distribution (Sokal and Rohlf, 2012). The significance of

convergence or divergence of LMA between sites was assessed
using the Brown-Forsythe test, a non-parametric test of
the null hypothesis that two samples have equal variance
(Sokal and Rohlf, 2012).

Comparison With Williston Basin
We also considered the 608 leaves representing 309 species-
site pairs from the Williston Basin published by Blonder et al.
(2014). Some morphotypes present in both basins have palmate
venation with primary veins that converge beneath the point
where the leaf margin intersects the outermost primary veins
(Figure 3). Blonder et al. (2014) measured PW where the margin
intersects these primaries; However, in many of these leaves, the
primary veins are still separated from each other by laminar
tissue at this point of intersection, causing an overestimation of
PW and thus LMA. For this study, we measured PW directly
below the point at which the primary veins fully converged. The
difference in estimated LMA between these two methods was
sometimes large, with the most extreme differences in excess of
100 g/m2 (Figure 4). Thus to better compare the two data sets,
we remeasured all leaves from Williston Basin morphotypes with
the described vein architecture, plus one morphotype with lamina
along the length of the petiole that was previously included

FIGURE 3 | Representative revision from the Williston Basin. The two black
lines are the revised petiole width measurement used in this study (top) and
original measurement of Blonder et al. (2014) (bottom). Primary and secondary
veins are traced with magenta lines. For each number pair, the top number is
the petiole width and bottom is the estimated leaf dry mass per area.
Morphotype HC162, Marmarthia pearsonii, DMNH 21687. Scale bar = 1 cm.
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FIGURE 4 | Individual leaf dry mass per area (LMA) estimates for the Williston Basin (A) before and (B) after revision. Upward facing purple triangles represent fossils
that we measured again. The convergence in LMA space across the Cretaceous—Paleogene boundary (black dashed line) observed by Blonder et al. (2014) is still
apparent after revision, although the loss of high-LMA leaves is less stark.

in the PW measurement (see Supplementary Material). We
also removed morphotypes that Blonder et al. (2014) labeled
herbaceous, because they require a different LMA regression,
and because we solely focused on woody angiosperms in the
Denver Basin. All comparisons to the Williston Basin use the
revised LMA estimates.

In Blonder et al. (2014), Williston Basin sites were plotted by
stratigraphic distance (m) from the KPB. In order to compare
with the Denver Basin, we applied an age model based on an
assumption of constant sedimentation rates between the KPB and
magnetochron boundaries C30 n/C29 r and C29 r/C29 n (Hicks
et al., 2002; Wilf et al., 2003). Boundary ages come from the GPTS
(Gradstein et al., 2012). This results in a chronological range of
fossils between∼67.6 and 64.9 Ma.

RESULTS

Basin-Wide Trends: Leaf Mass per Area
at the Cretaceous-Paleogene Boundary
We found no statistically significant differences in LMA between
species-site pairs in the Denver Basin’s Cretaceous D1 and early
Paleocene D1 sediments (orange vs. blue symbols in Figure 5A).
The median species-site pair LMA in Cretaceous D1 sediments
(77.2 g/m2; n = 108) was not significantly different from the
median species-site pair LMA in early Paleocene D1 sediments
(72.4 g/m2; n = 196; p = 0.13). The distribution of species-
site pairs in LMA did not significantly change across the KPB
(p = 0.08), nor did the bounds of available LMA space as
expressed by population variance (p = 0.15).

We estimated LMA of five KPB crossing morphotypes found
in both Cretaceous and Paleocene sediments of the Denver
Basin (Table 1). In the Cretaceous, the mean LMA of these
boundary crossers ranged from 56.9 to 103.5 g/m2, suggesting
that species occupying both the faster and slower-return ends of

the LES survived the mass extinction. Similarly in the Paleocene
the boundary crossers ranged from 48.4 to 104.2 g/m2, again
spanning both ends of the spectrum. From the Cretaceous to the
Paleocene, two of these morphotypes increased in LMA, while
the other three decreased, but in all cases the 95% prediction
intervals for the Cretaceous and Paleocene populations overlap
suggesting that among the species that survived there was no
unified leaf-economic response.

In the revised Williston Basin dataset (Figure 5B; see also
section “Materials and Methods”), there was no significant shift
(p = 0.19) in median LMA between the Cretaceous (83.0 g/m2;
n = 237) and Paleocene (82.3 g/m2; n = 62) or in the distribution
of LMA values (p = 0.12). Variance in LMA space however,
decreased significantly across the KPB (p = 0.02); additionally,
no Paleocene species-site pair had LMA greater than 110 g/m2,
a level commonly exceeded in the Cretaceous (Figure 5B). Our
analysis of revised measurements thus supports the original
interpretation of Blonder et al. (2014) of a convergence in LMA
space in the Paleocene.

In comparison with the Williston Basin, species-site pairs
from the Denver Basin had significantly lower LMA in both the
Cretaceous and Paleocene by median (respectively, p = 0.006;
p = 0.005) and distribution (p = 0.04; p = 0.007). Variance in LMA
space did not significantly differ between the two basins in either
the Cretaceous (p = 0.54) or the Paleocene (p = 0.19). Despite the
generally lower LMA of species-site pairs from the Denver Basin
Paleocene, we observed nine with LMA exceeding the ceiling of
110 g/m2 observed in the Williston Basin Paleocene.

Influence of Denver Basin Geography on
Temporal Patterns
We observed different temporal responses in LMA among the
three megafloral associations of the Paleocene D1 sequence
(Figure 6). In the P-D1-West association, along the western
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FIGURE 5 | Mean leaf dry mass per area (LMA) of species-site pairs plotted against time in the (A) Denver Basin and (B) Williston Basin. In both, the vertical dashed
line is the Cretaceous-Paleogene boundary and the horizontal dotted line is the 110 g/m2 cut-off for high LMA species observed in the Williston Basin. To the right
are probability density functions for each basin. The solid orange line represents Cretaceous D1 species-site pairs in the Denver Basin and Cretaceous species-site
pairs in the Williston. The blue dot-dash line represents early Paleocene D1 species-site pairs in the Denver Basin and Paleocene species-site pairs in the Williston.
The black dotted line represents Later Paleocene D1 species-site pairs in the Denver Basin.

margin of the basin, LMA shifted downwards after the KPB
and stayed low throughout the first 2.2 m.y. of the Paleocene
(Figures 6A,D). Compared to the Cretaceous D1, the early P-D1-
West (n = 46 species-site pairs; green triangles in Figure 6A)
had a significantly lower median LMA (69.1 vs. 77.2 g/m2;
p = 0.03) and distribution (p = 0.03; Figure 6D), with no
shift in variance (p = 0.12). Younger P-D1-West sites (gray
triangles in Figure 6A)—Castle Rock, Sick of Sycamores, and
Plum Creek Parkway (all ∼63.8 Ma)—were not significantly

TABLE 1 | Estimated mean leaf dry mass per area (LMA) of boundary crossing
morphotypes found on both sides of the Cretaceous—Paleogene boundary (KPB).

KPB-crossing morphotypes Cretaceous (g/m2) Paleocene (g/m2)

Platanites marginata 90.3 ± 16.4
13.8 72.5 ± 8.0

7.2

“Zizyphus” fibrillosus 103.5 ± 41.0
29.3 104.2 ± 19.7

16.5

“Ficus” planicostata 85.1 ± 23.8
18.6 71.3 ± 12.5

10.7

DB 950 73.9 ± 20.7
16.2 83.6 ± 65.0

36.6

CSS 106 56.9 ± 34.2
21.4 48.4 ± 37.7

21.2

Uncertainties are 95% prediction intervals.

different from the early P-D1-West by median (63.3 g/m2;
n = 167; p = 0.08), distribution (p = 0.19), or variance
(p = 0.79).

The LMA of the early P-D1-Central association (n = 112) was
not significantly different from the Cretaceous D1 by median
(73.0 vs. 77.2 g/m2; p = 0.29), distribution (p = 0.31), or
variance (p = 0.65; Figures 6B,E). However, we observed a later
downwards shift in LMA more than a million years after the KPB
(gray triangles in Figure 6B). Species from younger localities in
P-D1-Central (n = 28) had a significantly lower median LMA
(62.9 vs. 73.0 g/m2; p = 0.01) than the older early P-D1-Central
assemblage, while distribution (p = 0.11) and variance (p = 0.44)
were not significantly different.

The P-D1-East megafloral association showed no evidence of
a downwards shift in LMA. The early P-D1-East (n = 38) did not
differ from the Cretaceous D1 by median (74.1 vs. 77.2 g/m2;
p = 0.86) or distribution (p = 0.33; Figures 6C,F). However, as
in the Williston Basin, variance significantly decreased across
the KPB (p = 0.007). Direct comparison between P-D1-East
and the Williston Paleocene shows no significant difference in
median (p = 0.18), distribution (p = 0.18), or variance (p = 0.61).
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FIGURE 6 | Leaf dry mass per area (LMA) of the three Paleocene D1 megafloral associations. (A–C) Comparisons of LMA in the Denver Basin between the
Cretaceous and (A) P-D1-West; (B) P-D1-Central; and (C) P-D1-East associations. The Cretaceous species-site pairs are identical to Figure 5A and are identical in
all three panels. In the Paleocene, upward facing triangles = early Paleocene D1 (66.04–65 Ma); downward facing triangles = later Paleocene D1 (< 65 Ma). The sum
of Paleocene data across all three panels is identical to Figure 5A. (D–F) Cumulative distribution functions of LMA from different temporal groupings in the Denver
Basin in (D) P-D1-West; (E) P-D1-Central; and (F) P-D1-East.

Sparse sampling of species from younger sites in the P-D1-
East association (n = 5; gray triangles in Figure 6C) makes it
impossible to evaluate whether, like P-D1-Central, a downward
shift in LMA occurred later.

Correlation With Climate
We found a significant inverse correlation in the Denver Basin
between MAP and LMA (n = 137 species-site pairs; adjusted
R2 = 0.05; p = 0.003) and no correlation between MAT and LMA
(n = 481; adjusted R2 = 0.01; p = 0.20; Figure 7). The MAP
correlation was even stronger when restricted to the four P-D1-
West sites with precipitation estimates (n = 70; adjusted R2 = 0.14;
p < 0.001; green regression in Figure 7B).

DISCUSSION

We investigated over 1,000 leaves from nearly 100 localities
temporally and spatially distributed throughout KPB-spanning
Denver Basin sediments and found no evidence for a basin-wide
change in plant ecological strategies. Our LMA estimates did
not support a directional shift, convergence, or divergence across
the KPB. Moreover, slow-return species with LMA greater than
110 g/m2, conspicuously absent in the Williston Basin post-KPB

(Blonder et al., 2014; Figure 5B), were present throughout the
Denver Basin record, including within less than 200 k.y. after
the KPB (Figure 5A). Together, this suggests that the Williston
Basin’s convergence in LMA after the KPB was not representative
of a unified global, or even North American, response to the
mass-extinction event.

Instead, our results indicate that shifts in LMA, even during
this tumultuous time, were more reflective of smaller scale
environmental factors. The P-D1-West megafloral association,
located along the western basin margin next to the uplifting
Front Range, experienced a directional shift toward lower LMA
within the first 200 k.y. of the Paleocene and then persisted in
that low LMA space through at least 63.8 Ma (Figures 6A,D).
P-D1-Central, close to the basin margin but not directly adjacent
to the uplifting Front Range, showed no significant change in
LMA in relation to the KPB (Figures 6B,E; and see Lyson
et al., 2019), but experienced a later directional shift toward
lower LMA around 65–64 Ma. Finally, furthest from the basin
margin, P-D1-East did not experience a directional shift in
LMA at any point but did see a convergence in LMA within
the first million years of the Paleocene (Figures 6C,F). This
convergence in LMA without a corresponding directional shift
closely matches what occurred in the Williston Basin during this
same time span. The leaf-economic similarity is in keeping with
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FIGURE 7 | Correlations between LMA and climate. Each point is a species-site pair. (A) LMA and mean annual temperature (MAT). LMA = 63.25 + 0.40 × MAT
(Adjusted R2 = 0.001; p = 0.20). (B) LMA and mean annual precipitation (MAP). Black line is the whole basin regression: LMA = 100.84 – 0.18 × MAP (Adjusted
R2 = 0.05; p = 0.004). Green triangles are P-D-West species-site pairs, and the green line is the P-D1-West regression: LMA = 148.81–0.42 × MAP (Adjusted
R2 = 0.14; p < 0.001).

a similarity in taxonomic composition and environmental setting
(low-relief basin center).

We argue that the different temporal patterns observed in
the western part of the basin (P-D1-West and P-D1-Central)
could be a result of concurrent changes in precipitation. In
the early Paleocene, surface relief generated during the uplift
of the Colorado Front Range is thought to have initiated an
orographic precipitation regime along the western margin of
the basin (Sewall et al., 2000; Johnson et al., 2003; Sewall and
Sloan, 2006). An inverse correlation between MAP and LMA is
commonly observed in both extant (Wright et al., 2004, 2005)
and fossil plants (Butrim and Royer, 2020). Thus, an increase
in precipitation was likely one of the prevailing environmental
factors most influencing plant strategies, and indeed we found
a stronger inverse correlation between MAP and LMA among
species-site pairs found in the P-D1-West association than
elsewhere in the basin (Figure 7B). In the P-D1-Central and
P-D1-East associations, we do not currently have enough MAP
estimates to clearly link LMA to precipitation, but we hypothesize
that a greater distance from the Front Range’s locally high
paleo-relief and its associated orographic precipitation effects
could have delayed the shift toward lower LMA until the uplift
progressed further. In the P-D1-Central association, we see the
first indication of a downward shift in LMA values about one
million years after the KPB, around the same time that we see
an increase in regional MAP in P-D1-West sites. While we do not
have MAP estimates for the later P-D1-Central sites, it is possible
that an intensification of orographic precipitation reached more
Front Range distal environments, driving a downward shift. In
the case of P-D1-East, the shift toward lower LMA values may
have never occurred or occurred beyond the temporal range of
available leaf fossils.

An exploration of individual sites bears out these same themes.
Castle Rock (63.84 Ma; P-D1-West association) is notable for

being an early example of a tropical rainforest (Johnson and Ellis,
2002; Johnson et al., 2003). Compared to most of the Denver
Basin, Castle Rock had a low LMA (median = 64 g/m2) and
a high MAP (204 cm), in-line with many present-day tropical
rainforests (Royer et al., 2007; Poorter et al., 2009; Peppe et al.,
2011). We found a similarly low LMA (median = 59 g/m2) at
the older Baptist Road locality (∼66.5 Ma; P-D1-West; no MAP
estimate), which is high in diversity but has never been classified
as a rainforest. On the other hand, at Scotty’s Palm (∼66.5 Ma;
P-D1-West), another high diversity locality found just after the
KPB, LMA was higher (median = 80 g/m2) and MAP was lower
(179 cm), in keeping with our basin-wide inverse correlation
between MAP and LMA. Perhaps the difference in LMA between
Baptist Road and Scotty’s Palm represents the beginnings of a
transition to the later Castle Rock type rainforest, as changes
in precipitation favored new leaf economic strategies. Future
analyses incorporating taxonomy alongside these leaf-economic
results should help reveal the nature and timing of this and other
transitions by better describing the heterogeneity across localities
and regions within the Denver Basin.

CONCLUSION

The Denver Basin provides an opportunity to evaluate leaf
economic responses to the end-Cretaceous mass extinction. In
contrast to the Williston Basin, we found no basin-wide response
in LMA across the KPB. Instead, changes in LMA were correlated
with shifts in proximity to the Colorado Front Range and
local precipitation. At P-D1-West sites, defined by high-diversity
floras living adjacent to the Front Range with its orographic
precipitation regime, we found evidence that MAP and LMA
were negatively correlated. At the relatively Front Range distal
P-D1-East sites, defined by low-diversity floras in the swampy
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basin center, we saw a narrowing in occupied LMA space similar
to what occurred in the swampy depositional environments of
the Williston Basin Paleocene. In the Denver Basin, localized
environmental conditions, rather than the catastrophic mass
extinction event, seem to have played the most important role in
setting the limits of viable LMA space.

DATA AVAILABILITY STATEMENT

The original contributions presented in this study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

Funding provided in part by NSF DEB (1556769) to DR.

ACKNOWLEDGMENTS

We thank Jennifer Kowalczyk for sharing GIS files; Matt Hess
for assistance with photography; K. MacKenzie for collections
assistance; and Barry Chernoff for discussions. We also thank
Keith Berry and Harald Schneider for reviewing the manuscript,
and Jeremiah Workman and Alejandra Angulo for their helpful
comments. For fieldwork at Corral Bluffs we thank Norwood
Properties, City of Colorado Springs, Waste Management, Aztec
Family Raceway, J. Hawkins, J. Hilaire, J. Carner, W. Pendleton,
the Bishop Family, H. Kunstle for land access; the State of
Colorado, Office of the State Archaeologist, for issuing collection
permits. Funding for work at Corral Bluffs was provided by
The Lisa Levin Appel Family Foundation, M. Cleworth, Lyda
Hill Philanthropies, David B. Jones Foundation, M. L. and S. R.
Kneller, T. and K. Ryan, and J. R. Tucker as part of the Denver
Museum of Nature and Science No Walls Community Initiative.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.
894690/full#supplementary-material

REFERENCES
Ackerly, D. D., and Reich, P. B. (1999). Convergence and correlations among leaf

size and function in seed plants: a comparative test using independent contrasts.
Am. J. Bot. 86, 1272–1281. doi: 10.2307/2656775

Alvarez, L. W., Alvarez, W., Asaro, F., and Michel, H. V. (1980). Extraterrestrial
cause for the Cretaceous-Tertiary extinction. Science 208, 1095–1108. doi: 10.
1126/science.208.4448.1095

Barclay, R. S., Johnson, K. R., Betterton, W. J., and Dilcher, D. L. (2003).
Stratigraphy and megaflora of a K-T boundary section in the eastern denver
basin Colorado. Rocky Mt. Geol. 38, 45–71. doi: 10.2113/gsrocky.38.1.45

Berry, K. (2020). Seed traits linked to differential survival of plants during the
Cretaceous/Paleogene impact winter. Acta Palaeobot. 60, 307–322. doi: 10.
35535/acpa-2020-0016

Blonder, B., Royer, D. L., Johnson, K. R., Miller, I., and Enquist, B. J. (2014). Plant
ecological strategies shift across the Cretaceous–Paleogene boundary. PLoS Biol.
12:e1001949. doi: 10.1371/journal.pbio.1001949

Butrim, M. J., and Royer, D. L. (2020). Leaf-economic strategies across the eocene-
oligocene transition correlate with dry season precipitation and paleoelevation.
Am. J. Bot. 107, 1772–1785. doi: 10.1002/ajb2.1580

Carvalho, M. R., Jaramillo, C., de la Parra, F., Caballero-Rodríguez, D., Herrera,
F., Wing, S., et al. (2021). Extinction at the end-Cretaceous and the origin
of modern neotropical rainforests. Science 372, 63–68. doi: 10.1126/science.
abf1969

Cascales-Miñana, B., Servais, T., Cleal, C. J., Gerrienne, P., and Anderson, J. (2018).
Plants—the great survivors! Geol. Today 34, 224–229. doi: 10.1111/gto.12250

Clyde, W. C., Ramezani, J., Johnson, K. R., Bowring, S. A., and Jones, M. M. (2016).
Direct high-precision U–Pb geochronology of the end-Cretaceous extinction
and calibration of Paleocene astronomical timescales. Earth Planet. Sci. Lett.
452, 272–280. doi: 10.1016/j.epsl.2016.07.041

Cornwell, W. K., Westoby, M., Falster, D. S., Fitzjohn, R. G., O’Meara, B. C.,
Pennell, M. W., et al. (2014). Functional distinctiveness of major plant lineages.
J. Ecol. 102, 345–356. doi: 10.1111/1365-2745.12208

Courtillot, V., Besse, J., Vandamme, D., Montigny, R., Jaeger, J. J., and Cappetta, H.
(1986). Deccan flood basalts at the cretaceous/tertiary boundary? Earth Planet.
Sci. Lett. 80, 361–374. doi: 10.1016/0012-821X(86)90118-4

Dechesne, M., Raynolds, R. G. H., Barkmann, P. E., and Johnson, K. R. (2011).
Notes on the Denver Basin geologic Maps: Bedrock Geology, Structure, and
Isopach Maps of the Upper Cretaceous to Paleogene Strata Between Greeley and
Colorado Springs, Colorado, Denver, Colorado, Colorado Geological Survey map
Series scale 1:250,000. Denver, Co: Colorado Geological Survey.

Ellis, B., Daly, D. C., Hickey, L. J., Johnson, K. R., Mitchell, J. D., Wilf, P., et al.
(2009). Manual of Leaf Architecture. New York: Botanical Garden.

Ellis, B., and Johnson, K. R. (2013). Comparison of leaf samples from
mapped tropical and temperate forests: implications for interpretations of the
diversity of fossil assemblages. Palaios 28, 163–177. doi: 10.2110/palo.2012.p12-
073r

Ellis, B., Johnson, K. R., and Dunn, R. E. (2003). Evidence for an in situ early
Paleocene rainforest from Castle Rock, Colorado. Rocky Mt. Geol. 38, 73–100.

Fawcett, J. A., Maere, S., and Van De Peer, Y. (2009). Plants with double
genomes might have had a better chance to survive the cretaceous-tertiary
extinction event. Proc. Natl. Acad. Sci. U.S.A. 106, 5737–5742. doi: 10.1073/
pnas.0900906106

Gradstein, F. M., Ogg, J. G., Schmitz, M., and Ogg, G. (eds) (2012). The Geologic
Time Scale. Amsterdam: Elsevier.

Grossnickle, D. M., and Newham, E. (2016). Therian mammals experience an
ecomorphological radiation during the Late Cretaceous and selective extinction
at the K–Pg boundary. Proc. R. Soc. B Biol. Sci. 283, 1–8. doi: 10.1098/rspb.2016.
0256

Hicks, J. F., Johnson, K. R., Obradovich, J. D., Miggins, D. P., and Tauxe, L.
(2003). Magnetostratigraphy of upper Cretaceous (Maastrichtian) to lower
eocene strata of the denver basin. Colorado. Rocky Mt. Geol. 38, 1–27. doi:
10.2113/gsrocky.38.1.1

Hicks, J. F., Johnson, K. R., Obradovich, J. D., Tauxe, L., and Clark, D. (2002).
Magnetostratigraphy and geochronology of the Hell Creek and basal Fort
Union formations of southwestern North Dakota and a recalibration of the
age of the Cretaceous-Tertiary boundary. Spec. Pap. Geol. Soc. Am. 361, 35–55.
doi: 10.1130/0-8137-2361-2.35

Hull, P. M., Bornemann, A., Penman, D. E., Henehan, M. J., Norris,
R. D., Wilson, P. A., et al. (2020). On impact and volcanism across the
cretaceous-paleogene boundary. Science 367, 266–272. doi: 10.1126/science.aay
5055

Frontiers in Plant Science | www.frontiersin.org 10 June 2022 | Volume 13 | Article 894690100

https://www.frontiersin.org/articles/10.3389/fpls.2022.894690/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.894690/full#supplementary-material
https://doi.org/10.2307/2656775
https://doi.org/10.1126/science.208.4448.1095
https://doi.org/10.1126/science.208.4448.1095
https://doi.org/10.2113/gsrocky.38.1.45
https://doi.org/10.35535/acpa-2020-0016
https://doi.org/10.35535/acpa-2020-0016
https://doi.org/10.1371/journal.pbio.1001949
https://doi.org/10.1002/ajb2.1580
https://doi.org/10.1126/science.abf1969
https://doi.org/10.1126/science.abf1969
https://doi.org/10.1111/gto.12250
https://doi.org/10.1016/j.epsl.2016.07.041
https://doi.org/10.1111/1365-2745.12208
https://doi.org/10.1016/0012-821X(86)90118-4
https://doi.org/10.2110/palo.2012.p12-073r
https://doi.org/10.2110/palo.2012.p12-073r
https://doi.org/10.1073/pnas.0900906106
https://doi.org/10.1073/pnas.0900906106
https://doi.org/10.1098/rspb.2016.0256
https://doi.org/10.1098/rspb.2016.0256
https://doi.org/10.2113/gsrocky.38.1.1
https://doi.org/10.2113/gsrocky.38.1.1
https://doi.org/10.1130/0-8137-2361-2.35
https://doi.org/10.1126/science.aay5055
https://doi.org/10.1126/science.aay5055
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-894690 June 10, 2022 Time: 14:38 # 11

Butrim et al. LMA Across the KPB

Johnson, K. R. (1989). A High-Resolution Megafloral Biostratigraphy Spanning the
Cretaceous-Tertiary Boundary in the Northern Great Plains. New Haven, CT:
Yale University.

Johnson, K. R. (2002). Megaflora of the hell Creek and lower Fort Union
Formations in the western Dakotas: vegetational response to climate change,
the cretaceous-tertiary boundary event, and rapid marine transgression.
Spec. Pap. Geol. Soc. Am. 361, 329–391. doi: 10.1130/0-8137-2361-
2.329

Johnson, K. R., and Ellis, B. (2002). A tropical rainforest in colorado 1.4 million
years after the Cretaceous-Tertiary boundary. Science 296, 2379–2383. doi:
10.1126/science.1072102

Johnson, K. R., Reynolds, M. L., Werth, K. W., and Thomasson, J. R. (2003).
Overview of the late Cretaceous, early Paleocene, and early eocene megafloras
of the denver basin, Colorado. Rocky Mt. Geol 38, 101–120.

Kowalczyk, J. B., Royer, D. L., Miller, I. M., Anderson, C. W., Beerling, D. J.,
Franks, P. J., et al. (2018). Multiple proxy estimates of atmospheric CO2 from
an early Paleocene rainforest. Paleoceanogr. Paleoclimatol. 33, 1427–1438. doi:
10.1029/2018PA003356

Labandeira, C. C., Johnson, K. R., and Wilf, P. (2002). Impact of the terminal
Cretaceous event on plant-insect associations. Proc. Natl. Acad. Sci. U.S.A. 99,
2061–2066. doi: 10.1073/pnas.042492999

Le Loeuff, J. (2012). Paleobiogeography and biodiversity of Late Maastrichtian
dinosaurs: how many dinosaur species went extinct at the Cretaceous-Tertiary
boundary? Bull. Soc. Geol. Fr. 183, 547–559. doi: 10.2113/gssgfbull.183.6.547

Lyson, T. R., Miller, I. M., Bercovici, A. D., Weissenburger, K., Fuentes, A. J., Clyde,
W. C., et al. (2019). Exceptional continental record of biotic recovery after
the Cretaceous-Paleogene mass extinction. Science 366, 977–983. doi: 10.1126/
science.aay2268

Moeglein, M. K., Chatelet, D. S., Donoghue, M. J., and Edwards, E. J. (2020).
Evolutionary dynamics of genome size in a radiation of woody plants. Am. J.
Bot. 107, 1527–1541. doi: 10.1002/ajb2.1544

Nichols, D. J., and Johnson, K. R. (2008). Plants and the KT Boundary. Cambridge:
Cambridge University Press.

Peppe, D. J., Royer, D. L., Cariglino, B., Oliver, S. Y., Newman, S., Leight, E.,
et al. (2011). Sensitivity of leaf size and shape to climate: global patterns and
paleoclimatic applications. New Phytol. 190, 724–739. doi: 10.1111/j.1469-8137.
2010.03615.x

Poorter, H., Niinemets, Ü, Poorter, L., Wright, I. J., and Villar, R. (2009). Causes
and consequences of variation in leaf mass per area (LMA): a meta-analysis.
New Phytol 182, 565–588. doi: 10.1111/j.1469-8137.2009.02830.x

Raynolds, R. G. (2002). Upper Cretaceous and Tertiary stratigraphy of the Denver
Basin, Colorado. Rocky Mt. Geol. 37, 111–134.

Raynolds, R. G., and Johnson, K. R. (2003). Synopsis of the stratigraphy and
paleontology of the uppermost Cretaceous and lower Tertiary strata in the
Denver Basin, Colorado. Rocky Mt. Geol. 38, 171–181. doi: 10.2113/gsrocky.38.
1.171

Raynolds, R. G., Johnson, K. R., Ellis, B., Dechesne, M., and Miller, I. M. (2007).
Earth history along Colorado’s Front Range: salvaging geologic data in the
suburbs and sharing it with the citizens. GSA Today 17, 4–10.

Royer, D. L., Sack, L., Wilf, P., Lusk, C. H., Jordan, G. J., Niinemets, Ü, et al.
(2007). Fossil leaf economics quantified: calibration, eocene case study, and
implications. Paleobiology 33, 574–589. doi: 10.1666/07001.1

Schoene, B., Eddy, M. P., Samperton, K. M., Keller, C. B., Keller, G., Adatte, T.,
et al. (2019). U-Pb constraints on pulsed eruption of the Deccan traps across
the end-Cretaceous mass extinction. Science 363, 862–866. doi: 10.1126/science.
aau2422

Sewall, J. O., and Sloan, L. C. (2006). Come a little bit closer: a high-resolution
climate study of the early Paleogene Laramide foreland. Geology 34, 81–84.
doi: 10.1130/G22177.1

Sewall, J. O., Sloan, L. C., Huber, M., and Wing, S. (2000). Climate sensitivity
to changes in land surface characteristics. Glob. Planet. Change 26, 445–465.
doi: 10.1016/S0921-8181(00)00056-4

Sokal, R., and Rohlf, F. (2012). Biometry, 4th Edn. New York, NY: WH Freeman
and Company.

Sprain, C. J., Renne, P. R., Vanderkluysen, L., Pande, K., Self, S., and Mittal,
T. (2019). The eruptive tempo of deccan volcanism in relation to the
cretaceous-paleogene boundary. Science 363, 866–870. doi: 10.1126/science.aav
1446

Stiles, E., Wilf, P., Iglesias, A., Gandolfo, M. A., and Cuneo, N. R. (2020).
Cretaceous-Paleogene plant extinction and recovery in Patagonia. Paleobiology
46, 445–469. doi: 10.1017/pab.2020.45

Van Hinsbergen, D. J. J., De Groot, L. V., Van Schaik, S. J., Spakman, W., Bijl, P. K.,
Sluijs, A., et al. (2015). A paleolatitude calculator for paleoclimate studies. PLoS
One 10:e0126946. doi: 10.1371/journal.pone.0126946

Vellekoop, J., Sluijs, A., Smit, J., Schouten, S., Weijers, J. W. H., Sinninghe
Damsté, J. S., et al. (2014). Rapid short-term cooling following the Chicxulub
impact at the Cretaceous-Paleogene boundary. Proc. Natl. Acad. Sci. U.S.A. 111,
7537–7541. doi: 10.1073/pnas.1319253111

Wei, N., Du, Z., Liston, A., and Ashman, T. L. (2020). Genome duplication effects
on functional traits and fitness are genetic context and species dependent:
studies of synthetic polyploid Fragaria. Am. J. Bot. 107, 262–272. doi: 10.1002/
ajb2.1377

West, C. K., Reichgelt, T., and Basinger, J. F. (2021). The Ravenscrag Butte flora:
paleoclimate and paleoecology of an early Paleocene (Danian) warm-temperate
deciduous forest near the vanishing inland Cannonball Seaway. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 576:110488. doi: 10.1016/j.palaeo.2021.11
0488

Wilf, P. (1997). When are leaves good thermometers? A new case for leaf margin
analysis. Paleobiology 23, 373–390.

Wilf, P., and Johnson, K. R. (2004). Land plant extinction at the end of the
Cretaceous: a quantitative analysis of the North Dakota megafloral record.
Paleobiology 30, 347–368. doi: 10.1666/0094-83732004030<0347:lpeate<2.
0.co;2

Wilf, P., Johnson, K. R., and Huber, B. T. (2003). Correlated terrestrial and marine
evidence for global climate changes before mass extinction at the Cretaceous-
Paleogene boundary. Proc. Natl. Acad. Sci. U.S.A. 100, 599–604. doi: 10.1073/
pnas.0234701100

Wilson Deibel, P. K. (2022). Vegetation and Environmental Changes Across the
Cretaceous-Paleogene (K-Pg) Boundary in Northeastern Montana. Seattle, WA:
University of Washington.

Wolfe, J. A. (1987). Late Cretaceous-Cenozoic history of deciduousness and
the terminal Cretaceous event. Paleobiology 13, 215–226. doi: 10.1017/
S0094837300008769

Wolfe, J. A., and Upchurch, G. R. (1986). Vegetation, climatic and floral changes
at the Cretaceous-Tertiary boundary. Nature 324, 148–152. doi: 10.1038/324
148a0

Wolfe, J. A., and Upchurch, G. R. (1987). Leaf assemblages across the Cretaceous-
Tertiary boundary in the Raton Basin, New Mexico and Colorado. Proc. Natl.
Acad. Sci. 84, 5096–5100. doi: 10.1073/pnas.84.15.5096

Wright, I. J., Reich, P. B., Cornelissen, J. H. C., Falster, D. S., Groom, P. K.,
Hikosaka, K., et al. (2005). Modulation of leaf economic traits and trait
relationships by climate. Glob. Ecol. Biogeogr. 14, 411–421. doi: 10.1111/j.1466-
822x.2005.00172.x

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F.,
et al. (2004). The worldwide leaf economics spectrum. Nature 428, 821–827.
doi: 10.1038/nature02403

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor JS declared a past co-authorship with one of the authors DR.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Butrim, Royer, Miller, Dechesne, Neu-Yagle, Lyson, Johnson and
Barclay. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 11 June 2022 | Volume 13 | Article 894690101

https://doi.org/10.1130/0-8137-2361-2.329
https://doi.org/10.1130/0-8137-2361-2.329
https://doi.org/10.1126/science.1072102
https://doi.org/10.1126/science.1072102
https://doi.org/10.1029/2018PA003356
https://doi.org/10.1029/2018PA003356
https://doi.org/10.1073/pnas.042492999
https://doi.org/10.2113/gssgfbull.183.6.547
https://doi.org/10.1126/science.aay2268
https://doi.org/10.1126/science.aay2268
https://doi.org/10.1002/ajb2.1544
https://doi.org/10.1111/j.1469-8137.2010.03615.x
https://doi.org/10.1111/j.1469-8137.2010.03615.x
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.2113/gsrocky.38.1.171
https://doi.org/10.2113/gsrocky.38.1.171
https://doi.org/10.1666/07001.1
https://doi.org/10.1126/science.aau2422
https://doi.org/10.1126/science.aau2422
https://doi.org/10.1130/G22177.1
https://doi.org/10.1016/S0921-8181(00)00056-4
https://doi.org/10.1126/science.aav1446
https://doi.org/10.1126/science.aav1446
https://doi.org/10.1017/pab.2020.45
https://doi.org/10.1371/journal.pone.0126946
https://doi.org/10.1073/pnas.1319253111
https://doi.org/10.1002/ajb2.1377
https://doi.org/10.1002/ajb2.1377
https://doi.org/10.1016/j.palaeo.2021.110488
https://doi.org/10.1016/j.palaeo.2021.110488
https://doi.org/10.1666/0094-83732004030<0347:lpeate<2.0.co;2
https://doi.org/10.1666/0094-83732004030<0347:lpeate<2.0.co;2
https://doi.org/10.1073/pnas.0234701100
https://doi.org/10.1073/pnas.0234701100
https://doi.org/10.1017/S0094837300008769
https://doi.org/10.1017/S0094837300008769
https://doi.org/10.1038/324148a0
https://doi.org/10.1038/324148a0
https://doi.org/10.1073/pnas.84.15.5096
https://doi.org/10.1111/j.1466-822x.2005.00172.x
https://doi.org/10.1111/j.1466-822x.2005.00172.x
https://doi.org/10.1038/nature02403
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


TYPE Original Research

PUBLISHED 29 July 2022

DOI 10.3389/fpls.2022.909603

OPEN ACCESS

EDITED BY

Peijian Shi,

Nanjing Forestry University, China

REVIEWED BY

Pedro Manuel Villa,

Universidade Federal de Viçosa, Brazil

Johan Gielis,

University of Antwerp, Belgium

*CORRESPONDENCE

Jing Wang

wangjing.15b@igsnrr.ac.cn

Xuefa Wen

wenxf@igsnrr.ac.cn

SPECIALTY SECTION

This article was submitted to

Functional Plant Ecology,

a section of the journal

Frontiers in Plant Science

RECEIVED 31 March 2022

ACCEPTED 29 June 2022

PUBLISHED 29 July 2022

CITATION

Wang J and Wen X (2022) Limiting

resource and leaf functional traits

jointly determine distribution patterns

of leaf intrinsic water use e�ciency

along aridity gradients.

Front. Plant Sci. 13:909603.

doi: 10.3389/fpls.2022.909603

COPYRIGHT

© 2022 Wang and Wen. This is an

open-access article distributed under

the terms of the Creative Commons

Attribution License (CC BY). The use,

distribution or reproduction in other

forums is permitted, provided the

original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

Limiting resource and leaf
functional traits jointly
determine distribution patterns
of leaf intrinsic water use
e�ciency along aridity gradients

Jing Wang1* and Xuefa Wen1,2,3,4*

1Key Laboratory of Ecosystem Network Observation and Modeling, Institute of Geographic Sciences

and Natural Resources Research, Chinese Academy of Sciences, Beijing, China, 2Collaborative

Innovation Center on Forecast and Evaluation of Meteorological Disasters (CIC-FEMD), Nanjing

University of Information Science & Technology, Nanjing, China, 3College of Resources and

Environment, University of Chinese Academy of Sciences, Beijing, China, 4Beijing Yanshan Earth

Critical Zone National Research Station, University of Chinese Academy of Sciences, Beijing, China

Intrinsic water use e�ciency (iWUE) is a critical eco-physiological function

allowing plants to adapt to water- and nutrient-limited habitats in arid

and semi-arid regions. However, the distribution of iWUE in coexisting

species along aridity gradients and its controlling factors are unknown. We

established two transects along an aridity gradient in the grasslands of Losses

Plateau (LP) and Inner Mongolia Plateau (MP) to elucidate the patterns and

underlying mechanisms of iWUE distribution in coexisting species along

aridity gradient. We determined leaf carbon (δ13C) and oxygen (δ18O) stable

isotopes, functional traits related to carbon fixation, and limiting resources.

Bulk leaf δ13C and δ18O were used as proxies for time-integrated iWUE and

stomatal conductance (gs) during the growing season. Our results showed

that variability in iWUE within transect was primarily controlled by species,

sampling sites and an interactive e�ect between species and sampling sites.

Mean values of iWUE (iWUEMean) increased and coe�cient of variation (CV)

in iWUE (iWUECV) decreased with an increase in aridity, demonstrating that

increases in aridity lead to conservative and convergent water use strategies.

Patterns of iWUEMean and iWUECV were controlled primarily by the ratio

of soil organic carbon to total nitrogen in LP and soil moisture in MP. This

revealed that the most limited resource drove the distribution patterns of

iWUE along aridity gradients. Interspecific variation in iWUE within transect

was positively correlated with 118O, indicating that interspecific variation

in iWUE was primarily regulated by gs. Furthermore, relationship between

iWUE and multi-dimensional functional trait spectrum indicated that species

evolved species-specific strategies to adapt to a harsh habitat by partitioning

limiting resources. Overall, these findings highlighted the interactive e�ects of

limiting resources and leaf functional traits on plant adaptation strategies for

iWUE, and emphasized the importance of considering biological processes in

dissecting the underlying mechanisms of plant adaptation strategies at large

regional scales.

KEYWORDS

intrinsic water use e�ciency, carbon stable isotope, oxygen stable isotope,

environment filter, leaf economic spectrum
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Introduction

Arid and semi-arid regions constitute ∼41% of the global

land area (Reynolds et al., 2007), and are predicted to expand in

the future (Yao et al., 2020). Limited water and nutrient resources

in these regions severely restrict plant growth, survival, and

reproduction (Martin-StPaul et al., 2017). To avoid hydraulic

failure and carbon starvation (Choat et al., 2018), plants open

or close the stomata to balance carbon uptake and water losses

(Galmes et al., 2007). Consequently, intrinsic water use efficiency

(iWUE), the ratio of carbon gain in photosynthetic rate (A) to

stomatal conductance (gs), is a critical eco-physiological strategy

for plant water–carbon regulation in the process of adaptation

to water- and nutrient-limited habitats (Moreno-Gutierrez et al.,

2012; Querejeta et al., 2018; Wang et al., 2018).

Diverse trade-offs between carbon gain and water loss

(iWUE) facilitate species coexistence in habitats with harsh and

unpredictable environmental conditions (Moreno-Gutierrez

et al., 2012; Bermúdez and Retuerto, 2014; Wang et al., 2018).

In generally, plants with a conservative water use strategy

(high iWUE) are better able to adapt to water-limited habitats

than those with low iWUE (Flexas et al., 2016; Aparecido

et al., 2020). However, opportunistic water-use strategy (low

iWUE) is advantageous for nutrient acquisition (Querejeta et al.,

2018). Along environmental gradients, limiting resources act

as environmental filters, shape the expression of plant eco-

physiological functions (Bahar et al., 2016), determine trait

distribution of each species in the community, and theoretically

drive species toward an “optimum” for a set of environmental

conditions (Mitchell et al., 2018). However, understanding of

iWUE distribution in coexisting species in response to aridity

gradients, and its controlling factors remain incomplete.

Given that iWUE is regulated by a rapid response of A and

gs to environmental variables (Prentice et al., 2014; Basu et al.,

2021), time-integrated iWUE can reflect adaptability of plants to

their environment, especially in areas with large environmental

fluctuations (Maxwell et al., 2018; Guerrieri et al., 2019). Leaf

carbon isotope discrimination during photosynthesis (113C) is

linearly related to the ratio of the partial pressures of intercellular

(Ci) to ambient (Ca) CO2 (Ci/Ca), and is influenced by both

A and gs over a period when the leaf is produced (Farquhar

et al., 1989; Maxwell et al., 2018; Prieto et al., 2018). Time

integrated iWUE can be estimated independently from the

carbon isotope ratios (δ13C) of leaf tissue, allowing for more

extensive studies of plant water use strategies at broader spatial

scales than traditional leaf gas exchange measurements (Prentice

et al., 2014).
According to the least-cost theory (Wright et al., 2003),

water and nitorgen (N) are expected to be the most important

environmental filters shaping the distribution of iWUE in each

species in communities along aridity gradients. Previous studies

conducted in arid and semi-arid areas focused primarily on

spatial patterns of iWUE in response to water variables. As

expected, leaf iWUE in drylands increases with decreasing

precipitation (Zheng and Shangguan, 2007; Liu et al., 2013;

Wang et al., 2016) or soil moisture (SM) (Ale et al., 2018)

to reduce water cost. Alternatively, iWUE may decrease to

reduce N cost when low soil N increases the cost of soil N

uptake (Wright et al., 2003). In general, soil N supply (i.e.,

mineralization and nitrification rates) exhibits a decreasing

trend with increasing water stress (Feyissa et al., 2021). However,

it is not clear whether water or N-limitation dominates the

distribution of iWUE in co-occuring species in communities

along aridity gradients. In addition, evidence is accumulating

in support of diverse water use strategies in resource-limited

ecosystems (Moreno-Gutierrez et al., 2012; Bermúdez and

Retuerto, 2014; Wang et al., 2018). However, it has not been

established how this diversity varies with the strength of

environmental filtering.

Large interspecific differences in iWUE along environmental

gradients may be driven by variability in leaf functional traits

within species (Maxwell et al., 2018; Rumman et al., 2018;

Tang et al., 2021), because leaf functional traits can determine

species persistence against strong environmental filters along a

resource-use strategies gradient (Maracahipes et al., 2018; Guo

et al., 2021; Li et al., 2022). Theoretically, many leaf functional

traits correlate with variability in iWUE, including leaf N per

unit area (Prentice et al., 2014) and specific leaf area (SLA)

(Maxwell et al., 2018; Prieto et al., 2018). However, these are

likely secondary to the primary effects of A and gs (Roden

and Farquhar, 2012). In general, the first response of plants

to dryness stress is to reduce gs, and photosynthetic capacity

begins to decrease with the increase in dryness stress (Utkhao

and Yingjajaval, 2015). However, it is challenging to determine

whether variability in time-integrated iWUE derived from113C

is the result of changes in A, or gs, or both (Scheidegger

et al., 2000; Farquhar et al., 2007). Given that the leaf oxygen

isotope (δ18O) is unaffected by variability in A, oxygen isotope

enrichment in leaf tissue above source water (118O) may help

in disentangling the independent effects of A and gs on iWUE

(Guerrieri et al., 2019).

In this study, we aimed to gain insight into the response

of iWUE distribution in coexisting species to aridity gradient,

and elucidated the underlying mechanisms. The Loess Plateau

(LP) and the Inner Mongolia Plateau (MP) are located mainly in

arid and semi-arid regions in China. The preliminary limiting

resource for plants is soil N in LP, and water in MP (Ren

et al., 2021). Thus, LP and MP provide ideal conditions for

an exploration of water use strategies in coexisting species in

response to resource-limiting habitats. We hypothesized that (1)

increased aridity may lead to a divergence in iWUE distribution,

(2) distribution patterns of iWUE along an aridity gradient may

be controlled by the most limited resource such as N in LP,

and water in MP, and (3) interspecific variation in iWUE is

influenced primarily by gs, rather than A, because high VPD

and dry soil conditions can lead to severely reduced gs before
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FIGURE 1

Geographic characteristics of the grassland transects in Loess Plateau (LP) and Inner Mongolia Plateau (MP).

manifesting in photosynthetic capacity (Utkhao and Yingjajaval,

2015). To test these hypotheses, we established two grassland

transects along aridity gradients from east to west in LP and

TP. We used bulk leaf δ13C and δ18O to calculate iWUE and

118O, respectively. The latter was used to reflect variability in gs

among species.

Materials and methods

Description of study sites

This study was conducted along two grassland transects, one

in the Loess Plateau (LP) and one in the Inner Mongolia Plateau

(MP) (Figure 1). LP has a typical arid and semi-arid temperate

continental monsoon climate, and an extremely fragmented hilly

loess landscape due to severe soil and water erosion (Yue et al.,

2019). MP experiences arid and semi-arid continental climate.

The LP transect was 600 km long from east (Lucheng

District, 113.36◦E, 36.29◦N) to west (Shapotou District,

104.44◦E, 37.46◦N), with a wide range in annual total

precipitation (189–599mm) and aridity (0.51–0.63) (Figure 1).

Aridity was calculated as 1- mean annual precipitation/ potential

evapotranspiration. The MP transect was 1,200 km long from

east (Changling County, 123.51◦E, 44.59◦N) to west (Erenhot,

112.15◦E, 43.63◦N), with a smaller range in precipitation (183–

425mm) and greater aridity (0.42–0.83). Each transect includes

10 sampling sites at an interval of about 60–150 km from east

to west (Lyu et al., 2021). Grassland types include meadow

grassland (n= 3), typical grassland (n= 4), and desert grassland

(n= 3).

Sampling and measurements

Field survey and sample collection

Field sampling was carried out during the peak growing

season (July–August) in 2018. We delineated a 1 km × 1 km

sampling area within each sampling site, and tried to collected

as many different species as possible (Zhang et al., 2019).

Plant species were identified by experienced plant taxonomists.

Overall, 574 and 433 plant species were found at LP and

MP, respectively, including trees, shrubs, herbs and ferns

(Supplementary Table S1).

At least 3 individuals per species per sampling area were

selected as replicates. For trees and shrubs, we collected branches

from the sunny-side of crowns. For herbs, we collected mature

whole plants. Ten, fully expanded and mature leaves (n = 50)

collected from each species were mixed uniformly into one

sample for subsequent analyses. Soil samples were collected from

the 0 to 10 cm layer using a soil auger, with eight replications at

each site.

Leaf functional traits analysis

Leaf apparent morphology was determined using six to 10

fresh leaves per species. Leaf area (LA) was measured with
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a portable scanner (Cano Scan LIDE 110, Japan). LA values

were obtained using an Image J software (Schneider et al.,

2012). Leaf dry mass was determined after drying at 60◦C.

Specific leaf area (SLA) was obtained by dividing LA by leaf dry

mass. Then, bulked dried leaf materials were finely ground for

subsequent analyses.

Elemental analyzer (Vario Max CN Element Analyser,

Elementar, Hanau, Germany) was used to determine bulk-leaf

nitrogen (N) content. Leaf N per unit area (Narea) was calculated

from N content and SLA. Elemental analyzer (Model Flash

2000HT, Thermo Fisher Scientific, Bremen, Germany) coupled

to an isotope ratio mass spectrometer in continuous-flow mode

(Model 253 plus, Thermo Fisher Scientific, Bremen, Germany)

was used to analyze carbon (δ13C) and oxygen (δ18O) isotopes

of bulk leaf samples. Isotope ratios are expressed as per mil

deviations relative to Vienna Pee Dee Belemnite standard, VPDB

for δ13C and VSMOW for δ18O. Long-term precision for the

instrument were < 0.1‰ for δ13C and < 0.2‰ for δ18O.

There were 519 and 402 species with bulk leaf δ13C<−20‰

(C3 species) (Supplementary Table S1), and 55 and 31 species

with bulk leaf δ13C > −20‰ (C4 species), respectively, in LP

and MP. In generally, the iWUE of C4 species is usually several

times higher than that of the C3 species (Pinto et al., 2014),

and the iWUE of the C3 and C4 species is not distributed

continuously when put together. Consequently, previous studies

often investigated C3 and C4 species separately when analyzing

plant water use strategies (Cornwell et al., 2018; Rumman et al.,

2018). Given that the number of C4 species in the two transects

is relatively small, we only selected C3 species to elucidated the

patterns and underlying mechanisms of iWUE distribution in

coexisting species along aridity gradient.

Calculation of iWUE and 1
18O

Time-integrated leaf intrinsic water use efficiency (iWUE,

µmol mol−1) during the growing season was derived from

bulk leaf δ13C based on the well-established theory linking CO2

partial pressure of leaf intercellular space (Ci) to ambient (Ca)

(Ci/Ca) with carbon isotopic carbon discrimination (113C)

during photosynthesis (Farquhar et al., 1989; Guerrieri et al.,

2019). According to Fick’s first law of diffusion, iWUE is linearly

related to Ci/Ca, and can be expressed as:

iWUE = A/gs = Ca/1.6× (1− Ci/Ca) (1)

where A is the photosynthetic rate; gs is the stomatal

conductance of CO2. The 113C can be calculated as Farquhar

et al. (1989):

113C = (δ13Ca −δ13CL)/(1+δ13CL/1000) (2)

where, δ13Ca is δ13C values of atmospheric CO2; δ13CL is

δ13C values of bulk-leaf tissue. According to the “simple” form

of isotopic discrimination that does not include effects due to

mesophyll conductance and photorespiration (Farquhar et al.,

1989; Guerrieri et al., 2019), Ci/Ca can be expressed as:

Ci/Ca = (113C-a)/(b-a) (3)

where a is the isotope fractionation constant during CO2

diffusion through stomata (4.4‰); b is the isotope fractionation

constant during fixation by Rubisco (27‰). Combining

Equation (1) and (3), iWUE can be calculated as follows:

iWUE = Ca/1.6×
[

1-(113C-a)/(b-a)
]

(4)

Oxygen isotope enrichment of leaf tissue above source water

(118O) was calculated using

Equation (5) (Barbour, 2007):

118O = (δ18OL −δ18OS)/(1+δ18OS/1000) (5)

where δ18OL and δ18Os are oxygen isotope values of bulk

leaf and source water, respectively. We assumed that δ18O

in precipitation reflects that of soil water (i.e., source water),

modified by evaporation (Guerrieri et al., 2019).

Auxiliary dataset

Climate variables for 1970–2000 were extracted from the

meteorological database of the WorldClim at 0.1◦ spatial

resolution (https://www.worldclim.org/). Mean annual

precipitation and temperature, growing season (April to

October) precipitation, temperature and actual water vapor

pressure were calculated from monthly values. Aridity was

obtained from CGIAR-CSI (https://cgiarcsi.community). Data

for soil moisture (SM) (at ∼10 cm depth) were obtained from

a remote-sensing-based surface soil moisture dataset at 0.1◦

spatial resolution, and ∼10-day temporal resolution (Chen

et al., 2021). Vapor pressure deficit (VPD) was derived from

actual water vapor pressure and temperature (Grossiord et al.,

2020). Soil total N content (TN), and the ratio of soil organic

carbon to TN (SOC/TN) were obtained from the “Functional

Trait database of terrestrial ecosystems in China (China_Trait).”

Statistical analysis

Blomberg’s K values were used to evaluate the phylogenetic

signal of iWUE (Blomberg et al., 2003) using “phytools”

and “Picante” package in R software (version 3.5.1, R

Development Core version Team, Vienna, Austria), because

phylogenetic relationships are an important source of inter-

specific differences in leaf functional traits. A significant

phylogenetic signal (P < 0.05) and large K value indicated that

iWUE was constrained by phylogeny (Blomberg et al., 2003).
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Our results showed that no significant phylogenetic signals of

iWUE were observed, and the Blomberg’s K values were small

(Supplementary Table S2).

Normality of iWUE was tested using the Shapiro–Wilk test

(SPSS, Chicago, IL, USA). One-way ANOVA with Duncan’s post

hoc multiple comparisons was used to compare the differences

in iWUE among transects and communities, and to partition

variances in iWUE within-site from among site (SPSS, Chicago,

IL, USA). Multivariate analysis of covariance was used to

partition the contribution of sampling site, species and their

interaction to variances in iWUE (SPSS, Chicago, IL, USA).

All iWUE values of C3 species in each sampling site

were used to calculate frequency distribution characteristics,

such as mean, variance, standard deviation, coefficients of

variation, range, skewness and kurtosis (SPSS, Chicago, IL,

USA). Simple linear regressions between frequency distribution

characteristics of iWUE and aridity were conducted to test for

the first hypothesis.

Pearson correlation analyses were used to test bivariate

relationships between SOC/TN, SM, VPD and iWUE (SPSS,

Chicago, IL). To test for the hypothesis (2), we conducted

variation partitioning (R software, version 3.5.1, R Development

Core version Team, Vienna, Austria) to quantify the relative

contributions of water (SM andVPD) and SOC/TN to the spatial

patterns of iWUE along aridity gradients, combining with the

results of Pearson correlation analyses.

Simple linear regressions between iWUE and leaf functional

traits (118O, SLA and Narea) were conducted (R2018b,

MathWorks, Inc). The result of simple linear regressions

between iWUE and 118O was used to test for hypothesis (3).

A multivariate associations among iWUE, 118O, SLA, and

Narea were analyzed with principal component analysis (PCA)

(R2018b, MathWorks, Inc) to understand the role of iWUE and

118O in multidimensional leaf functional traits. Another PCA

was performed excluding iWUE and using the remaining three

traits (118O, SLA, andNarea). Simple linear regressions between

iWUE and axes scores of each species of second PCA were

conducted to further explain the drivers of interspecific variation

in iWUE along aridity gradient.

Results

Distribution of intrinsic water use
e�ciency

Intrinsic water use efficiency (iWUE) was distributed

normally across all plant species in Loess (LP) and Inner

Mongola (MP) Plateaus (Figures 2A,B). iWUE ranged from

28.17 to 141.97 µmol mol−1 in LP and from 47.30 to 152.00

µmol mol−1 in MP (Supplementary Table S3). iWUE was

significantly lower in LP than in MP (P < 0.001).

Within transects, iWUE of co-existing species in each

sampling site was distributed normally (P > 0.05), except for

one sampling site in MP (P = 0.03) (Supplementary Table S3).

iWUE varied widely within and across sampling sites, and

over 60% of variability in iWUE originated from within-site

(Supplementary Table S4).When treated as categorical variables,

variability in iWUE was primarily controlled by species (46

and 63% in LP and MP, respectively), followed by sampling

site (30 and 19% in LP and MP, respectively), and the

interaction between species and sites (22 and 16% in LP and

MP, respectively) (Figure 3). It indicated that interaction of leaf

functional traits and environmental factors drove the patterns

of iWUE.

FIGURE 2

Frequency distribution of intrinsic water use e�ciency (iWUE) in Loess Plateau (LP) (A) and Inner Mongola Plateau (MP) (B).
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Drivers of spatial patterns of intrinsic
water use e�ciency along aridity
gradients

Mean values of iWUE (iWUEMean) significantly increased

with aridity in LP and MP (Figures 4A,B). Coefficient

of variation (CV) of iWUE (iWUECV) decreased with

increasing aridity in LP and MP (Figures 4C,D). However, the

variance, standard deviation, range, kurtosis, and skewness

FIGURE 3

Contributions of species (red), site (green), and their interaction

(blue) to variation in intrinsic water use e�ciency. LP, Loess

Pleateau; MP, Inner Mongolia Plateau.

of iWUE did not show clear patterns along aridity gradients

(Supplementary Table S3).

iWUEMean in LP was negatively related to soil moisture

(SM) and to the ratio of soil organic carbon content to

total nitrogen content (SOC/TN), and positively related to

vapor pressure deficit (VPD) (Table 1). SOC/TN, SM, and

VPD explained 94% of variation in iWUEMean, and the

strongest predictor was SOC/TN (Figure 5A). iWUECV was

negatively related to SM and SOC/TN (Table 1). SOC/TN and

SM explained 76% of variation in iWUECV, and the strongest

predictor was SOC/TN (Figure 5B).

In MP, iWUEMean was negatively related to SM and

SOC/TN (Table 1). SOC/TN and SM jointly explained 91% of

variation in iWUEMean, and the strongest predictor was SM

(Figure 5C). iWUECV was positively related to SM (Table 1). SM

explained 57% of variation in iWUECV (Figure 5D).

Drivers of interspecific variation in
intrinsic water use e�ciency along aridity
gradients

iWUE decreased with specific leaf area (SLA) (P < 0.001)

(Figure 6A), and increased with leaf nitrogen per unit area

(Narea) (Figure 6B) and with 18O enrichment in leaf water above

source water (118O) (Figure 6C).

FIGURE 4

Patterns of mean value (iWUEmean) (A,B) and coe�cient of variation (iWUECV) (C,D) of intrinsic water use e�ciency (iWUE) along aridity gradients

in Loess Plateau (LP) and Inner Mongola Plateau (MP).
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Principal component analysis (PCA) was conducted to

quantify the effect of plant functional trait combinations on

inter-specific variability in iWUE. The dominant leaf functional

traits of Axis1 were SLA, Narea, 118O, and iWUE in LP

(Figure 7A and Supplementary Table S5) andMP (Figure 7B and

Supplementary Table S5). Axis2 was mainly loaded by Narea and

TABLE 1 Pearson’s correlation coe�cients between intrinsic water

use e�ciency and environmental variables in Loess Plateau (LP) and

Inner Mongola Plateau (MP).

Loess plateau Inner mongolia plateau

iWUEMean iWUECV iWUEmean iWUEcv

Water SM −0.746* 0.718* −0.828** 0.752*

VPD 0.684* −0.476 0.333 −0.496

Nutrient SOC/TN −0.905** 0.900** −0.663* 0.375

iWUE, intrinsic water use efficiency; CV, coefficient of variation; SM, soil moisture; VPD,

vapor pressure deficit, VPD; SOC/TN, the ratio of soil organic carbon content to soil total

nitrogen content. ** and * represent a significant relationship at p = 0.01 and 0.05 levels,

respectively.

iWUE in LP (Figure 7A), and SLA, 118O, and iWUE in MP

(Figure 7B). Variability in iWUE was mainly controlled by Axis1

(r2= 0.29) in LP (Figure 7C), and byAxis1 (r2= 0.30) andAxis2

(r2 = 0.18) in MP (Figure 7D).

Discussion

Most limited resource led to conservative
and convergent water use strategies with
an increase in aridity

Species in LP and MP adopt opportunistic water use

strategies to cope with water- and nutrient-limiting habitats

(Figure 2). Time-integrated iWUE in LP and MP were

within the range but distributed at a relatively lower end

of global values. For example, two multi-species datasets

show that the instantaneous iWUE ranged from 5 to

324.00 µmol mol−1 (Flexas et al., 2016; Gago et al., 2016).

Furthermore, leaf δ13C of species in this study were also

distributed at the relatively depleted end of the global δ13C

dataset (Supplementary Figure S1). The reason may be that an

FIGURE 5

Variation partitioning (R2) of environmental factors in mean (A,C) and coe�cient of variation (CV) (B,D) of iWUE of co-occuring species in LP

(A,B) and MP (C,D). LP, Loess Pleateau; MP, Inner Mongolia Plateau; SM, soil moisture; VPD, vapor pressure deficit, VPD; SOC/TN, the ratio of soil

organic carbon content to soil total nitrogen content.
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FIGURE 6

Relationships between intrinsic water use e�ciency and specific leaf area (SLA) (A), leaf nitrogen per unit area (Narea) (B), and the 18O enrichment

in leaf water above source water (118O) (C). LP, Loess Pleateau; MP, Inner Mongolia Plateau.

FIGURE 7

Principal component analysis (PCA) of intrinsic water use e�ciency (iWUE) and leaf functional traits (A,B) and relationship between the principal

component axes of PCA of leaf functional traits and iWUE (C,D). SLA, specific leaf area; Narea, leaf nitrogen per unit area, and 118O, the 18O

enrichment in leaf water above source water. LP, Loess Pleateau; MP, Inner Mongolia Plateau.

opportunistic water use strategy is advantageous for maximizing

nutrient capture (Querejeta et al., 2018; Salazar-Tortosa et al.,

2018). Water and nutrient supply in arid and semi-arid habitats

are highly heterogeneous in space and time due to the limited

and variable rainfall (Chesson et al., 2004). Nutrient uptake

from soil is tightly linked to the transpiration-driven mass flow

of water (Salazar-Tortosa et al., 2018). Species with low iWUE

always exhibit high stomatal conductance (gs) and transpiration
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rate (Moreno-Gutierrez et al., 2012), allowing rapid nutrient

absorption when soil water and nutrients are available.

Within transect, we found that iWUE of co-occuring

species in each sampling site exhibited high variability, however,

functional convergence was observed along the aridity gradient

(Figures 4C,D). This result is contrary to our first hypothesis.

Species with diverse and contrasting water use stratergies are

known to coexist in dry and nutrient-poor habitats, such as Karst

(Wang et al., 2021), Mediterranean (Moreno-Gutierrez et al.,

2012), coastal sand dunes (Bermúdez and Retuerto, 2014) and

epiphytic (Querejeta et al., 2018) ecosystems. This demonstrates

that species differences in eco-physiological function related to

the use of resources facilitate species niche segregation (Moreno-

Gutierrez et al., 2012; Bermúdez and Retuerto, 2014). There are

two mechanisms that might explain the convergent water use

strategies along aridity gradient: (1) Inter-specific competition

decreased with increasing aridity (Wu et al., 2017). As the

number of species (plant species richness) occuring within each

community significantly decreases (Supplementary Table S1),

available resources for each species may increase (Zhu et al.,

2015). (2) The filtering effect of water stress on iWUE of species

increased with increasing aridity. The reason is that species

with similar physiological parameters can enter a given harsh

habitats (Reich et al., 2003; Maracahipes et al., 2018). These

results demonsteated that environmental filtering existed within

transect, although species exhibited diverse water use strategies

in water and nutrient-limited LP and MP.

Futhermore, we also found that co-occuring species within

a sampling site shifted their water use strategies from

opportunistic (low iWUE and high gs) to conservative (low

iWUE and high gs) with an increase in aridity in LP and

MP (Figures 4A,B), consistent with previous studies (Zheng

and Shangguan, 2007; Liu et al., 2013; Wang et al., 2016; Ale

et al., 2018). This reveals that plants lowered their water loss to

adopt to the increasing water stress (i.e., low soil moisture and

high water vapor pressure deficit) (Supplementary Table S3).

However, the slope of the relationship between aridity and

mean values of iWUE (iWUEmean) in MP (Figure 4B, slope

= 102.304) was steeper than that in LP (Figure 4A, slope =

188.901). This indicates that the negative effect of water stress on

iWUE is higher in MP than in LP. We attribute this difference to

dissimilarity in limited resources between the two transects.

The variability in iWUEmean along an aridity gradient was

mainly determined by SOC/TN in LP, and by soil moisture

in MP (Figure 5), which supports our second hypothesis. A

previous study conducted in this study area demonstrated that

plant N availability in LP was lower than that in MP, and

increased with aridity in MP, but showed no clear trend in LP

(Unpublished data). These results demonstrate that high plant

N availability could meet N demand to reduce water cost across

the transect in MP (high iWUE and low gs); however, plants

in LP promoted N uptake to meet plant N demand at the

expense of high water loss (low iWUE and high gs) (Wright

et al., 2003). Our findings highlight the importance of balance

between acquisitive and conservative strategies along the water

and nitrogen gradients: opportunistic water use strategies allows

species to established in habits with low soil N habitats due

to their high nitorgen acquisition capacity, while conservative

water use strategies promote resistance of species to water

stress in relatively high soil N habitats (Wright et al., 2003;

Maracahipes et al., 2018).

Interspecific variation in iWUE was
primarily regulated by gs

Previous studies demonstrated that 118O in co-existing

species can be used as a reliable indicator of interspecific

differences in gs in strongly water-limited ecosystems, and that

leaf δ13C and δ18O can be used to separate the independent

effects of photosynthetic rates and gs on iWUE (Moreno-

Gutierrez et al., 2012; Querejeta et al., 2018). However,

the effects of climatic (vapor pressure deficit [VPD] and

temperature) variability and differences in δ18O of plant source

water on leaf δ18O (118O) should be considered across large

spatial scales (Prieto et al., 2018). In this study, mean values

of 118O in C3 species within a sampling site was not affected

by VPD or temperature (P > 0.05) (Supplementary Table S6).

The effect of source water across sites was corrected using δ18O

of precipitation at each site (Maxwell et al., 2018). However,

the water source partitioning in C3 species in each sampling

site may attenuate the positive correlation between iWUE and

118O. The slopes of the linear regression between 118O and

iWUE across sites within transect did not differ statistically

(Supplementary Figure S2 and Supplementary Table S7).

Furthermore, water-source partitioning is not common in

grassland communities (Bachmann et al., 2015). Consequently,

differences in118O in co-occurring species within communities

should be determined mainly by the interspecific variation in gs

(Wang and Wen, 2022).

A positive relationship was found between 118O

and iWUE both within (Supplementary Figure S2 and

Supplementary Table S7) and among sampling sites (Figure 6B),

indicating that the variability in iWUE was determined mainly

by stomatal regulation (Moreno-Gutierrez et al., 2012; Prieto

et al., 2018; Querejeta et al., 2018). This conclusion supported

our third hypothesis. Moreno-Gutierrez et al. (2012) found that

the large interspecific difference in δ13C in a Mediterranean

ecosystem was controlled by 118O rather than photosynthetic

rate. However, in this study, a positive relationship between

leaf nitrogen per unit area (Narea) and iWUE indicated that

variability in iWUE was also affected by the interspecific

variation in photosynthetic rate (Figure 6B), and that species

invested more N to compensate for the negative effect of low

gs on photosynthetic rates (Flexas et al., 2016). A previous

study demonstrated that species with low leaf-specific leaf areas

(SLA) had small and thick leaves, which benefit reductions
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in water loss (Wright et al., 2017). The negative relationship

between iWUE and SLA demonstrated that species increased

construction costs to prevent water loss (Maxwell et al., 2018).

In this study, the covariation of iWUE, 118O, SLA and

Narea in LP and MP (Figure 7) demonstrates that water loss

and carbon gain processes were tightly coupled in the study

area. It also shows that iWUE and 118O can be included in

the traditional leaf economic spectrum in drylands (Reich, 2014;

Prieto et al., 2018). This leaf economic spectrum defined a water

use strategy gradient from conservative (high iWUE and low

gs) with high Narea to profligate (low iWUE and high gs) with

high SLA (Prieto et al., 2018). These results revealed that water

losses and carbon gain processes in arid and semi-arid regions

are tightly coupled (Prieto et al., 2018; Yin et al., 2018; Shi

et al., 2021). A second dimension of trait space was observed in

LP (Narea) (Figure 7A) and MP (SLA and 118O) (Figure 7B),

demonstrating that the most limiting resource was N in LP

and water in MP (Wang et al., 2021). The limiting-resource

spectrum differentiated species along a uniform gradient from

resource acquisition to high resource conservative traits (Baltzer

and Thomas, 2010; Bermúdez and Retuerto, 2014). Variability

in iWUE was mainly controlled by the leaf economic spectrum

in LP, and by both—leaf economic spectrum and limiting

resource spectrum in MP. This supports the idea that species

evolved species-specific strategies to adapt to harsh habitats by

partitioning limiting resources (Bermúdez and Retuerto, 2014).

Conclusions

In this study, we found that species adopted opportunistic

water use strategies to adapt to water- and N-limited habitats in

arid and semi-arid regions. Variability in iWUE was primarily

controlled by species, followed by sampling site, and the

interaction between species and sampling site. Within transect,

co-occurring species within a sampling site shifted their water

use strategies from opportunistic (low iWUE and high gs)

to conservative (low iWUE and high gs) with an increase

in aridity in LP and MP, and water use strategies of co-

occurring species gradually converged. This distribution pattern

was driven mainly by the most limited resource, i.e., SOC/TN in

LP, and soil moisture in MP. High variability in iWUE mainly

determined by stomatal regulation. Furthermore, variability in

iWUE was mainly controlled by leaf economic spectrum in LP,

and by both—leaf economic spectrum and limiting resource

spectrum in MP, indicating that species evolved species-specific

strategies to adapt to a limiting habitat by partitioning limiting

resources. This study demonstrated that the limiting resource

and leaf functional traits jointly determined the distribution

patterns of water use strategies of species in LP and MP along an

aridity gradient, and emphasized the importance of considering

biological processes in dissecting the underlying mechanisms of

plant adaptation strategies at large regional scales.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary material, further inquiries

can be directed to the corresponding author/s.

Author contributions

JW and XW conceived and designed the research.

JW conducted stable isotope measurements, data analysis,

and wrote the manuscript. XW revised the manuscript.

All authors contributed to the article and approved the

submitted version.

Funding

This work was funded by the Strategic Priority Research

Program of the Chinese Academy of Sciences (XDA23070202)

and National Natural Science Foundation of China (Grant

No. 41991234).

Acknowledgments

We thank the members in grassland transect investigation

for field sampling, and Functional Trait database of terrestrial

ecosystems in China (China_Traits) for sharing all auxiliary

plant and soil data.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fpls.2022.909603/full#supplementary-material

Frontiers in Plant Science 10 frontiersin.org

111

https://doi.org/10.3389/fpls.2022.909603
https://www.frontiersin.org/articles/10.3389/fpls.2022.909603/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang and Wen 10.3389/fpls.2022.909603

References

Ale, R., Zhang, L., Li, X., Raskoti, B. B., Pugnaire, F. I., and Luo, T. X. (2018). Leaf
delta C-13 as an indicator of water availability along elevation gradients in the dry
Himalayas. Ecol. Indic. 94, 266–273. doi: 10.1016/j.ecolind.2018.07.002

Aparecido, L. M. T., Woo, S., Suazo, C., Hultine, K. R., and Blonder, B. (2020).
High water use in desert plants exposed to extreme heat. Ecol. Lett. 23, 1189–1200.
doi: 10.1111/ele.13516

Bachmann, D., Gockele, A., Ravenek, J. M., Roscher, C., Strecker, T., Weigelt,
A., et al. (2015). No evidence of complementary water use along a plant species
richness gradient in temperate experimental grasslands. PLoS ONE 10,e0116367.
doi: 10.1371/journal.pone.0116367

Bahar, N. H., Ishida, F. Y., Weerasinghe, L. K., Guerrieri, R., O’Sullivan, O.
S., Bloomfield, K. J., et al. (2016). Leaf-level photosynthetic capacity in lowland
Amazonian and high-elevation Andean tropical moist forests of Peru. New Phytol.
214, 903–904. doi: 10.1111/nph.14079

Baltzer, J. L., and Thomas, S. C. (2010). A second dimension to the leaf economics
spectrum predicts edaphic habitat association in a tropical forest. PLoS ONE 5:7.
doi: 10.1371/journal.pone.0013163

Barbour, M. (2007). Stable oxygen isotope composition of plant tissue: a review.
Funct. Plant Biol. 34, 83–94. doi: 10.1071/FP06228

Basu, S., Ghosh, S., and Chattopadhyay, D. (2021). Disentangling the
abiotic versus biotic controls on C3 plant leaf carbon isotopes: inferences
from a global review. Earth Sci. Rev. 222,103839. doi: 10.1016/j.earscirev.
2021.103839

Bermúdez, R., and Retuerto, R. (2014). Together but different: co-occurring
dune plant species differ in their water- and nitrogen-use strategies. Oecologia 174,
651–663. doi: 10.1007/s00442-013-2820-7

Blomberg, S. P., Garland, T., and Ives, A. R. (2003). Testing for phylogenetic
signal in comparative data: behavioral traits are more labile. Evolution 57, 717–745.
doi: 10.1111/j.0014-3820.2003.tb00285.x

Chen, Y., Feng, X., and Fu, B. (2021). An improved global remote-sensing-based
surface soil moisture (RSSSM) dataset covering 2003–2018. Earth Syst. Sci. Data
13, 1–31. doi: 10.5194/essd-13-1-2021

Chesson, P., Gebauer, R. L. E., Schwinning, S., Huntly, N., Wiegand, K.,
Ernest, M. S. K., et al. (2004). Resource pulses, species interactions, and diversity
maintenance in arid and semi-arid environments. Oecologia 141, 236–253.
doi: 10.1007/s00442-004-1551-1

Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., Lopez, R., and
Medlyn, B. E. (2018). Triggers of tree mortality under drought. Nature 558,
531–539. doi: 10.1038/s41586-018-0240-x

Cornwell, W. K., Wright, I. J., Turner, J., Maire, V., Barbour, M. M., Cernusak, L.
A., et al. (2018). Climate and soils together regulate photosynthetic carbon isotope
discrimination within C3 plants worldwide. Glob. Ecol. Biogeogr. 27, 1056–1067.
doi: 10.1111/geb.12764

Farquhar, G., Ehleringer, J., and Hubick, K. (1989). Carbon isotope
discrimination and photosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 40,
503–537. doi: 10.1146/annurev.pp.40.060189.002443

Farquhar, G. D., Cernusak, L. A., and Barnes, B. (2007). Heavy
water fractionation during transpiration. Plant Physiol. 143, 11–18.
doi: 10.1104/pp.106.093278

Feyissa, A., Yang, F., Wu, J. J., Chen, Q., Zhang, D. D., and Cheng, X.
L. (2021). Soil nitrogen dynamics at a regional scale along a precipitation
gradient in secondary grassland of China. Sci. Total Environ. 781,146736.
doi: 10.1016/j.scitotenv.2021.146736

Flexas, J., Díaz-Espejo, A., Conesa, M. A., Coopman, R. E., Douthe, C., Gago, J.,
et al. (2016). Mesophyll conductance to CO2 and Rubisco as targets for improving
intrinsic water use efficiency in C-3 plants. Plant Cell Environ. 39, 965–982.
doi: 10.1111/pce.12622

Gago, J., Daloso, D. D., Figueroa, C. M., Flexas, J., Fernie, A. R., and Nikoloski,
Z. (2016). Relationships of leaf net photosynthesis, stomatal conductance, and
mesophyll conductance to primary metabolism: a multispecies meta-analysis
approach. Plant Physiol. 171, 265–279. doi: 10.1104/pp.15.01660

Galmes, J., Medrano, H., and Flexas, J. (2007). Photosynthetic limitations
in response to water stress and recovery in Mediterranean plants with
different growth forms. New Phytol. 175, 81–93. doi: 10.1111/j.1469-8137.
2007.02087.x

Grossiord, C., Buckley, T. N., Cernusak, L. A., Novick, K. A., Poulter, B., Siegwolf,
R. T. W., et al. (2020). Plant responses to rising vapor pressure deficit. New Phytol.
226, 1550–1566. doi: 10.1111/nph.16485

Guerrieri, R., Belmecheri, S., Ollinger, S. V., Asbjornsen, H., Jennings, K.,
Xiao, J. F., et al. (2019). Disentangling the role of photosynthesis and stomatal
conductance on rising forest water-use efficiency. Proc. Natl. Acad. Sci. U. S. A.
116, 16909–16914. doi: 10.1073/pnas.1905912116

Guo, X. C., Shi, P. J., Niinemets, U., Holscher, D., Wang, R., Liu, M. D., et al.
(2021). “Diminishing returns” for leaves of five age-groups of Phyllostachys edulis
culms. Am. J. Bot. 108, 1662–1672. doi: 10.1002/ajb2.1738

Li, Y., Shi, P., Niinemets, Ü., Song, Y., Yu, K., Schrader, J., et al. (2022).
Diminishing returns among lamina fresh and dry mass, surface area, and
petiole fresh mass among nine Lauraceae species. Am. J. Bot. 109, 377–392.
doi: 10.1002/ajb2.1812

Liu, Y. J., Niu, H. S., and Xu, X. L. (2013). Foliar delta C-13 response
patterns along a moisture gradient arising from genetic variation and phenotypic
plasticity in grassland species of Inner Mongolia. Ecol. Evol. 3, 262–267.
doi: 10.1002/ece3.453

Lyu, S. D., Wang, J., Song, X. W. and Wen, X. F. (2021). The relationship
of δD and δ18O in surface soil water and its implications for soil evaporation
along grass transects of Tibet, Loess, and Inner Mongolia Plateau. J. Hydrol. 600.
doi: 10.1016/j.jhydrol.2021.126533

Maracahipes, L., Carlucci, M. B., Lenza, E., Marimon, B. S., Marimon, B.
H., Guimarães, F. A. G., et al. (2018). How to live in contrasting habitats?
Acquisitive and conservative strategies emerge at inter- and intraspecific levels
in savanna and forest woody plants. Perspect. Plant Ecol. Evol. Syst. 34, 17–25.
doi: 10.1016/j.ppees.2018.07.006

Martin-StPaul, N., Delzon, S., and Cochard, H. (2017). Plant resistance
to drought depends on timely stomatal closure. Ecol. Lett. 20, 1437–1447.
doi: 10.1111/ele.12851

Maxwell, T., Silva, L., and Horwath, W. (2018). Integrating effects of
species composition and soil properties to predict shifts in montane forest
carbon-water relations. Proc. Natl. Acad. Sci. U. S. A. 115, E4219–E4226.
doi: 10.1073/pnas.1718864115

Mitchell, R. M., Wright, J. P., and Ames, G. M. (2018). Species’ traits do
not converge on optimum values in preferred habitats. Oecologia 186, 719–729.
doi: 10.1007/s00442-017-4041-y

Moreno-Gutierrez, C., Dawson, T. E., Nicolas, E., and Querejeta, J. I.
(2012). Isotopes reveal contrasting water use strategies among coexisting
plant species in a Mediterranean ecosystem. New Phytol. 196, 489–496.
doi: 10.1111/j.1469-8137.2012.04276.x

Pinto, H., Sharwood, R. E., Tissue, D. T., and Ghannoum, O. (2014).
Photosynthesis of C3 , C3-C4 , and C4 grasses at glacial CO2 . J. Exp. Bot. 65,
3669–3681. doi: 10.1093/jxb/eru155

Prentice, I. C., Dong, N., Gleason, S. M., Maire, V., and Wright, I. J.
(2014). Balancing the costs of carbon gain and water transport: testing a
new theoretical framework for plant functional ecology. Ecol. Lett. 17, 82–91.
doi: 10.1111/ele.12211

Prieto, I., Querejeta, J., Segrestin, J., Volaire, F., and Roumet, C. (2018).
Leaf carbon and oxygen isotopes are coordinated with the leaf economics
spectrum in Mediterranean rangeland species. Funct. Ecol. 32, 612–625.
doi: 10.1111/1365-2435.13025

Querejeta, J. I., Iván, P., Torres, P., Campoya, M., Alguacila, M. M., and Roldán,
A. (2018). Water-spender strategy is linked to higher leaf nutrient concentrations
across plant species colonizing a dry and nutrient-poor epiphytic habitat. Environ.
Exp. Bot. 153, 302–310. doi: 10.1016/j.envexpbot.2018.06.007

Reich, P. (2014). The world-wide ‘fast-slow’ plant economics spectrum: a traits
manifesto. J. Ecol. 102, 275–301. doi: 10.1111/1365-2745.12211

Reich, P. B., Buschena, C., Tjoelker, M. G., Wrage, K., Knops, J., Tilman, D.,
et al. (2003). Variation in growth rate and ecophysiology among 34 grassland and
savanna species under contrasting N supply: a test of functional group differences.
New Phytol. 157, 617–631. doi: 10.1046/j.1469-8137.2003.00703.x

Ren, T., He, N., Liu, Z., Li, M., Zhang, J., Li, A., et al. (2021). Environmental
filtering rather than phylogeny determines plant leaf size in three floristically
distinctive plateaus. Ecol. Indic. 130,108049. doi: 10.1016/j.ecolind.2021.108049

Reynolds, J. F., Stafford Smith, D. M., Lambin, E. F., Turner, B. L., Mortimore,
M., Batterbury, S. P. J., et al. (2007). Global desertification: building a science for
dryland development. Science 316, 847–851. doi: 10.1126/science.1131634

Roden, J. S., and Farquhar, G. D. (2012). A controlled test of the dual-isotope
approach for the interpretation of stable carbon and oxygen isotope ratio variation
in tree rings. Tree Physiol. 32, 490–503. doi: 10.1093/treephys/tps019

Frontiers in Plant Science 11 frontiersin.org

112

https://doi.org/10.3389/fpls.2022.909603
https://doi.org/10.1016/j.ecolind.2018.07.002
https://doi.org/10.1111/ele.13516
https://doi.org/10.1371/journal.pone.0116367
https://doi.org/10.1111/nph.14079
https://doi.org/10.1371/journal.pone.0013163
https://doi.org/10.1071/FP06228
https://doi.org/10.1016/j.earscirev.2021.103839
https://doi.org/10.1007/s00442-013-2820-7
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.5194/essd-13-1-2021
https://doi.org/10.1007/s00442-004-1551-1
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1111/geb.12764
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1104/pp.106.093278
https://doi.org/10.1016/j.scitotenv.2021.146736
https://doi.org/10.1111/pce.12622
https://doi.org/10.1104/pp.15.01660
https://doi.org/10.1111/j.1469-8137.2007.02087.x
https://doi.org/10.1111/nph.16485
https://doi.org/10.1073/pnas.1905912116
https://doi.org/10.1002/ajb2.1738
https://doi.org/10.1002/ajb2.1812
https://doi.org/10.1002/ece3.453
https://doi.org/10.1016/j.jhydrol.2021.126533
https://doi.org/10.1016/j.ppees.2018.07.006
https://doi.org/10.1111/ele.12851
https://doi.org/10.1073/pnas.1718864115
https://doi.org/10.1007/s00442-017-4041-y
https://doi.org/10.1111/j.1469-8137.2012.04276.x
https://doi.org/10.1093/jxb/eru155
https://doi.org/10.1111/ele.12211
https://doi.org/10.1111/1365-2435.13025
https://doi.org/10.1016/j.envexpbot.2018.06.007
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1046/j.1469-8137.2003.00703.x
https://doi.org/10.1016/j.ecolind.2021.108049
https://doi.org/10.1126/science.1131634
https://doi.org/10.1093/treephys/tps019
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang and Wen 10.3389/fpls.2022.909603

Rumman, R., Atkin, O. K., Bloomfield, K. J., and Eamus, D. (2018). Variation in
bulk-leaf 13C discrimination, leaf traits and water-use efficiency-trait relationships
along a continental-scale climate gradient in Australia. Glob. Change Biol. 24,
1186–1200. doi: 10.1111/gcb.13911

Salazar-Tortosa, D., Castro, J., Villar-Salvador, P., Vinegla, B., Matias, L.,
Michelsen, A., et al. (2018). The “isohydric trap”: a proposed feedback between
water shortage, stomatal regulation, and nutrient acquisition drives differential
growth and survival of European pines under climatic dryness. Glob. Change Biol.
24, 4069–4083. doi: 10.1111/gcb.14311

Scheidegger, Y., Saurer, M., Bahn, M., and Siegwolf, R. (2000). Linking stable
oxygen and carbon isotopes with stomatal conductance and photosynthetic
capacity: a conceptual model.Oecologia 125, 350–357. doi: 10.1007/s004420000466

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH
Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675.
doi: 10.1038/nmeth.2089

Shi, P. J., Jiao, Y. B., Diggle, P. J., Turner, R., Wang, R., and Niinemets,
U. (2021). Spatial distribution characteristics of stomata at the areole level
in Michelia cavaleriei var. platypetala (Magnoliaceae). Ann. Bot. 128, 875–885.
doi: 10.1093/aob/mcab106

Tang, S. B., Lai, Y., Tang, X. L., Phillips, O. L., Liu, J. F., Chen, D. X., et al. (2021).
Multiple environmental factors regulate the large-scale patterns of plant water use
efficiency and nitrogen availability across China’s forests. Environ. Res. Lett. 16,10.
doi: 10.1088/1748-9326/abe3bb

Utkhao, W., and Yingjajaval, S. (2015). Changes in leaf gas exchange
and biomass of Eucalyptus camaldulensis in response to increasing drought
stress induced by polyethylene glycol. Trees Struct. Funct. 29, 1581–1592.
doi: 10.1007/s00468-015-1240-1

Wang, C., Liu, D. W., Luo, W. T., Fang, Y. T., Wang, X. B., Lu, X. T.,
et al. (2016). Variations in leaf carbon isotope composition along an arid
and semi-arid grassland transect in northern China. J. Plant Ecol. 9, 576–585.
doi: 10.1093/jpe/rtw006

Wang, J., and Wen, X. (2022). Divergence and conservative of stomatal
conductance in coexisting species in response to climatic stress in Tibetan Plateau.
Ecol. Indic. 138,108843. doi: 10.1016/j.ecolind.2022.108843

Wang, J., Wen, X., Zhang, X., and Li, S. (2018). The strategies of water–
carbon regulation of plants in a subtropical primary forest on karst

soils in China. Biogeosciences 15, 4193–4203. doi: 10.5194/bg-15-4193-
2018

Wang, J., Wen, X. F., Lyu, S. D., and Guo, Q. J. (2021). Transition in
multi-dimensional leaf traits and their controls on water use strategies of co-
occurring species along a soil limiting-resource gradient. Ecol. Indic. 128,107838.
doi: 10.1016/j.ecolind.2021.107838

Wright, I. J., Dong, N., Maire, V., Prentice, I. C., Westoby, M., Diaz,
S., et al. (2017). Global climatic drivers of leaf size. Science 357,917–21.
doi: 10.1126/science.aal4760

Wright, I. J., Reich, P. B., and Westoby, M. (2003). Least-cost input mixtures of
water and nitrogen for photosynthesis. Am. Nat. 161, 98–111. doi: 10.1086/344920

Wu, J., Chavana-Bryant, C., Prohaska, N., Serbin, S. P., Guan, K. Y., Albert,
L. P., et al. (2017). Convergence in relationships between leaf traits, spectra and
age across diverse canopy environments and two contrasting tropical forests. New
Phytol. 214, 1033–1048. doi: 10.1111/nph.14051

Yao, J. Y., Liu, H. P., Huang, J. P., Gao, Z. M., Wang, G. Y., Li, D., et al. (2020).
Accelerated dryland expansion regulates future variability in dryland gross primary
production. Nat. Commun. 11,10. doi: 10.1038/s41467-020-15515-2

Yin, Q., Wang, L., Lei, M., Dang, H., Quan, J., Tian, T., et al. (2018).
The relationships between leaf economics and hydraulic traits of woody
plants depend on water availability. Sci. Total Environ. 621, 245–252.
doi: 10.1016/j.scitotenv.2017.11.171

Yue, P., Zhang, Q., Zhang, L., Li, H. Y., Yang, Y., Zeng, J., et al. (2019).
Long-term variations in energy partitioning and evapotranspiration in a semiarid
grassland in the Loess Plateau of China. Agric. For. Meteorol. 278,107671.
doi: 10.1016/j.agrformet.2019.107671

Zhang, J., He, N., Liu, C., Xu, L., Chen, Z., Li, Y., et al. (2019). Variation and
evolution of C:N ratio among different organs enable plants to adapt to N-limited
environments. Glob. Change Biol. 26, 2534–2543. doi: 10.1111/gcb.14973

Zheng, S. X., and Shangguan, Z. P. (2007). Spatial patterns of foliar stable carbon
isotope compositions of C-3 plant species in the Loess Plateau of China. Ecol. Res.
22, 342–353. doi: 10.1007/s11284-006-0024-x

Zhu, J. T., Jiang, L., Zhang, Y. J., Jiang, Y. B., Tao, J., Tian, L., et al. (2015). Below-
ground competition drives the self-thinning process of Stipa purpurea populations
in northern Tibet. J. Veg. Sci. 26, 166–174. doi: 10.1111/jvs.12207

Frontiers in Plant Science 12 frontiersin.org

113

https://doi.org/10.3389/fpls.2022.909603
https://doi.org/10.1111/gcb.13911
https://doi.org/10.1111/gcb.14311
https://doi.org/10.1007/s004420000466
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1093/aob/mcab106
https://doi.org/10.1088/1748-9326/abe3bb
https://doi.org/10.1007/s00468-015-1240-1
https://doi.org/10.1093/jpe/rtw006
https://doi.org/10.1016/j.ecolind.2022.108843
https://doi.org/10.5194/bg-15-4193-2018
https://doi.org/10.1016/j.ecolind.2021.107838
https://doi.org/10.1126/science.aal4760
https://doi.org/10.1086/344920
https://doi.org/10.1111/nph.14051
https://doi.org/10.1038/s41467-020-15515-2
https://doi.org/10.1016/j.scitotenv.2017.11.171
https://doi.org/10.1016/j.agrformet.2019.107671
https://doi.org/10.1111/gcb.14973
https://doi.org/10.1007/s11284-006-0024-x
https://doi.org/10.1111/jvs.12207
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


fpls-13-990441 August 4, 2022 Time: 15:59 # 1

TYPE Original Research
PUBLISHED 10 August 2022
DOI 10.3389/fpls.2022.990441

OPEN ACCESS

EDITED BY

Peijian Shi,
Nanjing Forestry University, China

REVIEWED BY

Yu Tao,
Beijing Forestry University, China
Wenchen Song,
Minzu University of China, China
Zhuoya Zhang,
Southwest Forestry University, China

*CORRESPONDENCE

Jie Gao
jiegao@pku.edu.cn

†These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Functional Plant Ecology,
a section of the journal
Frontiers in Plant Science

RECEIVED 10 July 2022
ACCEPTED 22 July 2022
PUBLISHED 10 August 2022

CITATION

Wang J, Wang X, Ji Y and Gao J (2022)
Climate factors determine
the utilization strategy of forest plant
resources at large scales.
Front. Plant Sci. 13:990441.
doi: 10.3389/fpls.2022.990441

COPYRIGHT

© 2022 Wang, Wang, Ji and Gao. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided
the original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

Climate factors determine the
utilization strategy of forest
plant resources at large scales
Jiangfeng Wang1†, Xianxian Wang1†, Yuhui Ji1† and Jie Gao1,2*
1College of Life Sciences, Xinjiang Normal University, Ürümqi, China, 2Key Laboratory of Earth
Surface Processes of Ministry of Education, College of Urban and Environmental Sciences, Institute
of Ecology, Peking University, Beijing, China

Plant functional traits are a representation of plant resource utilization

strategies. Plants with higher specific leaf area (SLA) and lower leaf dry

matter content (LDMC) exhibit faster investment-return resource utilization

strategies. However, the distribution patterns and driving factors of plant

resource utilization strategies at the macroscale are rarely studied. We

investigated the relative importance of climatic and soil factors in shaping

plant resource utilization strategies at different life forms in forests using

data collected from 926 plots across 163 forests in China. SLA and LDMC of

plants at different life forms (i.e., trees, shrubs, and herbs) differ significantly.

Resource utilization strategies show significant geographical differences, with

vegetation in the western arid regions adopting a slower investment-return

survival strategy and vegetation in warmer and wetter areas adopting a faster

investment-return survival strategy. SLA decreases significantly with increased

temperature and reduced rainfall, and vegetation growing in these conditions

exhibits conservative resource utilization. Mean annual precipitation (MAP) is a

key climatic factor that controls the resource utilization strategies of plants at

the macroscale. Plants use resources more conservatively as soil pH increases.

The influence of climate and soil factors is coupled to determine the resource

utilization strategies of plants occupying different life forms at the macroscale,

but the relative contribution of each varies across life forms. Our findings

provide a theoretical framework for understanding the potential impact of

increasing global temperatures on plant resource utilization.

KEYWORDS

resource utilization strategies, vertical levels of communities, climatic factors, soil
nutrient factors, macroscale

Introduction

Plant functional traits are physiological and morphological characteristics
of plants that respond to environmental changes, significantly affecting
the function of forest ecosystems (Cappelli et al., 2020; Li X. et al., 2021;
Weemstra et al., 2021). Specific leaf area (SLA) and leaf dry matter content
(LDMC) are significantly correlated with particular plant resource utilization
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strategies and are extremely sensitive to climate change (Kattge
et al., 2020). SLA is the leaf area per unit of dry leaf
mass (Worthy et al., 2020) which, to some extent, reflects
the ability of plant leaves to capture light energy under
different environmental conditions. SLA also reflects the
survival strategy adopted by plants to maximize carbon capture
and is positively correlated with potential growth rate and
maximum photosynthetic rate (Liu et al., 2018). Plants living
in barren, high-temperature, and arid environments allocate
more resources to enhance the dry matter content of foliage,
which buttresses leaves against adverse conditions. At the same
time, plants growing in these environments reduce SLA and
photosynthetic rate to prolong leaf lifespan (Dwyer et al., 2014;
Gong and Gao, 2019). LDMC is the ratio of leaf dry weight to
fresh weight, which measures vegetation’s response to aridity
and is closely related to the leaf water holding capacity (Smart
et al., 2017). Smaller cell gaps and higher diffusion resistance in
plants reduce leaf transpiration and total respiration, resulting
in increased LDMC (Baribault et al., 2010). Studies have shown
that plants with high SLA and low LDMC access resources
more easily (Siefert and Ritchie, 2016), allowing for a faster
investment-return survival strategy.

Plants adapt to local environmental conditions by
modulating leaf functional traits to regulate their capacity to
assimilate carbon and obtain nutrients (Yin et al., 2018). Mean
annual precipitation (MAP) and mean annual temperature
are the climate factors with the greatest impact on SLA (He
et al., 2010), and both are strongly positively correlated to
SLA (Firn et al., 2019). When rainfall is low, plant LDMC
increases, reflecting vegetation’s investment in leaf construction
to improve survival odds (Jiang et al., 2017). Increases in
precipitation result in enrichment of the soil solution in
dissolved salts, which changes soil conductivity. Overall,
increased precipitation supports plant growth due to its
association with increased SLA, transpiration rate, and net
photosynthetic rate and a decrease in LDMC (Pietsch et al.,
2014; Gong and Gao, 2019). Plants with high LDMC conserve
water more efficiently due to lower rates of transpiration
(Suter and Edwards, 2013). Temperature and precipitation
jointly determine the resource acquisition and utilization
trade-offs of plant leaves. Within a given forest community,
differences in vegetation type (i.e., tree, shrub, or herb) and
nutrient uptake strategies make it difficult to determine
the resource utilization strategies employed by different
groups (Poorter et al., 2009). Therefore, it is particularly
important to quantify the macroscale effects of climate
factors on SLA and LDMC of plants occupying different life
forms in forests.

The availability of soil nutrients influences spatiotemporal
patterns of leaf functional traits as well as plant resource
utilization (Newsham et al., 2016; Huang et al., 2021). Total
nitrogen content and the ratio of carbon to nitrogen are
positively correlated with SLA and negatively correlated with

LDMC (Hodgson et al., 2011). The effects of N limitation on
plant growth are mitigated in soils enriched in N, thereby
increasing SLA and LDMC (Wang et al., 2022). The availability
of phosphorus in the soil is pH-dependent and, under acidic
conditions, plants can rapidly access P to maximize growth.
They also tend to have higher SLA and lower LDMC (Tao et al.,
2019). Though soil nutrients have an effect on plant growth, the
main drivers affecting leaf resource utilization strategies have
not yet been identified (Cochrane et al., 2016; Poorter et al.,
2019).

Leaf functional traits indicate the survival strategies
of plants under various environmental conditions (Li X.
et al., 2021). Environmental variation is also reflected in the
trade-offs between plant access and utilization of resources,
with significant differences in resource utilization strategies
appearing across environmental gradients (Storkey and
Macdonald, 2022). Characteristics of community system
diversity make community trait variation a more effective
indicator of plant responses to environmental change than
species traits alone (Poorter et al., 2009), which ignore
interspecific interactions (Taylor et al., 2015). In general,
community functional traits are a better indicator of the ability
of plants to access resources than the traits of individual
species (Liu et al., 2021). At the community level, the resource
utilization strategies of plants occupying different life forms
are significantly different (Cheng et al., 2022). When shrubs
and herbs are shaded, they adopt a faster investment-return
survival strategy by increasing SLA to produce more organic
matter through more efficient light interception and enhanced
photosynthetic rates (Rüger et al., 2012). In contrast, if the
leaves of trees receive significant sunlight, intense respiration
drives dry matter depletion, resulting in reduced LDMC. When
exposed to continuous light, plants must decrease SLA to lower
synthetic rate in order to minimize damage caused by solar
radiation (Li Y. et al., 2021). SLA reduction is a survival strategy
that allows plants to better capture light energy and increase
LDMC to prolong leaf lifespan (Liu et al., 2018).

Numerous studies have found that plant resource utilization
strategies are complex due to their regulation by a combination
of environmental factors (Huang et al., 2021; Wang et al., 2022).
Exploring the distribution patterns of key leaf functional traits
at large scales is of great ecological importance to quantify the
effects of environmental conditions on plant resource utilization
strategies (Li et al., 2022). Based on field survey data from 163
sites in China, we sought to identify the key drivers affecting
leaf resource utilization strategies at different vegetative levels
in forest communities. We propose the following hypotheses:
(1) at the macroscale, plant resource acquisition strategies
vary between life forms; (2) average annual precipitation is
the dominant factor affecting the resource utilization strategy
of plants at different life forms; and (3) climatic conditions
are the dominant environmental factors affecting leaf resource
acquisition strategies at different life forms.
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Materials and methods

Study area and sample data

China has a vast territory and diverse climate, with 23%
of its area covered by a rich and diverse array of forest
ecosystem types. Using 926 forest plots from 163 sites in China
surveyed between 2005 and 2020 (Supplementary Figure 1),
we explored the spatial distribution patterns and driving factors
driving resource utilization strategies at different life forms
of forest communities. Forest communities are divided into
tree, shrub, and herb levels according to species composition,
structure, and production, with each plant having its life form,
and vertical differentiation provides a good indication of the
community’s adaptation to environmental conditions (Latham
et al., 1998). We randomly selected at least four representative
sample plots at each site and recorded the longitude, latitude,
and altitude of each plot. Our study sites ranged from 19.1◦N
to 53.5◦N, from 79.7◦E to 129.3◦E, and altitudes ranged
from 1 to 4,000 m.

Functional data

Leaf traits are widely used to indicate the adaptation of
plants to their environment (Yu et al., 2022). The functional
traits selected were SLA and LDMC, which are closely
related to light interception, resource utilization, growth, and
development of plants (Brun et al., 2022).

The experiment used the Japanese Cano Scan LIDE
110 portable leaf area meter to measure the area of fresh
single leaf leaves after petiole removal. The fresh leaf
weight was measured by electronic balance (accuracy
of 0.0001 g), and then the fresh leaves were placed
in a drying box at 105◦C for 15 min, after which the
temperature was reduced to 60◦C for 48 h. The leaf
dry weight was measured by weighing with a 1/10,000
electronic balance after drying at (Nanes, 2015). SLA
(m2/kg) = leaf area/leaf dry weight; LDMC (g/g) = leaf dry
weight/leaf fresh weight.

Functional traits vary between individuals due to intra- and
inter-specific competition (Taylor et al., 2015). Thus, we used
the community weighted mean trait (CWMi) to represent the
average trait value of the forest.

CWMi =

∑n
i Di × Trait∑n

i Di
(1)

where CWMi represents the weighted characteristic values of
the functional traits of the community and Di represents the
abundance of the dominant tree species. Traiti represents the
selected functional traits.

Environmental data

The study found that plant resource utilization strategies
are related to climate (Wang and Ali, 2021). Mean annual
temperature (MAT), mean coldest monthly temperature
(MCMT), mean warmest monthly temperature (MWMT),
and (MAP) were extracted from the WorldClim global
climate database at a spatial resolution of 1 km. Light is a key
environmental factor affecting photosynthesis (Kramer, 1981),
and we hypothesized that both annual sunshine duration (ASD)
and mean annual evaporation (MAE) may be key predictors
affecting plant resource utilization strategies. Both ASD and
MAE were extracted from the Meteorological Data Center of
the China Meteorological Administration.1

Soil conditions in different areas may potentially affect plant
resource utilization strategies, so We extracted soil pH, soil
N,2 and soil P3 data from a 250 m resolution grid in the top
30 cm soil level.

Data analysis

The SLA and LDMC data we studied fit a continuous normal
distribution. We used a significant difference test at the 0.05
significance level to test for significant differences between SLA
and LDMC in the trees, shrubs, and herbs (Figure 2). Significant
difference testing was performed using the R package agricolae
(version 4.1.0, R Core Team, 2020).

The contribution of environmental factors to spatial
variation within SLA and LDMC was investigated using a
linear regression model. R2 represents the goodness of fit of
the model. Linear regression using the R package lme4 (R
Core Team, 2020).

Generalized additive models (GAMs) were used to evaluate
the effects of various environmental factors on net primary
productivity (NPP); this approach utilizes both parametric and
non-parametric components to reduce model risks inherent to
linear models (Zou et al., 2017). First, key environmental factors
were selected using GAMs with a significance level of 0.05. Next,
a single GAM was constructed to model how environmental
factors were related to NPP; relationships were then visualized
in a non-metric multidimensional scaling analysis (NMDS)
(Sweeney et al., 2021). The model can be summarized as:

g[E(Y|X)] =
∑

i

βiXi+
∑

j

fi(Xi)+ ε (2)

where g(•) represents the link function, of which the specific
form depends on the Y variable distribution. ε is the random

1 https://data.cma.cn/

2 http://www.csdn.store

3 https://www.osgeo.cn/data/wc137
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FIGURE 1

The distribution pattern of SLA and LDMC at different life forms in China, with a spatial resolution of 1 × 1 km, was studied by kernel density
estimation. (A) SLA for trees; (B) SLA for shrubs; (C) SLA for herbs; (D) LDMC for trees; (E) LDMC for shrubs; (F) LDMC for herbs.

FIGURE 2

(A) Variability of SLA among trees, shrubs, and herbs; (B) variability of LDMC among trees, shrubs, and herbs. **Represents P < 0.01,
****represents P < 0.0001.
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FIGURE 3

(A) General linear relationship between MAT and SLA of plants in the trees, shrubs, and herbs; (B) general linear relationship between MCMT and
SLA of plants in the trees, shrubs, and herbs; (C) general linear relationship between MWMT and SLA of plants in the trees, shrubs, and herbs; (D)
general linear relationship between MAP and SLA of plants in the trees, shrubs, and herbs; (E) general linear relationship between ASD and SLA
of plants in the trees, shrubs, and herbs; (F) general linear relationship between MAE and SLA of plants in the trees, shrubs, and herbs.

error term; when a normal distribution function and identity-
link are used, the errors are also normal. The link function
is of the form g (u) = u, u = E (Y | X), E(ε | X) = 0. Xi is
the explanatory variable, βi is its corresponding parameter, and
fj(•) is a non-parametric smoothing function corresponding to
the explanatory variable Xj. Here, a spline smoothing function
S(•) (thin plate spline) was selected for function fitting between
different nodes, and the penalty least square method was used to
estimate each smoothing function S (•).

Results

Patterns of resource utilization
strategies at different life forms in
China

The resource utilization strategies of plants classified
as trees, shrubs, and herbs show significant geographical
differences but are highly consistent across similar latitude and
longitude (Figure 1). As latitude and longitude increase, plant
life strategy gradually changes from faster investment-return

to slower investment-return, with SLA increasing from west
to east and LDMC increasing from northeast to southwest
at different verticals levels. Plants in the high mountains
and high-altitude areas of the southwest tend to adopt a
more conservative resource access strategy, while plants in the
northeast obtain large amounts of available resources in the
short term by improving SLA.

Differences in utilization strategies of
plant resources at different life forms

The SLA and LDMC of plants at different life forms show
significant differences (∗, P < 0.05). Among the three life
forms, shrub SLA and tree LDMC were higher (Figure 2).
Moving across vegetation type from tree to shrub to herb,
resource utilization strategies vary, gradually shifting from
a slower (i.e., conservative) to a faster investment-return
strategy. Shrub SLA was significantly higher than herb SLA,
which was significantly higher than tree LDMC (Figure 2A).
Tree LDMC was significantly higher than that of herbs and
shrubs (Figure 2B).

Frontiers in Plant Science 05 frontiersin.org

118

https://doi.org/10.3389/fpls.2022.990441
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-990441 August 4, 2022 Time: 15:59 # 6

Wang et al. 10.3389/fpls.2022.990441

FIGURE 4

(A) General linear relationship between MAT and LDMC of plants in the trees, shrubs, and herbs; (B) general linear relationship between MCMT
and LDMC of plants in the trees, shrubs, and herbs; (C) general linear relationship between MWMT and LDMC of plants in the trees, shrubs, and
herbs; (D) general linear relationship between MAP and LDMC of plants in the trees, shrubs, and herbs; (E) general linear relationship between
ASD and LDMC of plants in the trees, shrubs, and herbs; (F) general linear relationship between MAE and LDMC of plants in the trees, shrubs,
and herbs.

Effects of environmental factors on
plant resource utilization strategies at
different life forms

SLA is positively correlated with MAP (P < 0.05) and
negatively correlated with MAT, MCMT, ASD, and MAE across
all vegetation types (Figures 3A–F). With increasing MAP,
both SLA and tree LDMC increases, while SLA increases and
LDMC decreases among herbs and shrubs (Figures 3D, 4D).
The LDMC of herbs and shrubs increased significantly with
increasing ASD (Figure 4E) and tree LDMC decreased
significantly with increasing MAE (Figures 4D,F). Under better
hydrothermal conditions, plants across life forms shift to a
faster investment-return survival strategy, while plants exhibit a
more conservative survival strategy as MAE and MAT increase.
Of all the climatic factors, (Figure 3A–F, Figure 4A–F) ASD
predicted SLA better for the trees and shrubs (R2 = 0.25, 0.29,
P < 0.001; Figure 3E) and MAP predicted LDMC best for the
trees (R2 = 0.13, P < 0.001; Figure 4D).

SLA is negatively correlated with soil pH at different life
forms (Figure 5C), while LDMC increases with soil pH, with
plants adopting a more conservative survival strategy. Tree

and herb SLA and LDMC increase with increasing soil N and
P, while shrubs exhibit increased SLA and decreased LDMC
(Figures 5A,B,D,E). With increasing soil nutrients, plants
switch to a faster investment-return survival strategy. Of all
the soil nutrient factors, SLA was best predicted by soil pH for
shrubs and trees (R2 = 0.27, P < 0.001; Figure 5A–F).

Effects of environmental factors on
changes in plant resource utilization
strategies in different communities

We further analyzed the effects of environmental factors on
SLA and LDMC at different life forms based on a generalized
additive model (GAM) with non-metric multidimensional
scaling (NMDS) ranking (Figure 6A–I; Figure 7A–I). Soil
nutrient factors explained the variation in resource utilization
strategies of plants at the tree level (Figure 6A, de = 19.0%;
Figure 7A, de = 22.1%), while climatic factors best explained
herb and shrub strategies (Figures 6E,F, de = 38.5%, 28%;
Figures 7E,F, de = 12.2%, 27.7%). Climate and soil nutrient
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FIGURE 5

(A)General linear relationship between Soil N and SLA of plants in the trees, shrubs, and herbs; (B) general linear relationship between Soil P and
SLA of plants in the trees, shrubs, and herbs; (C) general linear relationship between Soil pH and SLA of plants in the trees, shrubs, and herbs; (D)
general linear relationship between Soil N and LDMC of plants in the trees, shrubs, and herbs; (E) general linear relationship between Soil P and
LDMC of plants in the trees, shrubs, and herbs; (F) general linear relationship between Soil pH and LDMC of plants in the trees, shrubs, and herbs.

factors jointly shape the variation in SLA and LDMC of plants
at different life forms.

Discussion

Significant differences exist among plant resource
utilization strategies at different life forms in the forest
community (Li Y. et al., 2021). SLA of understory plants is
significantly higher than that of canopy plants and LDMC
is significantly higher in canopy plants than in understory
plants (Treml et al., 2019). There is a significant negative
correlation between SLA and LDMC (Worthy et al., 2020).
Shrubs and herbs, which are affected by the shading of
tree foliage, adapt to low light conditions by increasing
leaf area and SLA to capture more light energy, adopting
a faster investment-return resource utilization strategy
(Rüger et al., 2012).

There is a trade-off between leaf lifespan and photosynthetic
productivity in plants (Yin et al., 2018). Understory plants
increase photosynthetic efficiency at the expense of leaf lifespan,
increasing SLA and reducing LDMC as the dry matter content
of leaves decreases (Kröber et al., 2015). Due to the differences

between species, herb plants are more adapted to understory
shady environments, and the increase in SLA will be less than
that of shrubs (Ma et al., 2021). Though tree leaves intercept light
energy efficiently, their stomata close because of continuous
and intense solar radiation. To reduce water loss due to
transpiration, vegetation belonging to this life form enhance the
amount of dry matter contained in their leaves (Baribault et al.,
2010). Thus, the slower investment-return resource utilization
strategy of tree leaves results in higher LDMC.

Habitat heterogeneity significantly affects the resource
utilization strategy of plants (Guimarães et al., 2020). The
SLA of plants at different life forms increases significantly
with increasing longitude, while the LDMC increases with
increasing latitude. From north to south and from west
to east, precipitation and temperature increase (Wu et al.,
2019). When plants experience water stress due to reduced
precipitation, they close their stomata, reduce SLA, and
compact their mesophyll cells to reduce water diffusion. These
strategies enhance the amount of water retained in leaves, and
high plant resource retention represents high plant survival
(Galmés et al., 2013). The SLA of plant communities was
significantly positively correlated with precipitation (Anderson
et al., 2020). Similarly, temperature is an important factor
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FIGURE 6

NMDS ranking of climatic and soil factors with different life forms of SLA. (A) NMDS ranking of soil factors with tree lSLA; (B) NMDS ranking of
soil factors with shrub SLA; (C) NMDS ranking of soil factors with herb SLA; (D) NMDS ranking of climatic factors with tree SLA; (E) NMDS ranking
of climatic factors with shrub SLA; (F) NMDS ranking of climate factors and herb SLA; (G) NMDS ranking of the sum of soil factors and climate
factors and tree SLA; (H) NMDS ranking of the sum of soil factors and climate factors and shrub SLA; (I) NMDS ranking of the sum of soil factors
and climate factors and herb SLA. Trait stacking indicates that abiotic factors, indicated by points on the NMD, are associated with higher or
lower trait values, consistent with a colored trait gradient. Note that if the relationship between SLA and abiotic factors is linear, the gradient
splines are parallel. Non-linear relationships between SLA and abiotic factors are represented by curve splines.

in the spatial and temporal distribution of plant resource
utilization strategies, as it directly affects the activity of enzymes
associated with photosynthesis and respiration (Descombes
et al., 2020). Previous research has shown that, under low
temperatures, plants adopt a slower investment-return strategy,
reducing SLA and increasing LDMC to devote more dry
matter to improving freezing tolerance. Similarly, under
conditions high temperature and intense solar radiation, plants
must increase dry matter and reduce SLA to reduce the
photosynthetic rate and prevent water evaporation (Coble and
Cavaleri, 2015). Trees in China are concentrated in southern
regions where precipitation is high, and shrubs and herbs
are concentrated in arid, semi-arid, and alpine high-altitude
mountainous areas in the northwest (Zhao and Wu, 2014).
This distribution explains the increasing trend of SLA and

LDMC with increasing latitude and longitude (Tian et al.,
2016). Herb and shrub LDMC decreases with MAP and in
herb and shrub levels increases with ASD because understory
growth is limited by the amount of light penetrating the canopy.
Higher ASD raises ambient forest temperatures, but it also
increases the amount of light energy reaching the understory,
enhancing rates of photosynthesis. As ASD increases, so does
LDMC as foliage accumulates dry matter, strengthening leaf
structures (e.g., cell walls and microtubules) and prolonging
leaf lifespan (Cheng et al., 2016). Excessive rainfall decreases
soil conductivity and photosynthetically effective radiation,
and understory herbs and shrubs in low light and rainy
conditions tend to increase SLA and decrease LDMC to
maximize resource access (Kröber et al., 2015). Therefore, at the
community level, hydrothermal conditions (especially MAP) are
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FIGURE 7

NMDS ranking of climatic and soil factors with different life forms of LDMC. (A) NMDS ranking of soil factors with tree LDMC; (B) NMDS ranking
of soil factors with shrub LDMC; (C) NMDS ranking of soil factors with herb LDMC; (D) NMDS ranking of climatic factors with tree LDMC;
(E) NMDS ranking of climatic factors with shrub LDMC; (F) NMDS ranking of climate factors and herb LDMC; (G) NMDS ranking of the sum of soil
factors and climate factors and tree LDMC; (H) NMDS ranking of the sum of soil factors and climate factors and shrub LDMC; (I) NMDS ranking
of the sum of soil factors and climate factors and herb LDMC. Trait stacking indicates that abiotic factors, indicated by points on the NMD, are
associated with higher or lower trait values, consistent with a colored trait gradient. Note that if the relationship between LDMC and abiotic
factors is linear, the gradient splines will be parallel. Non-linear relationships between LDMC and abiotic factors are represented by curve splines.

the principal factors driving plant resource utilization strategies
(He et al., 2010).

Soil provides most of the nutrients required for plant
growth, and soil nutrients are closely related to plant leaf
resource utilization strategies (Gao et al., 2019). N and P are
nutrients that are not only important for photosynthesis but
that are also components of biomolecules such as nucleic acids
and proteins (Yang et al., 2017). Soil N and P content directly
affect plant leaf N (LN) and leaf P (LP) content, and LN and
LP contribute to plant productivity and photosynthesis. Higher
LN enhances the efficiency of carbon dioxide (CO2) and N
absorption, and higher LN is strongly correlated with improved
stomatal conductance (Goedhart et al., 2010). The higher SLA of
plants growing in high nutrient environments facilitates rapid
access to soil resources; thus SLA is positively correlated with
soil N and P content and negatively correlated with soil pH

(Hodgson et al., 2011). This is consistent with our findings that
tree, shrub, and herb SLA increases with increasing soil N and
P content and decreases with increasing soil pH. The LDMC of
plants in different life forms also increases with increasing soil
N and P but, unlike SLA, LDMC also increases with soil pH.
Other experiments have also shown that SLA, LN, and LP are
lower and LDMC is higher in green leaves at higher pH (Tao
et al., 2019), lending further support to the claim that plants
growing in acidic conditions exhibit a slower investment-return
survival strategy. Soil organic matter content is significantly and
positively correlated with the resource utilization strategies of
plants at different life forms (Niu et al., 2020).

Plant resource utilization strategies are influenced by
environmental conditions, with temperature, precipitation, and
soil nutrients acting together to influence plant leaf traits (Goll
et al., 2017). Generalized additive model analysis shows that
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SLA and LDMC across all life forms are mainly affected by
soil nutrient factors, with climatic factors playing a key role in
shaping the pattern of SLA and LDMC in the shrub and herb
levels. Plants with higher SLA have a faster investment-return
survival strategy, with efficient water and nutrient utilization
supporting rapid growth (Pietsch et al., 2014). Higher LDMC
in plants is associated with reduced leaf water holding capacity
(Yu et al., 2009) and slower growth. Soil nutrient status, lower
nutrient uptake and leaf water holding capacity, and low SLA
and high LDMC of vegetation’s topmost foliage is particularly
critical for trees compared to shrubs and herbs factors on trees
are particularly critical. In contrast, shrubs and herbs are more
affected by light vs. shade.

Across vegetation types, differences in SLA and LDMC are
primarily driven by hydrothermal conditions. Precipitation can
accelerate the leaching and transformation of soil nutrients,
while temperature provides a suitable environment for soil
microorganisms to better decompose soil organic matter
(Gao et al., 2021). Studies have found that soil nutrients
are the main factors affecting plant resource utilization
strategies, while the availability of soil nutrients depends
on climatic factors and soil microorganisms (Jiao, 2021).
Climate can directly act on soil nutrients and dominate plant
resource utilization strategies. The significant differences in
plant resource utilization strategies at different life forms
of the community imply that plants have different growth
strategies in response to different environmental factors
(Madani et al., 2017). Thus, soil nutrient and climate factors
combine to affect the distribution of resource utilization
strategies associated with trees, shrubs, and herbs, and the
contribution of climatic factors was greater than that of soil
nutrient factors.

Conclusion

We used 926 forest plots from 163 sites in China
surveyed between 2005 and 2020 to verify the driving effects
of climatic and soil nutrient factors on forest resource
utilization strategies. Our results show significant differences
in the resource utilization strategies of plants classified as
trees, shrubs, and herbs. Plants in the herb and shrub
layers will mostly adopt a faster investment-return strategy,
while plants at the tree level will choose to adapt to
their environment in a more conservative way. MAP is
a key factor in shaping the spatial pattern of resource
utilization strategies of plants at different life forms. Both
climate and soil significantly affect plant resource access
and utilization strategies, but the relative contribution of
climate factors is greater than that of soil nutrient factors.
In the context of global environmental change, this study
provides a theoretical framework for understanding the resource
utilization strategies of plants.
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Changes in net primary productivity (NPP) to global change have been studied,

yet the relative impacts of global change on grassland productivity at large

scales remain poorly understood. Using 182 grassland samples established in

17 alpine meadows (AM) and 21 desert steppes (DS) in China, we show that

NPP of AM was significantly higher than that of DS. NPP increased significantly

with increasing leaf nitrogen content (LN) and leaf phosphorus content (LP)

but decreased significantly with increasing leaf dry matter content (LDMC).

Among all abiotic factors, soil nutrient factor was the dominant factor

affecting the variation of NPP of AM, while the NPP of DS was mainly

influenced by the changing of precipitation. All abiotic factors accounted for

62.4% of the spatial variation in the NPP of AM, which was higher than the

ability to explain the spatial variation in the NPP of DS (43.5%). Leaf traits

together with soil nutrients and climatic factors determined the changes of

the grassland productivity, but the relative contributions varied somewhat

among different grassland types. We quantified the effects of biotic and abiotic

factors on grassland NPP, and provided theoretical guidance for predicting the

impacts of global change on the NPP of grasslands.

KEYWORDS

grassland productivity, leaf traits, climate change, soil nutrients, desert steppe

Introduction

Grassland accounts for about a quarter of the global land area and is an important
component of the terrestrial ecosystem (Pecina et al., 2019). Grasslands can not only
effectively contributes to the global carbon cycle, but also plays a key role in regulating
climate and soil conservation (Wang et al., 2019; Zhang et al., 2020). Grassland
ecosystems are monospecific and structurally simple, making them more climate-
sensitive than forest ecosystems (Liang and Gornish, 2019). Different types of grasslands
(such as meadow steppe, typical steppe, desert steppe, and alpine steppe) also have
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obvious differences in ecosystem functions. Therefore, it is
of great significance for us to investigate how environmental
factors affect the functions of various grasslands in the context
of global change (Anderegg et al., 2015; Seddon et al., 2016).

Net primary productivity (NPP) reflects the amount of
carbon fixed by photosynthesis in a certain ecosystem per unit
of time and space (Gang et al., 2018). NPP represents the energy
that plants can use for growth, development, and reproduction,
and is also the material basis for the survival and reproduction
of biological groups (Sun and Du, 2017). Numerous studies have
found that biological and abiotic factors jointly determine the
temporal and spatial changes of NPP in grassland ecosystems
(Shi et al., 2022). For example, Henry et al. (2018) found
that precipitation controlled the spatio-temporal variation of
grassland NPP, while Gong H. et al. (2020) believed that the
availability of soil N and P content were the key factors that
shaping the distribution pattern of grassland NPP. In recent
years, with the development of functional trait research, leaf
traits were widely used to predict the changes of NPP (Forrestel
et al., 2017; Li et al., 2020; Schrader et al., 2021; Jiao et al., 2022).
There remains no consensus on the dominant factors of spatial-
temporal variation in grassland NPP (Henry et al., 2018; Wei
et al., 2020).

Alpine meadows (AM) are mainly distributed in the
alpine plateau region, which located at higher altitude regions.
While desert steppes (DS) are mainly located in temperate
regions with little mean annual precipitation (MAP) and are
mainly distributed in northwest China (Zhou et al., 2020).
Environmental factors driving the NPP of various grasslands
vary considerably due to the difference in hydrothermal
conditions and the altitude at which they are located (Sun et al.,
2021). Drought stress significantly affects the photosynthesis
and metabolism of the plants in DS (Grilli et al., 2017), therefore,
precipitation is a key limiting factor of the NPP in DS. With
the decline in MAP, the NPP of the DS decreased significantly
(Chen et al., 2022). However, many studies have found that
rainfall does not directly affect plant metabolism, but further
influences plant uptake of soil nutrients by acting on soil
microbial respiration and accelerating soil nutrient leaching
and transformation (Gao et al., 2021). Soil is the direct living
environment for plants. Plants absorb water and nutrients
from the soil for photosynthesis. Soil nutrients control the
photosynthesis of grass plants and affect the NPP of grasslands
(Wieder et al., 2015). Soil N content can mitigate the effects
on desert grassland NPP due to reduced precipitation, while
soil P content is an essential element for plant energy transfer
(Baldarelli et al., 2021), and soil pH represents soil fertility,
which is a key soil factor to maintain NPP in desert grassland
ecosystem (Zhang et al., 2021). Plants adapt to climate change
by altering their traits (Wang et al., 2017b). Plants adapt to
drought stress by reducing the leaf dry matter content (LDMC)
and increased the leaf nitrogen content (LNC; Mahaut et al.,
2020). Plants with lower specific leaf area (SLA) had a stronger

ability to retain water and generally have a longer life span (Gong
and Gao, 2019; Luo et al., 2020).

Compared with the DS, the structure and function of the
AM are more sensitive to climate change (Pries et al., 2017).
Zhang et al. (2019) found that light intensity significantly affects
the NPP of the AM through the brightening experiment. NPP
of the AM is also limited by low temperature and has no
significant relationship with precipitation (Pan et al., 2021). Leaf
traits represent the adaptability of alpine grassland function to
low temperature, and plants with smaller leaf area (LA) are
better able to avoid frost and heat damage (Dong et al., 2017).
LN and LP are essential for plant growth and development
(Heineman et al., 2016), and grassland NPP largely depends
on plant availability to nitrogen and phosphorus (Wieder et al.,
2015). LDMC is also closely related to grassland NPP, and Xu
et al. (2018) found that grassland NPP is positively correlated
with LDMC. The spatio-temporal variation of NPP of different
grassland types is mainly influenced by a combination of
environmental and biological factors, but there remains no
consensus on the relative contribution of these factors (Gong
Y. H. et al., 2020; Jochum et al., 2020; Shi et al., 2020).

Based on the field data from 182 grasslands in 17 AM and
21 DS in China, we sought to identify the main drivers of
NPP in different grassland ecosystems. To answer this question,
we proposed the following hypotheses: (1) The NPP of AM
is significantly higher than DS. (2) Precipitation is the driving
factor of NPP of DS, while NPP of AM is the combined effect
of precipitation and temperature. (3) Climate factors are the key
environmental factors dominating NPP of AM and that of DS,
however, soil nutrient factors also play a non-negligible role.

Materials and methods

Study area and plot description

China has a vast territory and a diverse climate, with
possesses many types of grasslands. These grasslands are mainly
distributed in arid and semi-arid areas in northern China and
the Qinghai-Tibet Plateau (Yu et al., 2021; Shen et al., 2022).
The large spatial scale and the richness of climate types provide
conditions for exploring the spatio-temporal variation of NPP
of grasslands (Huang et al., 2021). The study used data from 182
grasslands in 17 AM in the southwest region and 21 DS in the
north central region in China (Figure 1A). Our study sites range
in latitude from 19.1◦ to 53.5◦ north and longitude from 79.72◦

to 121.1◦ east, with elevations ranging from 13 to 5,000 m.

Community leaf traits data

Leaf traits are widely used to detect the adaptability of
plants to the living environment (Hikosaka et al., 2021). The
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FIGURE 1

Comparison of the variability of different grassland NPP. (A) Geographical location of the grassland plots in this study; (B) variability of the NPP
of AM and DS. AM represents alpine meadows and DS represents desert steppes. ****Represents P < 0.0001.

traits we selected included LA, SLA, LDMC, LN, LP, and leaf
N/P ratio. These traits are closely related to light interception,
resource utilization, growth, and development of plants (Brun
et al., 2022). Previous studies at leaf traits usually focused on
the species level (Butler et al., 2017). However, the effects of
competitive asymmetry (i.e., the magnitude and consequences
of competition affecting each party) related to interspecies
functional characteristics has been neglected (Vázquez et al.,
2007). We used community weighted average trait (CWMi) to
represent average trait values in grassland.

CWM =
S∑

i=1

Di × Traiti (1)

where CWMi represents the weighted trait value of
the community, and Di represents the abundance of
the target species.

Environmental factors and net primary
productivity data

Numerous studies have found that grassland NPP is
influenced by climate factors, especially mean annual
temperature (MAT) and MAP (Sloat et al., 2018). MAT,
mean coldest monthly temperature (MCMT), mean warmest
monthly temperature (MWMT), and MAP were extracted
from the WorldClim global climate layer at a spatial resolution

of 1 km (Conradi et al., 2020). Light is a key climatic factor
affecting photosynthesis (Kramer, 1981). We hypothesized
that annual sunshine hours (ASD) may be a key predictor of
NPP. ASD and mean annual evaporation (MAE) were also
obtained from the Meteorological Data Center of the China
Meteorological Administration.1

We extracted from 250 m resolution of the grid in the top
30 cm soil layer soil pH, soil nitrogen,2 and the content of soil
effective phosphorus.3

NPP data from the national aeronautics and space
administration (NASA4), the site offers from 2000 to 2015,
a resolution of 250 m by 250 m of NPP. This dataset was
derived from the widely used Medium Resolution Imaging
Spectroradiometer (MOD13Q1) product, calculated using the
C5 MOD17 algorithm, and verified by data from flflux towers
(Li et al., 2020).

Data analysis

We used a significant difference test at the 0.05 significance
level to test whether there was a significant difference between

1 https://data.cma.cn/

2 http://www.csdn.store

3 https://www.osgeo.cn/data/wc137

4 https://search.earthdata.NASA.gov/search
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NPP in AM and DS (Figure 1). We also tested CWMi differences
between different grassland types at α = 0.05 (Chen et al.,
2020; Supplementary Figure 1). Significant difference tests were
performed using the R package agricolae (version 4.1.0, R Core
Team, 2020).

We tested the effects of environmental factors and
community functional traits on NPP using general linearity. R2

represents the goodness of fit of the model. Linear regression
was performed using the R package lme4 (R Core Team, 2020).

Our preliminary results indicate that most functional traits
have no significant linear relationship with NPP (Figure 2).
Therefore, in subsequent studies, we mainly explore the impact
of environmental factors on NPP.

We used a generalized additive model (GAM) to test the
effects of climate and soil factors on NPP. This model is
composed of parametric variables and non-parametric variables
(Zou et al., 2016). Non-metric multidimensional scaling analysis
(NMDS) was used to reflect the fit of GAM (Zou et al., 2016).

g[E(Y|X)] =
∑

i

βiXi+
∑

j

fi(Xi)+ ε (2)

where g(•) denotes the connection function, the form of
which depends on the specific form and can be interpreted
as the variable Y distribution. E is a random error term that
can be interpreted as a normally distributed function named
constant variable connection, and the connection function takes
the form g(u) = u, u = E(Y | X), E(E| X) = 0. Xi is the
explanatory variable that strictly follows the parametric form of
the explanatory variables, βi is the corresponding parameter, and
fj(•) is the smoothing function corresponding to the explanatory
variable Xj that follows a non-parametric form. In our study,
the spline smoothing function S(•) is chosen to fit, thin-
slab spline smoothing is chosen to fit the function between
different nodes, and least squares is used to estimate each
smoothing function S(•).

Results

Effects of leaf traits on net primary
productivity of grasslands

The NPP of AM was significantly higher than that of DS
(P < 0.001), and most functional traits of AM and DS were also
significantly different (Figure 1B). Except that the N/P of AM
was lower than that of DS, other leaf traits were significantly
higher than that of DS (Supplementary Figure 1). The NPP of
different grassland types increased significantly with the increase
of LDMC (Figure 2C), and decreased significantly with the
increase of LN and LP (Figures 2D,E). NPP of AM and DS
showed opposite trends with the increase of LA, SLA, and leaf
N/P ratio (Supplementary Figures 1A,B). With the increase
of the above leaf traits, NPP increased significantly of AM,

while NPP decreased significantly of DS. Among all leaf traits,
LDMC had better predictive power for NPP of AM (R2 = 0.35,
P < 0.001; Figure 2C) and LA had better predictive power for
NPP of DS (R2 = 0.13, P < 0.001; Figure 2A).

Effects of climate and soil nutrients on
net primary productivity of grasslands

The NPP of AM was significantly positively correlated with
MAT and MCMT and negatively correlated with MAE. The NPP
of DS was significantly positively correlated with both MWMT
and MAP (Figure 3). MAT (R2 = 0.28, P < 0.001) was the best
climate factor in predicting the change of NPP of AM. MAP
(R2 = 0.22, P < 0.001) was the best climate factor in predicting
the change of NPP of DS.

We further analyzed the effects of soil nutrient factors on the
NPP of different types of grasslands (Figure 4). The prediction
ability of soil N, soil P, and soil pH on NPP of AM were 0.30,
0.30, and 0.40, respectively. Among all soil nutrient factors,
except the positive correlation between soil N and the NPP of
DS, the other factors have no significant effect (P > 0.05).

Soil factors dominate the variation of
grassland net primary productivity

We analyzed the effects of abiotic factors on the NPP of AM
and DS based on a generalized additive model with non-metric
multidimensional scaling (NMDS) ordering. All environmental
factors jointly explained 62.4% of NPP in AM and 43.5% of NPP
in DS (Figures 5C,F). Among them, the soil factor explained
the variation of NPP in different types of grasslands to a
greater extent than the climate factor (Figures 5A,B,D,E). Soil
factors are the dominant factors driving the spatial and temporal
variation of NPP in grasslands, and climate factors also play
an important role.

Discussion

There were significant spatial differences in NPP of different
grassland types, and the NPP of AM was significantly higher
than that of DS. Significant differences in NPP were closely
related to habitat heterogeneity (Hikosaka et al., 2021). Due
to the differences in biological or abiotic factors in different
regions, there are significant differences in NPP of grassland in
different regions (Li et al., 2019). AM are mainly distributed
in the cold and high-altitude area of southwest China, with
low temperature, strong radiation, thin soil layer, long soil
freezing period, and neutral soil reaction. And DS are mainly
distributed in the arid and semi-arid areas in the middle and
north of China, which is characterized by lack of rainfall, strong

Frontiers in Plant Science 04 frontiersin.org

129

https://doi.org/10.3389/fpls.2022.996313
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-996313 September 9, 2022 Time: 12:13 # 5

Wang et al. 10.3389/fpls.2022.996313

FIGURE 2

General linear correlations between community leaf traits and the NPP of AM and DS. (A) General linear relationship between LA and the NPP of
AM and DS; (B) general linear relationship between SLA and the NPP of AM and DS; (C) general linear relationship between LDMC and the NPP
of AM and DS; (D) general linear relationship between LN and the NPP of AM and DS; (E) general linear relationship between LP and the NPP of
AM and DS; (F) general linear relationship between N/P and the NPP of AM and DS. LA represents leaf area; SLA represents specific leaf area;
LDMC represents leaf dry matter content; LN represents leaf nitrogen content; LP represents leaf phosphorus content; N/P represents leaf
nitrogen and phosphorus ratio. The red line represents the NPP of AM and the green line represents the NPP of DS; R2 represents the fit of the
model, and P represents the correlation.

evaporation, loose soil, lack of water, and low organic matter
content. Therefore, differences in local hydrothermal conditions
and community structure may be important reasons for the
significant differences in NPP between AM and DS.

A large number of studies have found that the community
leaf traits are closely related to the NPP of grasslands (Wang
et al., 2017b). Our results found that the NPP of different
grasslands increased significantly with the decreased of LN and
LP, and increased significantly with the increase of LDMC.
Nitrogen is the main component of chlorophyll, which is
used to accumulate organic matter through light reactions.
Phosphorus promotes the accumulation of glucose phosphate
and organic matter through phosphorylation. Heineman et al.
(2016) found that LN and LP limit the accumulation of plant
organic matter. The NPP of the grasslands is largely determined
by LN and LP contents (Oldroyd and Leyser, 2020). Studies
have shown that LN is closely related to plant growth and
defense, and that the relationship between grassland NPP
and LN and LP is affected by the relative distribution of
these nutrients among plant tissues (Zheng et al., 2022). The
higher resource utilization and competitiveness of plants are

beneficial to improve NPP, however, plants in arid, water-
deficient, and alpine environments usually have lower LN and
higher LDMC (Yang et al., 2022). Therefore, even with an
increase in LN and LP, NPP did not increase with it (Xu
et al., 2018), which explains our results well. We also found
that NPP of grassland ecosystems was positively correlated
with LDMC (Forrestel et al., 2017). As LDMC increases, free
water required for plant growth and development is gradually
converted to bound water, which is involved in plant metabolic
processes (e.g., photosynthesis). The NPP of DS decreased
significantly with the increase of LA and SLA. Plants with small
and thick leaves (smaller SLA) have better drought tolerance
and were more conducive to cell material transport rate and
photosynthetic efficiency (Poorter and Markesteijn, 2008; Osnas
et al., 2018). These traits reflect the optimal utilization of
limited resources by plants (Gupta et al., 2020). Although
MAT of AM was significantly lower than DS (Supplementary
Figure 2A), MAP (Supplementary Figure 2D), soil nitrogen
content (Supplementary Figure 3A) and soil phosphorus
content (Supplementary Figure 3B) were significantly higher
than DS. This reflects that relatively abundant rainwater and soil
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FIGURE 3

General linear regression analysis between climate factors and the NPP of AM and DS. (A) General linear relationship between MAT and the NPP
of AM and DS; (B) general linear relationship between MCMT and the NPP of AM and DS; (C) general linear relationship between MWMT and the
NPP of AM and DS; (D) general linear relationship between MAP and the NPP of AM and DS; (E) general linear relationship between ASD and the
NPP of AM and DS; (F) general linear relationship between MAE and the NPP of AM and DS. MAT represents mean annual temperature; MCMT
represents mean coldest monthly temperature; MWMT represents mean warmest monthly temperature; MAP represents mean annual
precipitation; ASD represents annual sunshine hours; MAE represents mean annual evaporation. The shaded area shows a 95% confidence
interval. The red line represents the NPP of AM, and the green line represents the NPP of DS; R2 represents the model fit, and P represents the
correlation.

FIGURE 4

General linear regression analysis between soil nutrient factors and the NPP (soil N, soil P and soil PH) of AM and DS. (A) General linear
relationship between soil N and the NPP of AM and DS; (B) general linear relationship between soil P and the NPP of AM and DS; (C) general
linear relationship between soil pH and the NPP of AM and DS. The shaded area shows a 95% confidence interval. The red line represents the
NPP of AM and the green line represents the NPP of DS; R2 represents the model fit and P represents the correlation.
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FIGURE 5

The results of the generalized additive model (GAM) fitted the effects of environmental factors and climate factors on grassland NPP. (A) NMDS
ranking of soil factors and the NPP of AM; (B) NMDS ranking of climate factors and the NPP of AM; (C) NMDS ranking of environmental factors
and the NPP of AM; (D) NMDS ranking of soil factors and the NPP of DS; (E) NMDS ranking of climate factors and the NPP of DS; (F) NMDS
ranking of environmental factors with the NPP of DS. The color spline shows the fit of trait data from high (green) to low (yellow) values during
the ranking. Trait overlays indicate that abiotic factors represented by points on the NMD are associated with higher or lower trait values,
consistent with the colored trait gradient. Note that if the relationship between NPP and abiotic factors is linear, the gradient spline lines will be
parallel. non-linear relationships between NPP and abiotic factors are represented by curve splines; de indicates the deviation explained by the
corresponding model.

nutrients can alleviate the impact of low-temperature stress on
NPP (Berdugo et al., 2020).

Climatic factors are the main driving factors of spatial
variation of grassland NPP (Wang et al., 2017a). We found that
NPP of AM was significantly positively correlated with MAT
and MCMT, and significantly negatively correlated with MAE.
Numerous studies have shown that changes in NPP of AM
are strongly correlated with MAT and MCMT (Keenan and
Riley, 2018; Sloat et al., 2018; Shi et al., 2022). Temperature
can not only directly affect the enzyme activities related to
photosynthesis and respiration of plants, but also affects the
production of organic compounds such as starch, protein, and
lipid. Niu et al. (2019) found that global warming can improve
the productivity of grassland in alpine regions for a long time.
For NPP of AM, the influence of solar radiation is no less than
that of temperature (Zheng et al., 2020), and the intensity of
solar radiation is also one of the important factors affecting
plant photosynthesis, which is the energy source of the grassland
ecosystem (Brun et al., 2022). However, excessive evaporation
triggered by too high radiation zone intensity can weaken
the positive response of plants to high temperatures, causing

plant water deficit and thus reducing NPP. Therefore, with the
increase of MAE, the NPP of AM decreased significantly, and
precipitation was the main climate factor leading to the temporal
and spatial variation of the NPP of DS. Our conclusion also has
been verified by a large number of previous studies (Liang et al.,
2015; Erb et al., 2018; Guo et al., 2022). As the MAP increases,
the NPP of AM increases significantly. Water restriction
will seriously reduce the material transport efficiency and
photosynthetic productivity efficiency of plants in arid areas,
and reduce the organic matter yield of leaves and significantly
affecting the productivity of the whole region (Sun et al., 2021).
Significant difference analysis of climate factors of different
grassland types found that the differences in climate factors
(e.g., MAT, MWMT, MAP, and MAE; Supplementary Figure 2)
and the differences in NPP (Figure 1B) showed surprising
consistency, which also indirectly indicated that climate factors
were the key environmental factors affecting grassland NPP
(Yang et al., 2016).

Soil is a natural “storage box,” providing most of the
nutrients needed for plants’ growth and reproduction. Soil
nutrient elements are closely related to plant leaf nutrient
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elements (Gao et al., 2019). Soil nutrient factors were
significantly positively correlated with community leaf traits
such as LA, SLA, and LDMC (Huang et al., 2021). Climate
affects the function of grassland ecosystems by changing
the physicochemical properties of the soil. These results
indicate that soil factors interact with other environmental
factors to jointly affect grasslands NPP (Gong and Gao,
2019). With the increase of soil N and P, the NPP of
AM decreased significantly. Soil N and P are essential
nutrients for plant growth and development, which limit plant
productivity (Gong H. et al., 2020). The alpine environment
limits the decomposition capacity of soil microorganisms,
and relatively low soil mineralization rate and soil nutrient
availability inhibits the NPP of AM (Wang et al., 2017c).
Nitrogen addition has been found to inhibit microbial
respiration and thus affect the rate of microbial decomposition
(Wang et al., 2018). Soil nutrient availability, the main
soil factor, leading to change the NPP of AM (Blowes
et al., 2019). Higher pH reduces soil nutrient availability
by affecting soil organic matter storage (Chen et al., 2018).
The availability of soil water and soil nutrients limit the
NPP of DS. Precipitation can promote mineralization and
improve soil nutrients, thereby increasing plant NPP, which
is the limiting factor for plants to absorb soil nutrients.
Jiang et al. (2017) also showed that NPP in arid areas
is positively correlated with precipitation, and soil water
can promote the decomposition of soil organic matter
and thus improve the availability of soil nutrients. These
findings explain the weak predictive power of soil N,
soil P and soil pH for NPP of DS. Water shortage and
strong evaporation lead to slow soil development and high
soil pH, resulting in insufficient soil fertility and water
(Zhao et al., 2022).

The NPP of AM (de = 62.4%) has stronger environment
plasticity than DS (de = 43.5%). Regardless of AM or DS, the
contribution of soil nutrients in shaping the NPP pattern was
slightly higher than that of climate factors (Figure 5). Climatic
factors, especially MAP and MAT, have long been considered
key factors in grassland NPP (Erb et al., 2018). However,
more and more studies have proved that soil properties
play a dominant role in grassland NPP (Radujković et al.,
2021). Temperature and precipitation control plant growth by
changing microbial activity and soil physicochemical properties,
thus affecting the NPP of grassland ecosystems (Newsham
et al., 2016). Drought and frozen soil will lead to the decrease
of soil mineralization rate and soil fertility (Nogueira et al.,
2018). Soil is the habitat for plants, where providing water,
inorganic matter, and organic matter for plant growth and
development, and is one of the core elements linking the entire
ecosystem. Climate change directly affects the soil environment
and indirectly affects grassland NPP. Therefore, soil factors
dominated the temporal and spatial changes of NPP in different
grassland types on a large scale.

The wide study area and large amount of data in this
paper ensure the credibility of our experimental results. Our
study quantifies the effects of plant functional traits and
environmental factors on NPP of AM and DS, providing
important theoretical guidance for addressing global climate
change and better management of grasslands. In future
research, we will further study and explore more soil factors,
such as soil microorganisms and soil N and P effectiveness
on grassland NPP.

Conclusion

We examined the relative roles of biological and abiotic
factors in shaping NPP patterns using the data from 182
grassland plots in 17 DS and 21 AM in China. Our results
confirmed that there are significant differences in productivity
among different grasslands. Leaf traits, as well as climate and
soil nutrient factors, jointly affect the changes of the grassland
NPP. Among them, soil nutrients play the most critical role.
Soil nutrient factors explained 61.8% of the spatial variation
in NPP of AM and 44.4% of the spatial variation in NPP of
DS. Quantifying the main driving factors of NPP of different
grasslands is crucial for predicting future grassland dynamics
and proposing reasonable management strategies.
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SUPPLEMENTARY FIGURE 1

Comparison of functional traits among different grassland types. (A)
Variability between LA and the NPP of AM and DS; (B) variability
between SLA and the NPP of AM and DS; (C) variability between LDMC
and the NPP of AM and DS; (D) variability between LN and the NPP of
AM and DS; (E) variability between LP and the NPP of AM and DS; (F)

variability between N/P and the NPP of AM and DS. AM represents alpine
meadows; DS represents deserts steppe; ns represents the insignificant
difference; and *represents 0.01 < P < 0.05. SLA represents specific leaf
area; LDMC represents leaf dry matter content; LN represents leaf
nitrogen content; LP represents leaf phosphorus content; N/P
represents leaf nitrogen and phosphorus ratio.

SUPPLEMENTARY FIGURE 2

Comparison of AM and DS with different climate factors. (A) Variability
between MAT and the NPP of AM and DS; (B) variability between MCMT
and the NPP of AM and DS; (C) variability between MWMT and the NPP
of AM and DS; (D) variability between MAP and the NPP of AM and DS;
(E) variability between ASD and the NPP of AM and DS; (F) variability
between MAE and the NPP of AM and DS. AM represents alpine
meadows; DS represents desert steppes; ns represents no significant
difference between them; and ****represents P < 0.0001. MAT
represents annual mean temperature; MCMT represents mean coldest
monthly temperature; MWMT represents mean warmest monthly
temperature; MAP represents mean annual precipitation; ASD represents
annual sunshine hours; MAE represents average annual evaporation.

SUPPLEMENTARY FIGURE 3

Comparison of different soil nutrient factors (soil N, soil P, and soil PH)
between AM and DS. (A) Variability between soil N and the NPP of AM
and DS; (B) variability between soil P and the NPP of AM and DS; (C)
variability between soil pH and the NPP of AM and DS. AM represents
alpine meadows; DS represents desert steppes; ns represents the
insignificant difference between the two; and ****represents
P < 0.0001.
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University, Lanzhou, China, 4School of Environmental Sciences, University of Guelph, Guelph, ON,

Canada, 5Qilian Mountains Eco-Environment Research Center in Gansu Province, Lanzhou, China,
6Key Laboratory of Land Surface Process and Climate Change in Cold and Arid Regions, Northwest

Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou, China

Plants adapt to changes in elevation by regulating their leaf ecological

stoichiometry. Potentilla anserina L. that grows rapidly under poor or even bare

soil conditions has become an important ground cover plant for ecological

restoration. However, its leaf ecological stoichiometry has been given little

attention, resulting in an insu�cient understanding of its environmental

adaptability and growth strategies. The objective of this study was to compare

the leaf stoichiometry of P. anserina at di�erent elevations (2,400, 2,600, 2,800,

3,000, 3,200, 3,500, and 3,800m) in themiddle eastern part ofQilianMountains.

With an increase in elevation, leaf carbon concentration [(C)leaf] significantly

decreased, with the maximum value of 446.04 g·kg−1 (2,400m) and the

minimum value of 396.78 g·kg−1 (3,500m). Leaf nitrogen concentration

[(N)leaf] also increased with an increase in elevation, and its maximum and

minimum values were 37.57 g·kg−1 (3,500m) and 23.71 g·kg−1 (2,800m),

respectively. Leaf phosphorus concentration [(P)leaf] was the highest (2.79

g·kg−1) at 2,400m and the lowest (0.91 g·kg−1) at 2,800m. The [C]leaf/[N]leaf
decreased with an increase in elevation, while [N]leaf/[P]leaf showed an

opposite trend. The mean annual temperature, mean annual precipitation, soil

pH, organic carbon, nitrogen, and phosphorus at di�erent elevations mainly

a�ected [C]leaf, [N]leaf, and [P]leaf. The growth of P. anserina in the study

area was mainly limited by P, and this limitation was stronger with increased

elevation. Progressively reducing P loss at high elevation is of great significance

to the survival of P. anserina in this specific region.

KEYWORDS

plant growth strategies, plant environmental adaptability, leaf traits, mountainous

regions, nutrient limitation
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Introduction

Ecological stoichiometry focuses on the balance of multiple

elements in ecological interactions and processes, such as energy

flow and nutrient cycling, and has become an important topic

of research in recent years in ecology and biology (Moe et al.,

2005; Sistla and Schimel, 2012; Yang et al., 2019; Zhu et al.,

2020). It is an important tool to reveal organisms’ responses to

external disturbances and nutrient supply balance mechanisms

in ecosystems (Zeng et al., 2016), mainly by analyzing changes

in carbon (C), nitrogen (N), and phosphorus (P) (Cao et al.,

2020), which are well-known as basic elements constituting

plants and are closely linked to plant photosynthesis, respiration,

and various ecosystem functions (Elser et al., 2010; Marschner

and Marschner, 2012; Wang et al., 2015; Yan et al., 2016; Croft

et al., 2017).

Leaves are the most active and primary photosynthetic

plant organ (Elser et al., 2010; Yang et al., 2019), their

size and structure exhibit a tradeoff between the support

cost and photosynthetic returns during plant adaptation to

environmental changes (Shi et al., 2020, 2022; Guo et al., 2021;

Li et al., 2022a,b), and leaf stoichiometry can reflect the tradeoff

formed in this evolution from the angle of leaf chemical elements

and its spatio-temporal variations (Baxter and Dilkes, 2012; Cao

et al., 2020; Zhu et al., 2020). Leaf C/N and C/P were widely

accepted as effective indicators of plants’ N and P use efficiency

and growth rate, and their lower values indicated lower nutrient

utilization efficiency and higher plant growth (Weidner et al.,

2015; Sun et al., 2017; Cao et al., 2020; Zhang et al., 2020).

Leaf N/P can reflect plant nutrient states and limitations (Tao

et al., 2016). However, there remain questions about the N/P

thresholds assessing plants’ nutrient limitation during growth

due to multiple factors (Crowley et al., 2012). For example,

according to the study of Koerselman and Meuleman (1996) on

wetland plant communities, when leaf N/P < 14, plant growth

was limited by N; 14 ≤ leaf N/P ≤ 16, plant growth has the

common limit of N and P; and leaf N/P > 16, plant growth was

limited by P, while the study of Güsewell (2004) on terrestrial

plant communities found that when leaf N/P < 10, plant growth

was limited by N; 10 ≤ leaf N/P ≤ 20, plant growth has the

common limit of N and P; and leaf N/P > 20, plant growth

was limited by P. Nevertheless, leaf N/P is still considered to

be a valuable tool for assessing potential patterns in nutrient

limitation across broad landscapes (Crowley et al., 2012).

Relationships between leaf stoichiometry and environmental

factors, including soil nutrients and geographical and climatic

factors, were widely explored at various scales including regional

and global scales (e.g., McGroddy et al., 2004; Reich and

Oleksyn, 2004; Sardans et al., 2011; Du et al., 2017; Tian

et al., 2018; Qin et al., 2021). Elevation is a crucial factor and

can affect plant leaf stoichiometry by altering the combination

of heat and water, soil properties, and vegetation community

composition (Bo et al., 2020; Liu et al., 2021). However, there

is little consensus on leaf stoichiometric characteristics as they

change along an elevation gradient. Some studies observed that

leaf C concentration [(C)leaf] increased but leaf N [(N)leaf]

and leaf P concentration [(P)leaf] decreased with an increase in

elevation (e.g., Zhao et al., 2014, 2018; Bo et al., 2020), while

other studies reported an opposite trend (e.g., Macek et al.,

2009; Li et al., 2018). Therefore, the response of plant leaf

ecological stoichiometry to elevation should be investigated at

regional and species-specific levels. Situated in the transition

zone between the Qinghai–Tibetan Plateau and the arid region

of northwestern China, the Qilian Mountains preserve a wide

variety of plant species (Gui et al., 2020; Wang et al., 2022) and

serve as an ideal region to study the impact of elevation on

leaf stoichiometry of different plant species (Cao et al., 2020;

Qin et al., 2021). Potentilla anserina L., a typical forb, is widely

distributed in the Qilian Mountains. Due to its wide ecological

amplitude and vegetative reproduction ability, P. anserina is

an important species of degraded grasslands or secondary

succession lands and is considered a prime species for ecological

restoration in alpine regions (Sheng et al., 2004). Previous

studies mainly focused on P. anserina’s chemical components

(Zhao et al., 2020), pharmacological action (He et al., 2021),

nutrient reabsorption (Li et al., 2020), and medicinal value

(Cheng J. et al., 2021); information on its leaf stoichiometry

remains unavailable. Exploring the leaf stoichiometry and

growth nutrient limitation of P. anserina is of great significance

for the ecological restoration and construction in the Qilian

Mountains. It was found that the leaf stoichiometry of many

dominant or common species in the Qilian Mountains was

affected by elevation. For example, with increasing elevation,

[C]leaf of Oxytropis ochrocephala first increased and then

decreased, while [N]leaf and [P]leaf of the same species showed

a trend of general increase in the identified soil organic carbon

(SOC), the ratio of SOC to soil total phosphorus (STP), and

the mean annual temperature (MAT) as dominant factors (Cao

et al., 2020). [C]leaf and [P]leaf of Potentilla fruticosa first

decreased and then increased with an increase in elevation, and

SOC, STP, and soil pH were the main factors influencing the leaf

stoichiometry (Qin et al., 2022). We hypothesized that elevation

may also significantly influence leaf stoichiometry of P. anserina

and leaf stoichiometry of P. anserina could be influenced by

soil nutrients, MAT, and MAP. Previous studies have proposed

that the soil P content of the Qilian Mountains was relatively

low (Xu et al., 2018, 2019). Therefore, we hypothesized that

P could be a limiting nutrient for P. anserina growth in

this region.

This study attempted to: (i) explore how P. anserina changed

leaf C/N/P stoichiometry to adapt to environmental changes

along elevation (2,400–3,800m) in the Qilian Mountains, (ii)

identify the underlying mechanism of the effect of elevation

on leaf C/N/P stoichiometry by building structural equation

models, and (iii) determine the key nutrients limiting the growth

of P. anserina in the Qilian Mountains.
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FIGURE 1

Sampling sites across elevations (2,400, 2,600, 2,800, 3,000, 3,200, 3,500, and 3,800m) in the study area.

Materials and methods

Study area

A field study was conducted at the Dayekou River Basin

and the Haibei Alpine Meadow Ecosystem Research Station in

the Middle East of the Qilian Mountains (93◦30′-103◦30′ E,

36◦30′-39◦30′ N). The Qilian Mountains ranging from 2,000 to

5,500m elevation belong to a typical plateau continental climate,

with MAT and MAP of −0.4◦C and 405mm, respectively, from

2000 to 2015. Grasslands withCarex tristachya, Stipa przewalskii,

Leymus secalinus, and Polygonum viviparum dominate the

southern slopes, while Qinghai spruce (Picea crassifolia Kom.)

forests dominate the northern slopes. Soils were classified as

Haplic Kastanozems and Haplic Phaeozems on the southern

and northern slopes, respectively (IUSS Working Group World

Reference Base for Soil Resources, 2014).

Field sampling

In August and September 2018, samples of healthy fresh

leaves of P. anserina were collected from the following seven

elevations: 2,400, 2,600, 2,800, 3,000, 3,200, 3,500, and 3,800m

(Figure 1). Sampling at 2,400, 2,600, 2,800, and 3,000m was

conducted at the Dayekou River Basin, while sampling at 3,200,

3,500, and 3,800m was conducted at the Haibei Alpine Meadow

Ecosystem Research Station due to their distribution as well as

accessibility of the sites. At each elevation, leaves were collected

from three random plots (10 × 10m) and then packed in paper

bags. All the sampling plots were on the southern slopes with

slope gradients between 27◦ and 33◦. In each plot, three quadrats

(1 × 1m) were positioned evenly along a diagonal line. Soil

samples from 0 to 0.10, 0.10 to 0.20, and 0.20 to 0.40m were

collected by using a 100-mm-diameter soil auger (Cao et al.,

2020). A total of 21 sampling plots (seven elevations × three

plots) and 63 sample quadrats (21 plots× three quadrats in each

plot) were investigated.

Leaf and soil analyses

The leaves were firstly oven-dried at 80◦C for 24 h and then

ground to determine [C]leaf, [N]leaf, and [P]leaf. Soil samples

were air-dried and divided into two parts: One part was ground

and sieved through a 100-mesh sieve for SOC, soil total nitrogen

(STN), and STP determination, and the other part was ground

and sieved through an 8-mesh sieve for soil pH determination.

[C]leaf (g kg−1) and SOC (g kg−1), [N]leaf (g kg−1) and STN

(g kg−1), and [P]leaf (g kg
−1) and STP (g kg−1) were measured

using the potassium bichromate titrimetric method (Nelson and

Sommers, 1982), the Kjeldahl method (Bremmer and Mulvaney,

1982), and the molybdate blue method (Olsen and Sommers,

1982), respectively. Soil pH was measured by the potentiometric

method with a soil–water ratio of 2:5.

Data analysis

MAT and MAP (Table 1) were calculated according to Zhao

et al. (2005, 2006) as follows:

MAT = 20.96− 5.49× 10−3ELEV − 0.17LAT + 8.9

× 10−3LONG, R2 = 0.98 (1)
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TABLE 1 Sampling site coordinates, mean annual temperature (MAT), and precipitation (MAP) in the study area.

Parameter Elevation

2,400 m 2,600 m 2,800 m 3,000 m 3,200 m 3,500 m 3,800 m

LONG 100◦19′12′′ E 100◦17′18.5′′ E 100◦14′28′′ E 100◦14′26′′ E 101◦18′36′′ E 101◦21′00′′ E 101◦22′12′′ E

LAT 38◦35′24′′ N 38◦34′2.8′′ N 38◦33′9′′ N 38◦33′22′′ N 37◦36′36′′ N 37◦40′48′′ N 37◦41′24′′ N

MAT (◦C) 2.27 1.17 0.08 −1.02 −1.95 −3.61 −5.26

MAP (mm) 306.26 331.36 355.70 379.22 487.50 518.42 553.62

LAT, latitude; LONG, longitude; MAT, mean annual temperature; MAP, mean annual precipitation.

MAP = 1.68× 103 + 0.12ELEV + 12.41LAT

− 75.26LONG, R2 = 0.92 (2)

where ELEV is the elevation, LAT is the latitude, LONG is the

longitude, and R2 is the regression coefficient.

All data were described by their average value and standard

error (SE). Soil properties in the 0–0.40m soil layer were

expressed as an average of values in the 0–0.10, 0.10–0.20,

and 0.20–0.40m soil layers. The fixed effect (elevation) and

random effect (experimental plots) on leaf stoichiometry of

P. anserina and soil properties were tested by fitting linear

mixed models (LMMs) in R3.3.1 (nlme vegan). The differences

in soil properties among elevations were detected using the

one-way ANOVA, followed by the least significant difference

test to perform the significance analysis at P < 0.05 in

SPSS 22.0 (SPSS Inc., Chicago, IL, USA). Pearson’s correlation

analysis was conducted to explore the correlations between

the leaf stoichiometry of P. anserina and the topography-

induced climatic factors and soil properties in SPSS 22.0. Path

analysis was used in the structural equation modeling (SEM)

to evaluate the direct and indirect effects of soil properties on

leaf stoichiometry of P. anserina in Amos 22.0 (IBM SPSS Inc.,

Chicago, IL, USA).

Results

Variations in leaf stoichiometry of
Potentilla anserina and soil properties
with elevation

The results of LMMs showed that leaf stoichiometries of

P. anserina and soil properties were significantly affected by

elevation (Table 2). With increasing elevation, [C]leaf showed

a generally decreasing trend (Figure 2A) and reached its

maximum and minimum values at 2,400m (446.04 ± 8.17 g

kg−1) and 3,500m (396.78 ± 7.38 g kg−1), respectively

(Table 3). The [N]leaf showed a generally increasing trend

(Figure 2B), with its maximum and minimum values at 3,500m

(37.57 ± 0.64 g kg−1) and 2,800m (23.71 ± 0.40 g kg−1),

respectively (Table 3). The [P]leaf decreased from 2,400 to

2,600m elevation and reached the maximum and minimum

values at 2,400 (2.79 ± 0.69 g kg−1) and 3,800m (0.97 ± 0.72 g

kg−1), respectively (Figure 2C, Table 3). However, there was

no difference in [P]leaf at different elevations above 2,600m

(Table 3). In contrast to [N]leaf, the [C]leaf/[N]leaf showed

a generally decreasing trend with an increase in elevation

(Figure 2D), with a peak at 2,800m (17.69 ± 0.46), and then

reduced at 3,500m (10.57 ± 0.27) (Table 3). The maximum

and minimum values of [C]leaf/[P]leaf were 842.36 ± 1,031.11

at 3,800m and 173.03 ± 62.38 at 2,400m, respectively. The

[N]leaf/[P]leaf showed a generally increasing trend with an

increase in elevation (Figure 2F) and reached its maximum and

minimum values at 3,800m (69.40 ± 86.26) and at 2,400m

(10.05± 3.53), respectively (Table 3).

For soil properties, SOC and STN showed similar trends

with their maximum values at 3,200m (61.57 ± 3.15 g kg−1

and 6.09 ± 0.25 g kg−1, respectively), and minimum values

at 3,000m (12.28 ± 0.61 g kg−1 and 1.35 ± 0.10 g kg−1,

respectively). The maximum and minimum values of STP were

observed at 2,600m (0.82 ± 0.05 g kg−1) and 3,500m (0.27 ±

0.05 g kg−1), respectively. Themaximum value of SOC/STNwas

observed at 2,800m (20.45 ± 1.18), which was about two times

that at other elevations. The values of SOC/STP and STN/STP at

elevations≥ 3,200m were about two to seven times greater than

those at elevations < 3,200m. Soil pH at 3,000m (8.51 ± 0.09)

was the highest, while at 3,800m (6.12± 0.10) it was the lowest.

Environmental factors influencing leaf
ecological stoichiometry of Potentilla
anserina

The SEM showed that the climatic and soil factors accounted

for about 70, 91, 21, and 87% of the total variation in [C]leaf,

[N]leaf, [P]leaf, and [C]leaf/[N]leaf, respectively (Figure 3).

Specifically, MAT had direct effects on [C]leaf, [N]leaf, and

[P]leaf and an indirect effect on [P]leaf which may be from

the positive influence on soil pH and negative influence on

SOC (Figures 3A–C). MAP exerted direct effects on [N]leaf
and [C]leaf/[N]leaf and indirect effects on [C]leaf, [N]leaf,
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TABLE 2 Summary of the generalized linear mixed models for leaf stoichiometry and soil properties (0–0.40m) (n = 9).

Parameters Fixed effect Random effect Fixed and df

(elevation) (plot) random effects

F P R2 P R2

[C]leaf 44.27 <0.0001 0.8107 0.9998 0.8107 6

[N]leaf 774.79 <0.0001 0.9864 0.676 0.9868 6

[P]leaf 7.5862 <0.0001 0.4053 0.4009 0.4479 6

[C]leaf/[N]leaf 341.89 <0.0001 0.9703 0.8819 0.9707 6

[C]leaf/[P]leaf 2.4541 0.0377 0.1899 0.8675 0.2005 6

[N]leaf/[P]leaf 2.6180 0.0282 0.2021 0.9998 0.2021 6

pH 674.41 <0.0001 0.9847 0.8551 0.9849 6

SOC 89.8473 <0.0001 0.8870 0.2683 0.8980 6

STN 158.795 <0.0001 0.9368 0.6607 0.9390 6

STP 10.3974 <0.0001 0.5015 0.9999 0.5015 6

SOC/STN 70.067 <0.0001 0.8715 0.9999 0.8715 6

SOC/STP 6.9747 <0.0001 0.4030 0.9998 0.4030 6

STN/STP 7.6212 <0.0001 0.4231 0.9413 0.4264 6

[C]leaf , leaf carbon concentration; [N]leaf , leaf nitrogen concentration; [P]leaf , leaf phosphorus concentration; SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total phosphorus.

F, Fisher’s test; P, probability value; df, degree of freedom. Significant values are in bold.

FIGURE 2

Changes in Potentilla anserina’s [C]leaf (A), [N]leaf (B), [P]leaf (C), and their ratios (D–F) with an increase in elevation. [C]leaf, leaf carbon

concentration; [N]leaf, leaf nitrogen concentration; [P]leaf, leaf phosphorus concentration. Di�erent lowercase letters indicate a significant

di�erence in leaf stoichiometry and soil properties among elevations (P < 0.05).

and [C]leaf/[N]leaf by influencing soil pH, STN, and STP

(Figures 3A,B,D).

Soil pH and STP, which were both affected byMAP, exerted a

direct positive effect on [C]leaf and [C]leaf/[N]leaf and a negative

effect on [N]leaf (Figures 3A,B,D). Soil pH also had a strong

effect on [P]leaf (Figure 3C). The STN had not only a direct

effect on [C]leaf, but also an indirect effect as it positively

influenced STP (Figure 3A). STN also indirectly affected [N]leaf
by negatively influencing SOC/STN and positively influencing

STP (Figure 3B). The SOC had a direct negative effect on [P]leaf
and an indirect effect on [P]leaf by negatively influencing soil pH

(Figure 3C).
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TABLE 3 Variation of leaf stoichiometry of Potentilla anserina and soil properties (0–0.40m) across elevations (mean ± standard error, n = 9).

Parameter Elevation

2,400 m 2,600 m 2,800 m 3,000 m 3,200 m 3,500 m 3,800 m

[C]leaf (g kg−1) 446.04± 8.17a 441.17± 14.22ab 419.37± 7.66c 414.62± 3.66c 436.79± 8.58b 396.78± 7.38e 406.34± 5.37d

[N]leaf (g kg−1) 25.94± 0.55de 25.72± 0.46e 23.71± 0.40f 26.35± 0.38d 30.44± 0.82c 37.57± 0.64a 33.18± 0.41b

[P]leaf (g kg−1) 2.79± 0.69a 1.09± 0.54b 0.91± 0.38b 1.40± 0.87b 1.50± 0.82b 1.53± 0.87b 0.97± 0.72b

[C]leaf/[N]leaf 17.20± 0.41b 17.17± 0.79b 17.69± 0.46a 15.74± 0.29c 14.36± 0.46d 10.57± 0.27f 12.25± 0.19e

[C]leaf/[P]leaf 173.03± 62.38b 505.25± 266.91ab 542.76± 230.80ab 472.84± 374.58ab 395.71± 249.70b 343.74± 174.94b 842.36± 1031.11a

[N]leaf/[P]leaf 10.05± 3.53b 29.75± 16.70b 30.66± 12.98b 30.13± 24.11b 27.62± 17.23b 32.42± 16.26b 69.40± 86.26a

pH 8.25± 0.02b 8.03± 0.07c 8.10± 0.09c 8.51± 0.09a 7.75± 0.16d 6.44± 0.16e 6.12± 0.10f

SOC (g kg−1) 25.52± 0.15d 48.99±2.52b 36.42± 2.57c 12.28± 0.61e 61.57± 3.15a 58.64± 1.65a 50.14± 1.65b

STN (g kg−1) 2.67± 0.03d 4.48± 0.17c 1.82± 0.13e 1.35± 0.10f 6.09± 0.25a 5.24± 0.13b 4.72± 0.13c

STP (g kg−1) 0.64± 0.01b 0.82± 0.05a 0.46± 0.01ce 0.32± 0.03de 0.48± 0.07ace 0.27± 0.05d 0.53± 0.12ace

SOC/STN 9.56± 0.05cd 10.94± 0.44bc 20.45± 1.18a 9.22± 0.35d 10.09± 0.21bcd 11.19± 0.08b 10.62± 0.24bcd

SOC/STP 39.9 2± 0.32d 60.48± 3.05cd 80.05± 6.90bcd 40.81± 3.96d 174.70± 45.29b 307.11± 79.17a 147.41± 33.46bc

STN/STP 4.18± 0.06d 5.60± 0.36cd 3.95± 0.30d 4.38± 0.32d 16.75± 3.91b 27.24± 6.90a 13.99± 3.21bc

[C]leaf , leaf carbon concentration; [N]leaf , leaf nitrogen concentration; [P]leaf , leaf phosphorus concentration; SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total phosphorus.

Different lowercase letters indicate a significant difference in leaf stoichiometry and soil properties among elevations (P < 0.05).

The SEM was not applicable for [C]leaf/[P]leaf and

[N]leaf/[P]leaf because their models did not meet the

requirement of P-values (P > 0.05). In this case, Pearson’s

correlation analysis was used to show their relationships with

the environmental factors. Pearson’s correlation analysis showed

that the [C]leaf/[P]leaf was only negatively correlated with MAT

(r = −0.250, P < 0.05) and [N]leaf/[P]leaf was positively

correlated with MAP (r = 0.315, P < 0.05), but negatively

correlated with MAT (r = −0.360, P < 0.01) and soil pH (r =

−0.325, P < 0.01; Table 4).

Discussion

E�ects of elevation on leaf ecological
stoichiometry of Potentilla anserina and
soil properties

The leaf stoichiometry of P. anserina changed due to

heterogeneous habitat conditions with increased elevation.

This agrees with the observations of van de Weg et al.

(2009) and Hu et al. (2020) and supports our hypothesis that

elevation would significantly influence leaf stoichiometry

of P. anserina. However, Qin et al. (2022) found that

elevation only significantly affected [C]leaf, [N]leaf, and

[C]leaf/[N]leaf of Potentilla fruticosa, while Su et al. (2022)

reported that elevation was the key factor regulating

the leaf stoichiometries of Ligularia virgaurea except

[P]leaf and [N]leaf/[P]leaf in the Qilian Mountains. This

suggests diverse adaptation strategies of different species to

environmental changes.

The [C]leaf of P. anserina showed a generally decreasing

trend with an increase in elevation (Figure 2A), which is

consistent with the study of Li et al. (2018) and Qin et al.

(2022). This may be because photosynthesis was inhibited when

the temperature dropped with an increase in elevation, which

in turn weakened their carbon assimilation ability (Öquist,

1983). However, some studies (e.g., Zhao et al., 2018; Bo et al.,

2020; Waigwa et al., 2020) reported that [C]leaf tended to be

greater at higher elevations to balance cell osmotic pressure

and improve the frost resistance of plants (Zhao et al., 2018).

These conflicting results suggest that the response of [C]leaf
to elevation still requires further studies based on species and

at the regional level. The [N]leaf is an important indicator of

plant adaptation to environmental changes (Li et al., 2014). It

showed a generally increasing trend with an increase in elevation

(Figure 2B), and this agrees with the observations of Cao et al.

(2020). This may be because P. anserina could increase [N]leaf
to offset the metabolic slowdown caused by a reduced enzymatic

activity at low temperatures (McGroddy et al., 2004). The [P]leaf
of P. anserina showed a significantly decreasing trend with

an increase in elevation (Figure 2C), and this is in line with

the observations of Waigwa et al. (2020). In the study area,

the variation of P. anserina’s [N]leaf was consistent with the

temperature–plant physiological hypothesis, while that of P.

anserina’s [P]leaf was in contrast to this hypothesis. This may

be because of the decoupling of N and P in plants under global

changes (Yuan and Chen, 2015). Therefore, it is necessary to

conduct targeted research on the mechanisms for their changes

with elevation separately. The [C]leaf/[N]leaf and [C]leaf/[P]leaf
reflected the nutrient utilization efficiency, and a lower value

indicated a higher plant growth rate and a lower N utilization
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FIGURE 3

Structural equation modeling (SEM) examining the climatic and soil e�ects on leaf carbon concentration (A), leaf nitrogen concentration (B), leaf

phosphorus concentration (C), and the ratio of leaf carbon concentration and leaf nitrogen concentration (D). [C]leaf, leaf carbon concentration;

[N]leaf, leaf nitrogen concentration; [P]leaf, leaf phosphorus concentration; SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total

phosphorus; MAT, mean annual temperature; MAP, mean annual precipitation. Single- and double-headed arrows represent the hypothesized

causal direction and covarying variables, respectively. Continuous and dashed arrows indicate the relationships with (*P < 0.05, **P < 0.01, ***P

< 0.001) and without statistical significance (P > 0.05), respectively. Numbers next to continuous arrows are standardized path coe�cients,

which indicate the e�ect size of the relationship. Red and blue arrows indicate the positive and negative relationships, respectively, and arrow

width is scaled proportionally to their e�ect size. R2 below variables indicates the proportion of variance explained.

TABLE 4 Pearson’s correlations between environmental factors and leaf carbon-to-phosphorus ratio and the nitrogen-to-phosphorus ratio of

Potentilla anserina.

MAT MAP Soil pH SOC STN STP SOC:STN SOC:STP STN:STP

[C]leaf/[P]leaf −0.250* 0.195 −0.197 0.118 0.067 −0.064 0.100 0.058 0.052

[N]leaf/[P]leaf −0.360** 0.315* −0.325** 0.176 0.154 −0.114 0.018 0.145 0.149

[C]leaf , leaf carbon concentration; [N]leaf , leaf nitrogen concentration; [P]leaf , leaf phosphorus concentration; SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total phosphorus;

MAT, mean annual temperature; MAP, mean annual precipitation. *P < 0.05, **P < 0.01.

efficiency (Elser et al., 2003; Weidner et al., 2015; Sun et al.,

2017). In the Qilian Mountains, [C]leaf/[N]leaf of P. anserina

decreased with elevation, consistent with the study of Zhang

Q. et al. (2019) and Zhang Y. et al. (2019), but contrary to the

study of Hu et al. (2020), indicating that the growth rate of P.

anserina increased but N use efficiency decreased with elevation

(Guo et al., 2016; Zhang et al., 2020). This was consistent with the

adaptive growth hypothesis that under N-limited environments,

plants adopt a survival-first strategy and maintain higher C/N to

increase N use efficiency and ensure survival, while under less N-

limited environments, plants adopt a growth-first strategy and

maintain lower C/N to keep higher growth rates (Zhang et al.,

2020). In the study area, compared with lower elevations (i.e.,

2,400–3,000m), STN was relatively higher at higher elevations

(i.e., 3,200–3,800m) (Table 3), resulting in a less N-limited

condition. Therefore, [C]leaf/[N]leaf of P. anserina decreased at

higher elevations to benefit growth priority. The [N]leaf/[P]leaf
of P. anserina increased with elevation, similar to the study
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of Cao et al. (2020) on Oxytropis ochrocephala and the study

of Wang et al. (2019) on Sabina przewalskii in the Qilian

Mountains, while Su et al. (2022) found no significant changes

in Ligularia virgaurea’s [N]leaf/[P]leaf across elevation in the

Qilian Mountains. The increasing [N]leaf/[P]leaf of P. anserina

with elevation indicates that the growth of P. anserina in

the study area may be more susceptible to P-limitation at

higher elevations.

In the study area, soil properties differ significantly with

elevation (Tables 1, 2). Similar results were reported by Cao et al.

(2020) and Niu et al. (2021), who found contrasting soil nutrient

contents with elevation in the QilianMountains. The differences

in soil properties may be from the variations in solar radiation,

temperature, and precipitation at different elevations (Qin et al.,

2022). Zonal climatic conditions could change soil nutrient flux

and soil nutrient allocation by affecting vegetation composition,

litter quality, and the exchange of matter and energy between

the soil and the environment (Jiang et al., 2019). Likewise, under

the combined influence of various factors, soil pH and SOC also

changed with elevation (Yu et al., 2019; Zhu et al., 2019).

Mechanisms of elevation regulating leaf
ecological stoichiometry of Potentilla
anserina

As shown above, [C]leaf, [N]leaf, [P]leaf, and their ratios of

P. anserina showed inconsistent responses to elevation (Table 3,

Figure 2), similar to the study of Müller et al. (2017) and

Tong et al. (2021), indicating that the mechanisms of elevation

regulating leaf ecological stoichiometry of P. anserina were

different. In order to figure out how elevation affects leaf

ecological stoichiometry, the underlying mechanisms of the

variation in each element under elevation need to be explored

individually (Weiher and Keddy, 1999; Suding et al., 2008).

Mechanisms of elevation regulating [C]leaf of
Potentilla anserina

Temperature plays a key role in plant functions by

influencing enzyme activity and membrane system fluidity as

well as changing the absorption of nutrients and water and

thus, in turn, affects the leaf ecological stoichiometry (Reich and

Oleksyn, 2004; Hall et al., 2010; Liu et al., 2019). In the present

study, MAT had a direct positive effect on [C]leaf (Figure 3A),

similar to the study of Fang et al. (2019). Previous researchers

found that when MAT declined and photosynthesis weakened,

plants increased leaf thickness and reduced leaf area in order to

prevent freezing damage, finally leading to a decrease in [C]leaf
(Park and Day, 2007). With increasing elevation, the increased

MAP can increase [C]leaf by impacting soil pH, STN, and STP

(Figure 3A).

The STN and STP exerted positive effects on [C]leaf because

high STN and STP were more conducive to the synthesis

of enzymes that play key roles in carbon assimilation and

accumulation (Zhang Q. et al., 2019). Soil pH exerted a positive

influence on [C]leaf, consistent with the study of Liu M. et al.

(2021). However, most previous studies showed that higher soil

pH had a significant negative impact on [C]leaf as it inhibits

photosynthesis (e.g., He et al., 2016; Gong et al., 2018; Lin et al.,

2022; Su et al., 2022). These results indicated that the impact of

soil pH on [C]leaf was significant but varied with species.

Mechanisms of elevation regulating [N]leaf of
Potentilla anserina

Elevation regulated [N]leaf by changing MAT, MAP, soil

pH, SOC/STN, STN, and STP (Figure 3B). Persson et al. (2012)

found that lower MAT could reduce [N]leaf by limiting the

nutrient turnover rates. In the present study, MAT had a positive

impact on [N]leaf (Figure 3B), consistent with the study of Li

et al. (2021). However, with the decrease in MAT, [N]leaf showed

a generally increasing trend (Table 3). This may be because

the effect of MAT was weaker than the combined effects of

MAP and soil physicochemical properties on [N]leaf. In general,

MAP changed plant nutrient absorption and photosynthesis by

affecting soil water content and soil nutrient availability (Han

et al., 2011; Liu et al., 2019). In this study, MAP affected [N]leaf
either by directly changing its concentration, or by indirectly

changing soil properties, further proved by the research of Reich

(2005). MAP had a direct positive effect on [N]leaf, similar to the

research of Sardans et al. (2005) and Chen Y. H. et al. (2013).

This may be because, with the increase in MAP, the increase

in soil water content could improve the plant photosynthetic

rate and sucrose synthase and nitrate reductase activities, thus

resulting in increased [N]leaf (Patrick et al., 2009; Wang et al.,

2011).

Decreased soil pH could promote the reabsorption of

nitrogen to maintain plant growth, leading to increased [N]leaf
(Su et al., 2022). Haynes (1986) found that when SOC/STN

was ≤ 25, soil nitrogen was mineralized as available nitrogen

for plant growth, while when it was > 25, microorganisms

mineralized soil nitrogen for maintaining their own growth.

In the present study, the SOC/STN was all < 25, suggesting

that more soil available nitrogen was taken up by plants and

increased [N]leaf. However, this needs further research based

on soil available nitrogen analysis. In addition, STP exerted a

negative effect on [N]leaf. This might be because the decreased

STP reduced the availability of P and relatively weakened the

limiting effect of available N on plants, thereby enhancing the

competition of plants for available N and promoting the uptake

and utilization of N by an individual plant (Li et al., 2017).

However, some studies found that decreased STP could reduce

[N]leaf (e.g., van Wijk et al., 2003; Mao et al., 2016). This was

related to different responses of plant species to environmental
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changes due to their differentiation of niches based on functional

attributes (Pontes et al., 2010; Adamidis et al., 2014; Li et al.,

2017).

Mechanisms of elevation regulating [P]leaf of
Potentilla anserina

MAThad a positive effect on [P]leaf (Figure 3C). This may be

because the decrease in MAT restricted soil parent weathering,

which led to a decrease in soil P absorption by plants (Tong

et al., 2021). Besides, the decreasedMAT can indirectly influence

[P]leaf through decreasing soil pH and increasing SOC with

an increase in elevation. Soil pH had a direct negative impact

on [P]leaf. This may be because the decrease in soil pH could

release phosphate radicals and increase soil available P, thereby

improving the uptake of P and [P]leaf (Chen D. M. et al., 2013),

while high soil pH may facilitate P adsorption to soil particles

(Qiao et al., 2018).

The SOC had a negative effect on [P]leaf (Figure 3C),

contrary to what was observed by Liu et al. (2016) and

Cao et al. (2020), suggesting that plants have their unique

nutrient absorption mechanism in the processes of growth. The

utilization of SOC by plants was extremely complex and may be

controlled by a variety of soil physical and chemical properties

(Pan et al., 2015; Rong et al., 2015).

Mechanisms of elevation regulating
[C]leaf/[N]leaf/[P]leaf of Potentilla anserina

According to the SEM, decreased [C]leaf/[N]leaf with an

increase in elevation resulted from the positive impacts of soil

pH and STP and the negative impact of MAP (Figure 3D).

This suggests that the increase in soil pH and STP is beneficial

to promote the growth of P. anserina within a certain range,

while the increase in precipitation may inhibit the growth of

P. anserina in the study area. The [C]leaf/[P]leaf at 3,800m

was significantly higher than that at 2,400, 3,200, and 3,500m,

similar to the study of Qin et al. (2022). However, there

was no clear variation trend of [C]leaf/[P]leaf with elevation

(Figure 2E). This may be because the similar variations of [C]leaf
and [P]leaf with elevation weakened the relationship between

[C]leaf/[P]leaf and elevation. MAT was negatively correlated

with [N]leaf/[P]leaf (Table 4), which might be attributed to

the positive effect of MAT on [P]leaf (Figure 3C), though

MAT had a positive influence on [N]leaf. This indicated a

stronger influence of MAT on [P]leaf than on [N]leaf. The

positive relationship between MAP and [N]leaf/[P]leaf (Table 4)

may be related to the positive effects of MAP on [N]leaf
(Figure 3B). However, the significantly increasing [N]leaf/[P]leaf
with elevation increase was mainly caused by significantly

increasing [N]leaf rather than by decreasing [P]leaf in the

study area.

Other factors impacting leaf ecological
stoichiometry of Potentilla anserina

According to the SEM results, the environmental factors in

the present study can only account for part of the total variation

of leaf ecological stoichiometry of P. anserina (Figure 3). This

indicates the possibility of effects of other factors, such as

inheritance and genetic mutations of species (Luo et al.,

2006), vegetation community structure and composition (Wang

et al., 2014; Zhu et al., 2020), light (Zhu et al., 2020), soil

microbial activity (Li et al., 2014), and intra- and inter-species

competitions (Xu et al., 2015; Qin et al., 2016). As P. anserina is

a pioneer species of degraded grassland, grassland management

also needs to be taken into consideration in future research

to fully understand the leaf ecological stoichiometry changes

of P. anserina and provide basic information for ecological

restoration in this region.

Nutrient limitation for Potentilla anserina

growth across elevation

Due to the limited natural supply, N and P were the two

most important elements to limit plant growth and functioning

in a terrestrial ecosystem (Elser et al., 2000). Compared with the

individual [N]leaf and [P]leaf, [N]leaf/[P]leaf was more reliable to

identify plants’ nutrient limitations (Li et al., 2018), although the

thresholds were still controversial. In the present study area, the

average [N]leaf/[P]leaf (32.86) was significantly higher than that

of global and Chinese vegetations (11.8 and 16.3, respectively)

(Reich and Oleksyn, 2004; Han et al., 2005). This suggests that

P. anserina was more P-limited than the averages of global and

Chinese plants. According to the study of Güsewell (2004) on

terrestrial plant communities, when [N]leaf/[P]leaf < 10, plants

growth was limited by N; 10≤ [N]leaf/[P]leaf ≤ 20, plant growth

was co-limited byN and P; and [N]leaf/[P]leaf > 20, plant growth

was limited by P. In the study area, the [N]leaf/[P]leaf of P.

anserina from 2,600 to 3,800m was all > 20 and at 2,400m

was 10.05 (Table 3), suggesting that the growth of P. anserina

was limited by P from 2,600 to 3,800m and by both N and P at

2,400 m.

With increasing elevation, [N]leaf/[P]leaf showed an

increasing trend, indicating that the higher the elevation, the

more severe the restriction of P element to the growth of P.

anserina. This may be related to the decrease in MAT and soil

pH and the increase in MAP (Tables 3, 4). Previous studies

indicated that soil P deficiency was an important reason for

P-limitation in plants in China (e.g., Han et al., 2005; Hu et al.,

2017) and in the present study area (Cao et al., 2020; Qin et al.,

2022). This also suggested that taking measures to increase

soil available P and reduce P losses is of great importance

for ecological restoration in the Qilian Mountains as well as

in China.
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Conclusion

According to the results of field sampling and experimental

analysis, [C]leaf, [N]leaf, [P]leaf, and the stoichiometric ratios of

P. anserina fluctuated with elevation in the middle eastern part

of the Qilian Mountains: from 2,400 to 3,800m, [C]leaf, [P]leaf,

and [C]leaf/[N]leaf decreased, while [N]leaf and [N]leaf/[P]leaf
increased. Elevation played a significant role in the leaf

ecological stoichiometry of P. anserina through the effects of

MAT, MAP, and soil pH. Based on [N]leaf/[P]leaf inference, P

element was the restrictive resource that affected P. anserina

growth in the study area, and it was particularly deficient with

the increase in elevation.

As P. anserina is a useful species for restoring degraded

grasslands, it is of great importance to increase soil available P

and reduce P losses for the growth of P. anserina, especially at

higher elevations. Due to the relatively small scale of the present

study, further studies in the Qilian Mountains will ensure wider

applicability of the observations in other areas.
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Biochemical responses of 
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Plant growth and development are closely related to water availability. Water 

deficit and water excess are detrimental to plants, causing a series of damage 

to plant morphology, physiological and biochemical processes. In the long 

evolutionary process, plants have evolved an array of complex mechanisms 

to combat against stressful conditions. In the present study, the duration-

dependent changes in ascorbate (AsA) and glutathione (GSH) contents and 

activities of enzymes involved in the AsA-GSH cycle in hairgrass (Deschampsia 

caespitosa) in response to water stress was investigated in a pot trial using a 

complete random block design. The treatments were as follows: (1) heavily 

waterlogging, (2) moderate waterlogging, (3) light waterlogging, (4) light 

drought, (5) moderate drought, (6) heavily drought, and (7) a control (CK) 

with plant be maintained at optimum water availability. The hairgrass plants 

were subjected to waterlogging or drought for 7, 14, 21 and 28 days and 

data were measured following treatment. Results revealed that hairgrass 

subjected to water stress can stimulate enzymatic activities of ascorbate 

peroxidase (APX), glutathione peroxidase (GPX), glutathione reductase (GR), 

dehydroascorbate reductase (DHAR), monodehydroascorbate reductase 

(MDHAR) and L-galactono-1, 4-lactone dehydrogenase (GalLDH), switched 

on the ascorbate-glutathione (AsA-GSH) cycle and the L-galactose synthesis, 

up-regulated the contents of AsA and GSH, and maintained higher ratios of 

ascorbate to dehydroascorbate (AsA/DHA) and reduced glutathione to oxidized 

glutathione (GSH/GSSG) to alleviate potential oxidative damage. However, the 

light waterlogging did not induce hairgrass under stress to switch on the AsA-

GSH pathway. In general, the critic substances and enzyme activities in AsA-

GSH metabolic pathway increased as the increase of water stress intensity. As 

the increase of exposure duration, the critic antioxidant substances content 

and enzyme activities increased first and then maintained a relatively stable 

higher level. Our findings provide comprehensive information on biochemical 

responses of hairgrass to hydrological change, which would be a major step 

for accelerating ecological restoration of degradation alpine marshes in the 

Qinghai-Tibetan Plateau.
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Introduction

Water, one of the most critical abiotic factors limiting plant 
growth, participates in plant physiological and metabolic 
processes, and affects the survival, growth and distribution of 
plants. However, the demand of plants to water has a certain 
threshold. Water excess or water deficit are expected to exert 
negative effects on plant growth, development, and even plant 
production, because they may destroy the balance of water (Zupin 
et al., 2017) and that of reactive oxygen metabolism in plants (Fan 
et al., 2017; Zupin et al., 2017; Shan et al., 2020). During the long-
term evolution, plants have evolved a series of complicated 
mechanisms, including morphological, physiological, biochemical 
changes to combat against imbalance of water metabolism and 
oxidative damage induced by water stress. For instance, plants 
display remarkably diverse leaf shapes and sizes in nature (Yu 
et al., 2020; Shi et al., 2021, 2022; Li et al., 2022), and there seems 
to be a tradeoff between the leaf support cost and photosynthetic 
returns (Ma et al., 2022; Peng et al., 2022). In addition, when 
exposed to water deficit, such as in arid and semiarid environment 
with poor resources, plants are usually with a lower leaf area (Yu 
et al., 2019; Huang et al., 2021) because water losses and carbon 
gain processes are tightly coupled (Guo et al., 2021). Although the 
adoption mechanisms of model plants such as Arabidopsis 
thaliana and important food crops such as Oryza sativa (e.g., 
Damanik et al., 2010) and Triticum aestivum (e.g., Lou et al., 2018) 
to water stress have been intensively studied, our understanding 
toward that of grass remains limited. Furthermore, numerous 
studies have revealed that the responses of plants to stress vary 
depending on plant species or even cultivars, plant development 
stage and metabolic state, as well as stress intensity and duration 
(Schneider et al., 2018; Anee et al., 2019; Nemeskéri et al., 2019; 
Nemeskéri and Helyes, 2019). Therefore, a depth understanding 
of the response and underlying mechanisms of a target species to 
water stress is still of paramount importance. The ascorbate-
glutathione (AsA-GSH) cycle are found to be crucial in fighting 
against oxidative damage and keeping the redox balance of plants 
under water (Shan et  al., 2020) or drought stress (Shan et  al., 
2018), whereas limited literatures have deciphered the responses 
of plants to alternation of drying and watering yet.

The Qinghai-Tibetan Plateau is the largest and highest 
highland in the world. In recent years, the Qinghai-Tibetan 
Plateau had been undergoing significant temperature changes 
(Yang et al., 2014), which have reshaped the local environment 
(Yang et al., 2014) and affected local atmospheric circulation and 
water cycles (Li et al., 2017). Under the background of global 
warming, drought event frequency, intensity and duration are also 

expected to increase in the near future due to the combined effects 
of the decrease in regional precipitation and the increase in 
evapotranspiration (Trenberth et  al., 2013). Meanwhile, 
precipitation and soil water contents in permafrost region of the 
Qinghai-Tibetan Plateau are reported to have increased 
significantly during 1980–2018 (Zhao et al., 2019). In addition, 
extreme precipitation amount, intensity, frequency and duration 
have increased evidently (Feng et al., 2020; Guo, 2021). Therefore, 
the plants in Qinghai-Tibetan Plateau are likely to be subjected to 
drought and waterlogging stress concurrently. Due to the high 
altitude and unique alpine climate condition, such as low 
temperatures, strong evapotranspiration and large direct radiation, 
the alpine ecosystem is highly fragile and has been suffering from 
severe degradation due to climate change and anthropic activities 
during the last decades. The alpine grassland comprises 60% of the 
total area of the Qinghai-Tibetan Plateau, while about 70% of 
alpine grassland has been degraded in recent decades (Peng et al., 
2019) due to combined effects of climate change and human 
disturbances (Wang et al., 2015; Zhan et al., 2020; Xu et al., 2022a). 
The deterioration of grassland greatly restricts the development of 
local economy and the improvement in living standard of 
herdsmen, and threats the stability and prosperity of regional 
society. Besides, grassland degradation undermines its capacity to 
support biodiversity, ecosystem services and human well-being 
(Bardgett et al., 2021). To reverse ecosystem deterioration, China 
has taken various ecological restoration practices, such as 
grassland cultivation and fencing since 2004. Meanwhile, 
combating degradation and promoting restoration of grasslands 
have become one of the most issues for ecological science and 
policy-making in China (Wang et al., 2015).

An earlier study shows that sowing grass seeds is a feasible and 
cost-effective way of degraded grassland restoration (Dong et al., 
2020). Meanwhile, another study reports that water stress 
decreases biomass production of alpine grassland plants in 
autumn (Wang et al., 2020). Therefore, to develop a grass species 
with strong resilience to water stress maybe a promising 
alternative. Hairgrass (Deschampsia caespitosa) is widely 
distributed in various habitats, ranging from arid to wet habitats. 
It has shown highly seed production and germination rate in 
fields, and thus it is one of potential species used for vegetation 
restoration in degraded alpine grasslands. However, the 
physiological responses and underlying mechanisms to water 
stress remains elusive to date. The major objective of the present 
study is to investigate the biochemical responses of hairgrass to 
varying magnitudes and types of water stresses, including different 
intensities and durations of drought and waterlogging stresses. 
We specifically addressed the following questions: (1) will drought 
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and waterlogging induced antioxidant response in hairgrass, (2) 
whether impacts of water stress on hairgrass varied greatly 
depending on stress duration. By answering these questions, 
we want to provide a scientific bias and some recommendation for 
grassland cultivation.

Materials and methods

Plant materials

The plant used in the present study is a hairgrass, which is a 
newly established strain after years of cultivation and 
domestication in the wild fields. Its seeds were provided by the 
Grassland Institute, Academy of Veterinary Sciences, Qinghai 
University. The seeds with highly seed vigor and germination rate 
and no disease symptom were selected. Selected seeds were 
surface-sterilized by immersion in a 2% aqueous solution of 
sodium hypochlorite for 10 min, and five rinses (each time for 
5 min) with sterile deionized water.

Experimental design and growth 
conditions

The experimental site is located at the Chengbei Campus of 
the Qinghai Normal University, Xining, Qinghai, China 
(36°44′31.2′′ N，101°44′56.4′° E), at an altitude of 2390.6 m 
above mean sea level. The annual mean temperature of this region 
is 16.4°C. In September 2018, 20 homogenous seeds were sown in 
each pot (20 cm in diameter, 25 cm in height), which containing 
3.0 kg of mixture of alpine meadow soil and sand (sand/soil at 1: 
1 volume/volume). The soil was collected from alpine meadow in 
Dawu Town, Maqing County, Golog Tibetan Ethnic Minority 
Autonomous Prefecture, Qinghai Province. The alpine meadow 
soil was classified as Mat Cry-gelic Cambisols (according to the 
standard of Chinese soil taxonomy research group, 1995). Its 
chemical characteristics are as follows: total nitrogen 3.12 mg/g, 
total phosphorus 0.26 mg/g, total potassium 19.58 mg/g, soil 
organic matter 14.53 mg/g, pH 7.63 (water/soil at1: 1 volume/
weight) and CEC 225.52 μS/cm (water/soil at 5: 1 volume/weight). 
Seeds emerged within 3–5 days later. Seedlings were kept at 10 
plants each pot. The plants were kept in the greenhouse and 
normally watered since then, and were transferred to outdoor 
during mid-to-late April 2019. Water stress was carried out on July 
25 when the grass grew to 25 cm. We  applied a complete 
randomized block experiment design consisting of heavily 
waterlogging (HW), moderate waterlogging (MW), light 
waterlogging (LW), control check (CK), light drought (LD), 
moderate drought (MD) and heavily drought (HD) (Table 1). 
Each treatment was replicated for 10 times. For plants under 
drought and normal water demand, we put a basin holder on the 
bottom of each. For the plants under waterlogging, we place a 
bucket on the bottom of each basin to prevent water from flowing 

out. The CK was set as 70–80% of field water-holding capacity, 
which was measured by ring knife method. Representative 
undisturbed basin soil was collected with ring knife to absorb 
water to saturate soil moisture. Gravity water was removed and 
then dried and weighted. During the study, an awning is built in 
situ and ventilated on both sides of the awning without affecting 
temperature and humidity. Real-time monitoring of temperature 
and soil moisture was conducted using portable weather 
instrument (Hold-HED-SQ, China) and soil moisture sensor 
(ProCheck, United  States), respectively. The water loss was 
estimated based on daily measurements of pot weight and was 
supplemented every 2 days. A pot soil without plants was set as a 
control, and the water loss of soil surface due to evaporation was 
estimated. Watering was conducted during 18: 00–19: 00. The 
study lasted for 28 days, and the leaves were collected at 7, 14, 21 
and 28 days, respectively, since treatment. Two plants were 
randomly pruned from 10 pots in the first four times of sampling, 
and one plant was randomly pruned from 10 pots in the last two 
times of sampling. After rinsing with distilled water during 
sampling, the water on leaf surface was wiped. Then, and the 
leaves of each sample were put into an individual cryopreservation 
tube and was quickly frozen in liquid nitrogen, and all 
cryopreservation tubes stored in a refrigerator at-80°C before 
further proceeding.

Determination of the contents of AsA, 
DHA, GSH and GSSG

The contents of ascorbate (AsA), dehydroascorbate (DHA), 
reduced glutathione (GSH) and oxidized glutathione (GSSG) were 
measured as described previously (Hissin and Hilf, 1976; 
Takahama and Oniki, 1992; Turcsányi et al., 2000). Briefly, for 
determination of AsA and DHA, 0.5 g of tissue was homogenized 
on ice in 0.5 ml of 5% metaphosphoric acid and 6 ml of 
trichloroacetic acid. After centrifugation at 12000 × g for 20 min at 
4°C, the supernatants were collected for substrate content 
determination. For AsA detection, 100 μl of clear homogenate was 
added with 2 ml of reaction mixture containing 100 mM KH2PO4 
buffer (pH = 6.8) and one unite of ascorbic acid oxidase. The 
change in absorbance was estimated spectrophotometrically at 
265 nm. For determination of DHA, 100 μl of clear homogenate 
was incubated with added with 2 ml of reaction mixture 
containing 100 mm KH2PO4 buffer (pH = 6.8) and 5 μl of 2 mM 
dithiothreitol (DTT; Sigma-Aldrich, United States), and changes 
in absorbance was estimated spectrophotometrically at 265 nm. 
The sum of AsA and DHA and the ratio of AsA/DHA 
were calculated.

For determination of GSH and GSSG, 0.5 g frozen tissue was 
ground with sand in mixture of 0.1 mol/l KH2PO4 buffer (pH = 8.0) 
containing 5 mm EDTA and 25% phosphoric acid with a mortar 
and pestle on ice. After centrifugation at 20000 × g for 30 min at 4°C, 
the supernatants were collected for substrate content determination. 
For GSH assay, 0.5 ml of original supernatant was mixed with 4.5 ml 
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0.1 M KH2PO4 buffer (pH = 8.0) containing 5 mm EDTA and 250 μl 
0.1% o-phthalaldehyde (OPA). The mixture was mixed thorough 
and incubated at room temperature for 15 min. Then, 2 ml final 
assay solution was transferred to a quartz cuvette. The fluorescence 
at 420 nm was determined with the activation at 350 nm. For GSSG, 
0.5 ml of original supernatant was incubated with 200 μl 
0.04 M N-ethylmaleimide (NEM) at room temperature for 30 min. 
Then, 0.1 M NaOH was added into the mixture. Finally, a 100 μl of 
the resulted mixture was taken for GSSG measurement using the 
same procedure of GSH assay. The sum of GSH and GSSG and the 
ratio of GSH/GSSG were calculated.

Antioxidant enzyme activity assay

Ascorbate peroxidase (APX) activity was assayed according to 
standard protocols as described elsewhere (Nakano and Asada, 
1981). Briefly, 0.1 g of tissue was homogenized on ice in 3 ml 
mixture containing 50 mm KH2PO4 buffer (pH = 7.0), 0.2 mm 
ethylenediaminetetraacetic acid (EDTA), 1% polyvinylpyrroli 
done-4,000, 1% Triton X-100 and 5 mm AsA for 12 min. The 
resulted samples were centrifuged at 13000 × g for 15 min at 4°C, 
and the supernatants were collected for APX activity assays. The 
reaction mixture (3 ml) contains 2.6 ml 50 mm KH2PO4 buffer 
(including 0.1 Mm EDTA and 0.5 mm AsA), 0.1 ml enzyme extract 
and 0.3 ml 2 mm H2O2. The APX activity was determined by 
dynamically monitoring decreases in ascorbate concentration 
within 3 min at 290 nm as AsA was oxidized. One unit (nkat) of 
enzyme was defined as the oxidation of 1 μm AsA per min. The 
activity of dehydroascorbate reductase (DHAR) was assayed 
following Omar et al. (2013) with some modification. In brief, 
0.5 g tissue was homogenized on ice in 3 ml 50 mm Tris–HCl 
buffer (pH = 7.2) comprising 0.3 M mannitol, 1 mm EDTA, 0.1% 
bovine serum albumin (BSA), 0.01% L-Cysteine. After 
centrifugation at 26000 × g for 20 min at 4°C to remove chloroplast 
and cell debris, the supernatants were collected. Then, 0.1 ml 
enzyme extract was added into 3 ml KH2PO4 buffer (pH = 6.3) 
containing l mm DHA. After blending thoroughly, the reaction 
was mixed with 0.1 ml 10 mm GSH. DHAR was assayed by 
dynamically monitoring changes in absorbance within 3 min at 
290 nm. The monodehydroascorbate reductase (MDHAR) activity 
was assayed following (Miyake and Asada, 1992). The enzyme 
extract was prepared using the same procedure as described for 
the DHA extract. The reaction mixture consisted of 3 ml Tris–HCl 
buffer (pH = 7.2) comprising of 1 M AsA and 0.2 mM NADPH I, 
0.1 ml enzyme extract and two units of ascorbic acid oxidase. The 
MDHAR activity was measured by dynamically monitoring 
decreases in NADPH I concentration for 3 min at 340 nm. The 
glutathione reductase (GR) activity was assayed according to 
Crace and Logan (1996). Specifically, 0.5 g of cells was 
homogenized on ice in 6 ml mixture containing 50 mm KH2PO4 
buffer (pH = 7.5), 0.1 mm EDTA, 0.3% Triton X-100 and 1% 
polyvinylpyrrolidone-4,000. The resulted samples were 
centrifuged at 13000 × g for 15 min at 2°C, and the supernatants 

were collected for APX activity assays. The reaction mixture (3 ml) 
contains consisted of 3 ml Tris-KOH buffer (pH = 8.0) comprising 
0.5 mm EDTA, 0.5 mm MgCl2, 10 mm GSSG, 1 mm NADPH II 
and enzyme extract. The GR activity was determined by 
dynamically monitoring changes in absorbance within 3 min at 
340 nm. One unit (nkat) of enzyme was defined as the reduction 
of 1 μm NADPH II per min. The glutathione peroxidase (GPX) 
was assayed following Khatun et al. (2008). Briefly, 0.50 g tissue 
was homogenized on ice in 5 ml 0.2 M KH2PO4 buffer (pH = 6.2) 
comprising 1 mM EDTA and 5% polyvinylpyrrolidone-4,000. 
After centrifugation at 8000 × g for 10 min at 4°C to remove 
chloroplast and cell debris, the supernatants were collected and 
centrifuged at 12000 × g for 5 min at 4°C. Then, enzyme extract 
was used to enzymatic activity assay. The GPX activity was assayed 
by at for 412 nm using H2O2 as a substrate. The L-galactono-1, 
4-lactone dehydrogenase (GalLDH) activity was assayed according 
to the protocol as described by Li et  al. (2009) with some 
modifications. In brief, 0.3 g tissues were homogenized on ice in 
2 ml 100 mm KH2PO4 buffer (pH = 7.4) comprising 0.4 M sucrose, 
10% glycerol (v/v), 1 mm EDTA, 0.3% mercaptoethanol (v/v) and 
1% polyvinylpyrrolidone-4,000. After centrifugation at 500 × g for 
10 min at 4°C to remove chloroplast and cell debris, the 
supernatants were collected. Then the supernatants were 
centrifuged at 12000 × g for 20 min at 4°C. The pellet was 
suspended in 2 ml 100 mm phosphate buffer (pH = 7.4) containing 
5 mm glutathione, 1 mM EDTA and 10% (v/v) glycerol, and the 
supernatant used for assaying of GalLDH activity. GalLDH 
activity was assayed following the reduction of cytochrome c at 
550 nm at 27°C. The reaction mixture (1 ml) containing 50 mM 
KH2PO4 buffer (pH = 7.8), 1.05 mg/ml cytochrome c, 
5.6 mm L-galactono-1, 4-lactone and 0.1 ml enzyme extract. 
Reduction of cytochrome c was started up by adding 
L-galactono-1, 4-lactone and immediately monitored by the 
increase in absorbance at 550 nm. One unit (nkat) of enzyme was 
defined as the oxidation of 1 nm L-galactono-1, 4-lactone per min 
or the reduction of 2 nm cytochrome c per second.

Statistical analyses

Statistical analyses were performed with the software package 
SPSS 22.0 (IBM, Armonk, New York, United States). The data 
were presented as the mean ± standard error (SE). The assumptions 
of ANOVA were checked before analysis. Where possible, the 
effects of hydrological condition, treatment duration and their 
interactions on parameters were examined with linear mixed 
models. Differences between hydrological conditions and 
treatment duration were examined according to the Fisher’s Least 
Significant Difference (LSD) tests, the significances (p ≤ 0.05) were 
labeled with different uppercase letters or lowercase letters, 
respectively, in all figures. The figures were produced using 
OriginPro 2017 (OriginLab Corp, Northampton, United States). 
The correlations across parameters were examined with Spearman 
in R version 4.1.3, unless stated otherwise.
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Results

Dynamic changes in non-enzymatic 
antioxidant contents

Hydrological regime significantly influenced all the 
parameters used to characterize ascorbic acids. Treatment 
duration greatly influenced the concentration of AsA and that 
of AsA + DHA. Meanwhile, the responses of all examined 
parameters characterizing ascorbic acids to hydrological 
regime were time-dependent, as revealed by significant 
interactive effects (Table  2). Hydrological regime, stress 
duration and their interactions significantly affected  
contents of GSH, GSSG and GSH + GSSG as well as GSH/
GSSG ratio (Table  3). In general, antioxidant contents 

increased firstly and maintain a relative higher content during 
the experiment period (Figures  1, 2). The contents of 
antioxidants are positively correlated to stress magnitude. 
Neither light waterlogging nor light drought induced 
significant increase in antioxidant contents, whereas heavily 
water stress would trigger up-regulation of ascorbic acids 
within 7 days.

Dynamic changes in antioxidant 
enzymatic activities

Hydrological regime, exposure duration and their 
interactions significantly affected the activities of APX, DHAR, 
MDHAR, GalLDH, GR and GPX (Table  4). As shown in 
Figure  3, antioxidant enzymatic activities are positively 
correlated to stress magnitude. They increased significantly 
within 7 days of exposure and maintain a relative higher content 
during the experiment period. Light water stress did not induce 
up-regulation of defense enzymatic activity. Meanwhile, the 
response of antioxidant enzymatic activities to water stress 
depends on enzymatic identity.

Correlations between non-enzymatic 
antioxidant content and antioxidant 
enzymatic activity

As shown in Figure 4, AsA content is positively correlated 
to DHA content, T-AsA content, AsA/DHA, GSH content, 
GSSG content, T-GSH content, APX activity, DHAR activity, 
MDHAR activity, GalLDH activity, GR activity and GPX 
activity. DHA content is positively correlated to AsA content, 
T-AsA content and APX activity, whereas negatively correlated 
to AsA/DHA. AsA/DHA is positively correlated to AsA 
content, T-AsA content, GSH content, GSSG content, T-GSH 
content, APX activity, DHAR activity, MDHAR activity, 
GalLDH activity, GR activity and GPX activity, whereas 
negatively correlated to DHA content. GSH content is 
positively correlated to AsA content, T-AsA content, AsA/
DHA, T-GSH content, GSH/GSSG, APX activity, DHAR 
activity, MDHAR activity, GalLDH activity, GR activity and 

TABLE 2 Results of linear mixed models examining the effects of hydrological regime, stress exposure duration and their interactions on the 
contents of ascorbic acid in Deschampsia caespitosa.

Source of 
variation

  df AsA DHA T-AsA AsA/DHA

F P F P F P F P

Hydrological regime 

(H)

6 17.734 <0.0001 7.667 <0.0001 18.172 <0.0001 8.988 <0.0001

Stress duration (T) 4 16.711 <0.0001 1.168 0.333 17.151 <0.0001 4.647 0.002

H × T 23 7.875 <0.0001 2.416 0.003 8.093 <0.0001 3.386 <0.0001

AsA, ascorbic acid; DHA, dehydroascorbate; T-AsA, the sum of reduced and oxidized ascorbate; AsA/DHA, the ratio of reduced to oxidized ascorbate.

TABLE 1 Hydrological conditions used to examine the response of 
hairgrass (Deschampsia caespitosa).

Treatment Method Soil water 
content (%)

Heavily waterlogging, HW The plants were 

completely immersed in 

water

–

Moderate waterlogging, 

MW

Less than 3 cm of 

aboveground plants were 

immersed in water

–

Light waterlogging, LW The plants were kept at 

100% of field water-

holding capacity

40%

Control, CK The plants were kept at 

70–80% of field water-

holding capacity

28–32%

Light drought, LD The plants were kept at 

50–60% of field water-

holding capacity

20–24%

Moderate drought, MD The plants were kept at 

30–40% of field water-

holding capacity

12–16%

Heavily drought, HD The plants were kept at 

20% of field water-

holding capacity

7–9%
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GPX activity. GSSG content is positively correlated to AsA 
content, T-AsA content, AsA/DHA, T-GSH content, GalLDH 
activity, DHAR activity, GR activity and GPX activity, whereas 
negatively correlated to GSH/GSSG. GSH/GSSG is positively 
correlated to GSH content, T-GSH content, MDHAR activity 
and GR activity, whereas negatively correlated to GSSG 
content, GalLDH activity and GPX activity.

Discussion

Since plant functional traits are correlated to many ecological 
processes (Cornwell and Cornelissen, 2008; Chin and Potts, 
2018), deciphering the complex responses of plant functional 
traits under various environmental conditions was a better 
method to evaluate the potential impacts of global change. The 

TABLE 3 Results of linear mixed models examining the effects of hydrological regime, stress duration and their interactions on the glutathione in 
Deschampsia caespitosa.

Source of 
variation

  df GSH GSSG T-GSH GSH/GSSG

F P F P F P F P

Hydrological regime 

(H)

6 8.310 <0.0001 8.525 <0.0001 7.568 <0.001 9.921 <0.0001

Stress duration (T) 4 16.227 <0.0001 17.957 <0.0001 21.323 <0.0001 7.701 <0.0001

H × T 23 5.591 <0.0001 4.090 <0.0001 6.202 <0.0001 4.304 <0.0001

GSH, glutathione; GSSG, glutathione oxidized; T-GSH, the sum of reduced and oxidized glutathione; GSH/GSSG, the ratio of reduced to oxidized glutathione.

A B

C D

FIGURE 1

Total ascorbic acid content (A), ascorbate content (B), dehydroascorbate content (C) and ratio of ascorbate to dehydroascorbate (D) in leaves of 
hairgrass (Deschampsia caespitosa) under contrasting hydrological regimes and durations. Bar values are the mean ± standard error (N = 3). Different 
lowercase letters indicate that there are significant differences among stress exposure durations under the same hydrological treatment; and 
different capital letters indicate that there are significant differences across different water hydrological regimes at the same exposure duration. X 
represents the plant died, and thus not allows this parameter to be determined unless stated otherwise. Water treatment are as follows: HW, 
Heavily waterlogging; MW, Moderate waterlogging; LW, Light waterlogging; CK, Control; LW, Light drought; MW, Moderate drought; and HW, 
Heavily drought.
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current study examined the changes in non-enzymatic 
antioxidant contents and antioxidant enzyme activities under 
contrasting water stresses. On the whole, we  observed that 

hairgrass enhanced non-enzymatic antioxidant accumulation 
and up-regulated antioxidant enzymatic activities in response to 
water stress. However, hairgrass exposed to light water stress did 

A B

C D

FIGURE 2

Total glutathione contents (A), reduced glutathione (B), oxidized glutathione (C) and ratio of reduced glutathione to oxidized glutathione (D) in 
leaves of hairgrass (Deschampsia caespitosa) under contrasting hydrological regimes and durations. Bar values are the mean ± standard error 
(N = 3). Different lowercase letters indicate that there are significant differences among stress exposure durations under the same hydrological 
treatment; and different capital letters indicate that there are significant differences across different water hydrological regimes at the same 
exposure duration. X represents the plant died, and thus not allows this parameter to be determined unless stated otherwise. Water treatment are 
as follows: HW, Heavily waterlogging; MW, Moderate waterlogging; LW, Light waterlogging; CK, Control; LW, Light drought; MW, Moderate 
drought; and HW, Heavily drought.

TABLE 4 Results of linear mixed models examining the effects of hydrological regime, stress duration and their interactions on the critical enzyme 
activities in AsA-GSH cycle of hairgrass (Deschampsia caespitosa).

Parameters Hydrological regime (H) Stress duration (T) H × T

df F P df F P df F P

GalLDH 6 28.177 <0.0001 4 42.725 <0.0001 23 7.795 <0.0001

APX 6 46.745 <0.0001 4 18.445 0.001 23 8.363 <0.0001

DHAR 6 50.319 <0.0001 4 54.202 <0.0001 23 10.335 <0.0001

MDHAR 6 34.970 <0.0001 4 38.882 <0.0001 23 4.849 <0.0001

GR 6 30.041 <0.0001 4 24.275 <0.0001 23 3.085 <0.0001

GPX 6 37.712 <0.0001 4 72.324 <0.0001 23 9.032 <0.0001

GalLDH, L-galactono-1,4-lactone dehydrogenase, APX, Ascorbate peroxidase, DHAR, Dehydroascorbate reductase, MDHAR, Monodehydroascorbate reductase, GR, glutathione 
reductase, GPX, glutathione peroxidase.
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not innate defense response, indicating a trade-off between 
tolerance and oxidant damage defense. As reported, one 
functional trait would be  strengthen at the expense of the 
construction and functional maintenance of other traits when 
plant resources are limited (e.g., Yu et al., 2019).

Contents of AsA, DHA, GSSG and GSH

AsA, an important water soluble non-enzymatic antioxidant 
with a low molecular weight, plays crucial roles in plant growth, 
metabolisms, development and stress response (Li et al., 2009; 
Anjum et al., 2014; Mostofa et al., 2015). At present, the contents 
of AsA are regulated by four synthesis pathways and one 
regeneration pathway. Specifically, the L-galactose pathway is 
recognized as the most important pathway for higher plants to 
synthesize AsA, the D-galacturonic acid pathway the auxiliary 
pathway, L-glucose pathway and inositol pathway the 
supplementary pathway, and AsA-GSH cycle pathway the 
regeneration pathway. The AsA/DHA ratio is an indicator of stress 
intensity experienced by plants (Kampfenkel et al., 1995), and 
changes in the AsA/DHA ratio are considered as an indicator of 
redox status in plants (Foyer and Noctor, 2011; Anjum et  al., 
2014). In the present study, the AsA and DHA contents of 
hairgrass plants under heavily waterlogging was increased in 
comparison with control after 7 days and 14 days. Our findings are 
in contrast with Anee et al. (2019), in which AsA and DHA of 

Sesamum indicum under waterlogging was steadily increased after 
2, 4, 6, 8 days in comparison with control. In addition, the AsA 
and DHA contents of hairgrass plants under heavily drought were 
steadily increased in our study (Figure 1). Earlier studies reported 
that drought at 30% of field water-holding capacity evidently 
increased the accumulation non-enzymatic antioxidants (AsA and 
GSH), which are vital for ROS detoxification in the Amaranthus 
tricolor (Sarker and Oba, 2018). One plausible explanation for the 
discrepancy would be that the species-specific as well intensity 
and duration dependent of plants to water stress. Further studies 
are needed to decipher the short-term response of AsA and DHA 
to water stress.

GSH is a water-soluble thiol compound of low molecular 
weight, widely distributed in most plant tissues and participates 
directly or indirectly in detoxification of ROS (Foyer and Noctor, 
2005). Besides, GSH is also an important component of 
antioxidant regeneration system, involved in recycling of AsA and 
regulating the redox homeostasis (de Carvalho, 2008; Szarka et al., 
2012; Gruszka et al., 2018). Furthermore, GSH, a substrate for 
GPX, detoxifies lipid hydroperoxides together with GSTs, and the 
GSH/GSSG induces signals for abiotic stress adaptation 
(Hasanuzzaman et al., 2012). The accumulation of GSSG is often 
associated with tissue death or quiescence (Foyer and Noctor, 
2005). In the present study, the changes in GSH and GSSG 
contents of plants did not show a regular change in response to 
waterlogging (Figure  2). Our findings are in contrast to the 
reported increased GSH and GSSG contents for plants whereas 

A B C

D E F

FIGURE 3

Enzymatic activities of ascorbate peroxidase (A), dehydroascorbate reductase (B), glutathione reductase (C), L-galactono-1, 4-lactone 
dehydrogenase (D), glutathione peroxidase (E) and monodehydroascorbate reductase (F) in leaves of hairgrass (Deschampsia caespitosa) under 
different hydrological regimes. Bar values are the mean ± standard error (N = 3). Different lowercase letters indicate that there are significant 
differences among stress exposure durations under the same hydrological treatment; and different capital letters indicate that there are significant 
differences across different water hydrological regimes at the same exposure duration. X represents the plant died, and thus not allows this 
parameter to be determined unless stated otherwise. Water treatment are as follows: HW, Heavily waterlogging; MW, Moderate waterlogging; LW, 
Light waterlogging; CK, Control; LW, Light drought; MW, Moderate drought; and HW, Heavily drought.
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did not have affect GSH/GSSG under waterlogging (Anee et al., 
2019). However, drought tend to increase GSH and GSSG contents 
(Figure 2). This result is in line with previous studies (e.g., Nahar 
et  al., 2015; Gruszka et  al., 2018; Lou et  al., 2018). Drought 
exposure duration at 35–40% of field water-holding capacity is 
reported to result in reduced GSH/GSSG in the Triticum aestivum 
(Lou et  al., 2018). Furthermore, drought increased the 
accumulation non-enzymatic antioxidants (AsA and GSH) of 
barley (Gruszka et al., 2018), but declined the ratios of AsA/DHA 
and GSH/GSSG in leaves of wheat seedling (Shan et al., 2018).

Collectively, we observed increased contents of AsA, DHA, 
AsA + DHA, GSH, GSSG and GSH + GSSG whereas reduced of 

AsA/DHA and GSH/GSSG of the hairgrass under water stress in 
the present study, indicating water stress can induce hairgrass to 
up-regulate non-enzymatic antioxidant contents to alleviate the 
negative impacts of water stress on plant growth (Gruszka et al., 
2018; El-Beltagi et al., 2020).

Antioxidant enzyme activities

Previous studies have suggested that antioxidant enzymes of 
the AsA-GSH cycle, comprising the APX, MDHAR, DHAR and 
GR, play a vital role in detoxifying reactive oxygen species (Asada, 

FIGURE 4

The Spearman’s correlation coefficient between non-enzymatic substance accumlation and enzyme activities in AsA-GSH cycle of hairgrass 
(Deschampsia caespitosa) under different hydrological regimes. AsA---ascorbate, DHA---dehydroascorbate, T-AsA, the sum of ascorbate and 
dehydroascorbate; AsA/DHA, the ratio of ascorbate to dehydroascorbate; GSH, reduced glutathione; GSSG, oxidized glutathione; T-GSH, the sum 
of reduced glutathione and oxidized glutathione; GSH/GSSG, the ratio of reduced glutathione to oxidized glutathione; APX, ascorbate peroxidase; 
DHAR, dehydroascorbate reductase; GPX, glutathione peroxidase; GR, glutathione reductase; GalLDH, L-galactono-1; 4-lactone dehydrogenase; 
MDHAR, monodehydroascorbate reductase.
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1999; Mostofa et al., 2015; Hasanuzzaman et al., 2019). APXs are 
heme-binding enzymes that reduce hydrogen peroxide to water 
utilizing AsA as an electron donor (Asada, 1999), participating in 
the AsA-GSH cycle or Foyer–Halliwell–Asada pathway (Anjum 
et al., 2016; Mukarram et al., 2021). Over-expression of APX has 
been shown to increase drought tolerance (Faize et al., 2011; Xu 
et al., 2022b). As a critical enzyme involved in AsA recycling (Liu 
et  al., 2022), the DHAR reduces DHA to AsA using GSH as 
substrate. In addition, the MDHAR reduces MDHA to AsA, and 
the GR reduces the GSSG back to GSH (Anjum et al., 2014, 2016). 
GalLDH is a key enzyme in the last step of AsA biosynthesis in the 
Smifnoff-Wheeler pathway (Anjum et al., 2014).

Empirical studies have confirmed that up-regulation or over-
expression of AsA-GSH pathway enzymes and the enhancement of 
the AsA and GSH levels conferred plants better tolerance to abiotic 
stresses by reducing the ROS (Anee et al., 2019; Hasanuzzaman 
et al., 2019; Wang et al., 2022). Drought up-regulated the enzymatic 
antioxidant activities of AsA-GSH pool (Hasanuzzaman et al., 2017; 
Bhuiyan et al., 2019), and enzymatic response of AsA-GSH pathways 
varied depending upon plant species (Gruszka et al., 2018) and plant 
developmental stage, as well as drought intensity and duration 
(Hasanuzzaman et  al., 2017). Similarly, enzymatic response of 
AsA-GSH pathways to waterlogging stress also varied depending 
upon the plant species (Damanik et al., 2010; Sairam et al., 2010; 
Simova-Stoilova et al., 2012; Wang et al., 2019) and stress duration 
(Anee et al., 2019; Hasanuzzaman et al., 2019). In a Meta-analysis, 
water stress did not affect the activity of APX and GR (Sun et al., 
2020). Anee et al. (2019) reported the APX and MDHAR activity 
increased with stress duration while DHAR and GR activity reduced 
when plants subjected to waterlogging. Xu et  al. (2022b) found 
enhanced activities of APX and GR in response to drought. In our 
study a time-dependent pattern of antioxidant enzyme activities to 
water stress was observed (Figure 3).

Correlations between non-enzymatic 
antioxidant contents and antioxidant 
enzyme activities

As reported, AsA can be biosynthesized through L-galactose 
pathway (Li et al., 2009; Liao et al., 2021). MDHAR is critic for 
AsA regeneration; MDHAR and DHAR maintain the DHA pool 
and control the AsA/DHA (Anjum et al., 2014). Previous studies 
have demonstrated a positive correlation between the activities of 
MDHAR and DHAR, and between the contents of T-AsA and the 
AsA/DHA ratio in kiwifruit (Liao et al., 2021). AsA content is 
positively correlated APX activity, DHAR activity, MDHAR 
activity, GalLDH activity, GR activity and GPX activity (Figure 4). 
This is a logical conclusion. Similarly, GR is responsible for the 
regeneration of GSH (Shan et al., 2018), and thus maintains the 
GSH pool. Higher GPX activity may impose a threat to the level 
of GSH and the GSH/GGSG ratio in the absence of efficient 
recycling of GSSG (Mostofa et  al., 2015). Taken together, our 
correlation analyses displayed intricate links between 

non-enzymatic antioxidants and antioxidant enzymes in 
protecting plants from potential damage posed by water stress.

Conclusion

In summary, the biochemical responses of hairgrass to 
hydrological changes depend on stress intensity and duration. 
Specifically, water stress induced increases in contents of AsA, 
DHA, AsA + DHA, GSH, GSSG and GSH + GSSG but reduced the 
ratios of AsA/DHA and GSH/GSSG. In addition, it enhanced the 
activities of APX, DHAR, GPX, GR, MDHAR and GalLDH, and 
switched on the AsA-GSH cycle pathway and the L-galactose 
synthesis pathway to mitigate potential oxidative damage posed 
by water stress. The light waterlogging did not induce hairgrass to 
initiate defense response, indicating that hairgrass has developed 
resistance against light waterlogging stress. Finally, the response 
of hairgrass to water stress (including waterlogging and drought) 
decreased with experimental duration; implying hairgrass has a 
great capacity to adapt to water stress.
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Diminishing returns: A
comparison between fresh
mass vs. area and dry mass vs.
area in deciduous species

Xuchen Guo1, Karl J. Niklas2, Yirong Li3, Jianhui Xue1,4*,
Peijian Shi1* and Julian Schrader5,6*

1Bamboo Research Institution, College of Biology and the Environment, Nanjing Forestry University,
Nanjing, China, 2School of Integrative Plant Science, Cornell University, Ithaca, NY, United States,
3College of Life Science, South China Agricultural University, Guangzhou, China, 4Institute of
Botany, Jiangsu Province and Chinese Academy Sciences, Nanjing, China, 5School of Natural
Sciences, Macquarie University, Sydney, NSW, Australia, 6Biodiversity, Macroecology and
Biogeography, University of Göttingen, Göttingen, Germany
“Diminishing returns” in leaf economics occurs when increases in lamina mass

(M), which can either be represented by lamina dry mass (DM) or freshmass (FM),

fail to produce proportional increases in leaf surface area (A), such that the

scaling exponent (a) for the M vs. A scaling relationship exceeds unity (i.e., a >

1.0). Prior studies have shown that FM vs. A is better than DM vs A in assessing

diminishing returns in evergreen species. However, the superiority of FM vs. A

over DM vs. A has been less well examined for deciduous species. Here, we

applied reduced major axis protocols to test whether FM vs. A is better than DM

vs. A to describe theM vs. A scaling relationship, using a total of 4271 leaves from

ten deciduous and two evergreen tree species in the Fagaceae and Ulmaceae for

comparison. The significance of the difference between the scaling exponents of

FM vs. A and DM vs. Awas tested using the bootstrap percentile method. Further,

we tested the non-linearity of the FM (DM) vs. A data on a log-log scale using

ordinary least squares. We found that (i) the majority of scaling exponents of FM

vs. A and DM vs. A were >1 thereby confirming diminishing returns for all 12

species, (ii) FM vs. Awas more robust than DM vs. A to identify theM vs. A scaling

relationship, (iii) the non-linearity of the allometric model was significant for both

DM vs. A and FM vs. A., and (iv) the evergreen species of Fagaceae had

significantly higher DM and FM per unit area than other deciduous species. In

summary, FM vs. A is a more reliable measure than DM vs. A when dealing with

diminishing returns, and deciduous species tend to invest less biomass in unit leaf

light harvesting area than evergreen species.

KEYWORDS

diminishing returns, leaf area, leaf biomass, light-capture, water content
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Introduction

Leaves are the primary light-harvesting organs of most vascular

land plants. They convert solar irradiance into chemical energy by

means of photosynthesis (Rascher and Nedbal, 2006). As such, the

biology of leaves provides deep insights into plant economic spectra

and ecological strategies (Westoby et al., 2002).

Leaf functional traits (leaf area, leaf mass and leaf water

content, etc.) are related to plant growth strategies as well as to

ecosystem processes such as primary productivity and nutrient

cycling (Garnier et al., 2001; Wright et al., 2004). Scaling

relationships of leaf functional traits, such as leaf dimensions

and leaf mass, are useful to understand the full spectrum of leaf

forms and functions as well as to characterize evolutionary stable

leaf forms (Niklas et al., 2007; Shi et al., 2019).

For example, leaf mass (M) and leaf lamina surface area (A)

follow a quantifiable scaling relationship described by the power-law

function M = bAa, where b is the normalization constant, and a is

the scaling exponent. For many plant species groups, the numerical

values of a exceed unity, which indicates that leaf mass increases at a

faster rate than leaf area, a phenomenon referred to as “diminishing

returns” (Milla and Reich, 2007; Niklas et al., 2007; Sun et al., 2017).

A widely accepted explanation is that larger leaves require a

disproportionately larger amount of non-photosynthetic tissues,

which results in an increased biomass-cost to support leaf area

(Niklas, 1994; Niklas et al., 2009; Sack et al., 2012; Shi et al., 2022a).

The concept of diminishing returns is important to understand the

energy allocation and variation among leaves from different species,

which can affect ecosystem processes especially light capture

(Westoby and Wright, 2003; Koester et al., 2014). In addition, the

phenomenon of diminishing returns between M and A reflects a

series of trade-offs, such as biomass allocation to the lamina with

respect to biomass allocation to the petiole and lamina midrib

(Niklas, 1991; Niklas, 1992; Niinemets et al., 2006).

Previous studies have used leaf dry mass (DM) as a measure

of leaf biomass. However, the numerical value of the exponent

governing the DM vs. A scaling relationship is not independent

of the environment (Pan et al., 2013; Sun et al., 2017), and the

water content of the lamina is an additional mechanical load that

must be supported by the petiole (Niklas, 1991; Niklas, 1992; Li

et al., 2022). Plants must optimize energy allocation among

different structures and often allocate more biomass to the

compartments responsive to environmental changes (Enquist

et al., 2007; Price and Enquist, 2007; Zhang et al., 2011). For

example, in some extreme circumstances, such as a windy

environment, leaves may increase the proportion of biomass

allocation to the lamina support tissues to provide sufficient

mechanical stability; or under drought, biomass allocation may

be devoted to root growth (Niklas and Enquist, 2002).

Consequently, the extent to which leaves manifest diminishing

returns is related to the environmental characteristics of a

habitat (Takenaka et al., 2001).
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In order to study diminishing returns under different

habitats, investigators have examined the effects of altitude on

the scaling of DM vs. A, because environmental factors, such as

temperature or precipitation, can rapidly change over short

distances along an elevational gradient (Pan et al., 2013). For

example, Li et al. (2008) found that the scaling exponent of DM

vs. A always exceeds unity for 93 temperate woody species

collected at different elevations. However, Pan et al. (2013)

analyzed the scaling relationships between DM and A for 121

vascular plant species along an elevational gradient in a

subtropical monsoon forest, and found that the numerical

values of the scaling exponent increased significantly with

altitude from a numerical value of 0.859 to 1.299, with

exponents consistently<1 in low altitudes. The disagreement

between these two studies can be quantified by the extent of

the goodness of fit for the different datasets. In the case of Pan

et al. (2013), the value r2<0.8 is significantly smaller than that

of r2 >0.9 reported by Li et al. (2008), which suggests that DM vs.

Amight be unreliable for describing the scaling ofM vs. A under

some circumstances. Thus, investigators have sought to find a

substitute for DM to evaluate M vs. A.

Considering that the water in leaves is metabolically essential

and that it contributes to the mechanical loads that the petiole

(and the secondary and midrib veins) must structurally support,

some studies have proposed that FMmight be better than DM to

assessM vs. A scaling relationships. For example, using FM vs. A

as opposed to DM vs. A is statistically more robust when

assessing the M vs. A scaling relationship for bamboo leaves

(Shi et al., 2015; Lin et al., 2018). Likewise, (Huang et al., 2019a;

Huang et al., 2019b) compared the scaling relationship between

FM vs. A with that of DM vs. A using 15 broad-leaved species

and 12 bamboo species, which found the same phenomenon.

Prior studies have compiled large datasets on the size of

individual evergreen leaves tree species, log-transformed both

variables of interest, have applied linear regression of the pooled

data to compare the difference between FM vs. A and DM vs. A,

and have concluded that FM vs. A is more reliable when dealing

with “diminishing returns” because FM vs. A has a better

goodness of fit compared to DM vs. A (see Huang et al.,

2019a; Huang et al., 2019b). However, this approach assumes

that the relationship is log-log linear. If the relationship has

other forms (e.g., quadratic rather than linear), this assumption

has consequences for the estimated slope and the goodness of fit,

which may be unpersuasive or inconclusive.

Yet another concern about the assertion that FM vs. A is

more reliable when dealing with “diminishing returns” is that

most studies have focused on evergreen species. Evergreen

species retain their leaves for several years, and prior work has

shown a huge range of leaf life spans among evergreen woody

species, ranging from a couple of months in some tropical

pioneer species to > 20 years in some gymnosperms (Chabot

and Hicks, 1982; Reich et al., 1992). Some evergreen species are
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“leaf-exchangers”, dropping most of the previous season’s leaves

just as the new cohort emerges (Lusk, 2019). Compared to

evergreen species, deciduous species shed their leaves at the

end of the growing season (Zhang et al., 2017). Thus, deciduous

species may not invest as much biomass in leaf area expansion as

evergreen species because their leaves are more ‘disposable’

(Athokpam et al., 2014). Alternatively, deciduous species may

invest more biomass in leaf area expansion than evergreen

species as their relatively short leaf lifespan requires light

harvesting and more energy storage in relatively short time

spans (Poorter et al., 2009; Tomlinson et al., 2013). Arguably,

the scaling relationship for “diminishing returns” may be

different in deciduous and evergreen species.

Here, we examine ten deciduous and two evergreen species to

compare the difference between FM vs. A and DM vs. A, and test

the non-linearity of traditional linear regressionmodels. The species

examined are from two families, the Fagaceae and Ulmaceae, that

contain keystone species in forest ecosystems (Kremer et al., 2012;

Fragnière et al., 2021). The taxonomic focus on these two families

also permits a comparison of deciduous and evergreen species

within a single family (i.e., the Fabaceae), thereby removing the

effects of phylogenetic bias.

In these comparisons, we asked two questions: (1) is FM vs. A

more reliable than DM vs. A for the description of diminishing

returns in deciduous species?, and (2) does leaf biomass investment

strategy differ between deciduous and evergreen species?
Materials and methods

Collection site and plant materials

Atotal of 4271mature andundamaged leaveswas collected from

Nanjing Forestry University (32°07’67”N, 118°81’36”E), Nanjing,

Jiangsu Province, China. Given the possible influences of seasons on
Frontiers in Plant Science 03
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the scaling exponent of leaf mass vs.A for deciduous trees (Liu et al.,

2020), leaveswere collected in a short timeperiod, from20August to

3 September 2020. For each species, >300 leaves were collected in the

morning (9:30-11:30 am) from five to ten free standing trees. To

reducewater loss during transport, leaveswerewrapped inwet paper

and then placed in resealable plastic bags (28 cm × 20 cm), and

quicklybroughtback to the laboratoryofNanjingForestryUniversity

(which took less than two hours from the collection site to the

laboratory) to measure leaf fresh mass. Table 1 provides the relevant

data for the leaves collected for this study. Figure 1 shows

representative examples of the investigated leaves for the 12 species.
Leaf image processing

Leaf dry and fresh mass was measured using an electronic

balance (ME204/02, Mettler Toledo Company, Greifensee,

Switzerland; measurement accuracy 0.0001 g). Leaf dry mass was

obtained after drying leaves in a ventilated oven (XMTD–8222;

Jinghong Experimental Equipment Co., Ltd., Shanghai, China) at

80°C for at least 72 hours. To estimate leaf area, each fresh leaf was

scanned with an Epson photo scanner (V550, Epson, Batam,

Indonesia). Adobe Photoshop (version 9.0; Adobe, San Jose, CA,

USA) was used to obtain black and white leaf edge images that were

saved as bitmap images at a 600-dpi resolution. The protocols of Shi

et al. (2018) and Su et al. (2019) were then used to calculate the pixel

values of leaf images to obtain the planar coordinates of leaf

boundary points. Leaf area was calculated by using the ‘bilat’

function in the ‘biogeom’ package (version 1.0.5; Shi et al., 2022b)

based on R software (version 4.2.0; R Core Team, 2022).
Statistical methods

A power-law function was used to describe the scaling

relationships among DM, FM, and A:
TABLE 1 Leaf collection information for the 12 species belonging to two families (Fagaceae and Ulmaceae) from Nanjing Forestry University
campus, Nanjing, Jiangsu Province, P. R. China.

Species code Family Scientific name Sampling date Leaf type

1 Fagaceae Cyclobalanopsis glauca (Thunberg) Oersted 26 August 2020 Evergreen

2 Fagaceae Lithocarpus glaber (Thunb.) Nakai 25 August 2020 Evergreen

3 Fagaceae Quercus acutissima Carr. 21 August 2020 Deciduous

4 Fagaceae Quercus aliena Blume 20 August 2020 Deciduous

5 Fagaceae Quercus chenii Nakai 27 August 2020 Deciduous

6 Fagaceae Quercus variabilis Blume 20 August 2020 Deciduous

7 Ulmaceae Aphananthe aspera (Thunb.) Planch. 2 September 2020 Deciduous

8 Ulmaceae Celtis julianae Schneid. 31 August 2020 Deciduous

9 Ulmaceae Celtis sinensis Pers. 1 September 2020 Deciduous

10 Ulmaceae Pteroceltis tatarinowii Maxim. 3 September 2020 Deciduous

11 Ulmaceae Ulmus parvifolia Jacq. 1 September 2020 Deciduous

12 Ulmaceae Zelkova serrata (Thunb.) Makino 30 August 2020 Deciduous
fro
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Y1 = bYa
2 ; (1)

where Y1 and Y2 represent interdependent variables (e.g.,

FM and A), b is the normalization constant, and a is the scaling

exponent (Niklas, 1994). After log-log transformation, the

power-law function was converted into

y = g + ax; (2)

where y = ln(Y1), x = ln(Y2), and g = ln (b). Parameters g and
a were estimated by using reduced major axis regression

protocols (Niklas, 1994; Smith, 2009). The bootstrap percentile

method (based on 3000 bootstrapping replicates) was used to

test the significance of the difference in the estimated scaling

exponents of y vs. x between any two of the 12 species (Efron and

Tibshirani, 1993; Sandhu et al., 2011).

Ordinary least squares regression protocols were used to test

the non-linearity of the log-transformed bivariate data. The

linearity was rejected if the coefficient (g2) of 2 of a quadratic

model was statistically significant at the 0.05 significance level

(see Zhao et al. (2019) for details).

y = g0 + g1x + g2x
2 (3)

The percentage error (PE) was used to evaluate the effect of

the non-linear term on the goodness of fit.
Frontiers in Plant Science 04
165
PE =
RSSlinear   − RSSnon−linear

RSSlinear
� 100%; (4)

where RSSlinear and RSSnon-linear were the residual sum of

squares of equations 2 and 3, respectively. As a rule of thumb, for

two equations with similar model structures, if PE< 5%, the

additional parameter (i.e., g2) is not relevant.
The significance of differences in DM, FM, A, leaf absolute

water content, leaf DM per unit area (LMA), and leaf FM per

unit area (LFMA) among the 12 species were determined using

the analysis of variance (ANOVA) based on the Tukey’s Honest

Significant Difference (HSD) test at the 0.05 significance level

(Hsu, 1996). All statistical analyses were performed using R

(version 4.2.0) (R Core Team, 2022).
Results

Statistically significant log-log DM vs. A and FM vs. A

scaling relationships were observed for each of the 12 species

(Table 2; Figures S1, S2). The numerical values of the scaling

exponent of DM vs. A for 11 out of the 12 species exceeded unity

and the lower bounds of the corresponding CIs of the scaling

exponents for the 11 species exceeded unity. The only exception
FIGURE 1

Examples of the leaves of the 12 species investigated in this study.
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was Aphananthe aspera (Ulmaceae) whose goodness of fit (r2 =

0.795) was lower than the majority of the other species. The

numerical values of the scaling exponent of FM vs. A for all of

the 12 species exceeded unity, and the corresponding 95% CIs of

the scaling exponents did not include unity. For each species, the

goodness of fit for the FM vs. A scaling relationship was higher

than that for the DM vs. A scaling relationship, as reflected by

the numerical values of the coefficients of determination

(Table 2). For almost half of the species examined, the non-

linear term was found to be significant. There were no significant

differences between evergreen and deciduous species. The PE

value, which designed whether it is worth introducing the non-

linear term, was found to be smaller than 5% for each of most

data sets (23/24). (Table 2; Figures S1, S2).

Interspecific comparisons among the two scaling exponents

(i.e., for DM vs. A, and FM vs. A) showed that there were

significant differences among the 12 species (Figure 2). Although

there were slight differences between the interspecific scaling

exponents of DM vs. A and those of FM vs. A, the variation

trends were assessed to be the same for the 12 species (Figure 2).

The numerical values of the scaling exponents of DM vs. A

and of FM vs. A and the corresponding CIs for the pooled data

were greater than unity. However, the numerical value of the
Frontiers in Plant Science 05
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latter was slightly smaller than that of the former (Figure 3). In

addition, the coefficient of determination of DM vs. A was

smaller than that of FM vs. A.

The non-linear terms of the allometric model were found to

be significant for both DM vs. A and FM vs. A. However, the PE

values were < 5%, which indicated that the non-linear term did

not improve the model fit (Figure 3).

There were significant differences in leaf size (as measured by

DM, FM, or A) among the 12 species. The numerical values of

Fagaceae species were generally greater than those of Ulmaceae

species (Figures 4A–C). Leaf absolute water content had a similar

trend with respect to leaf size, and the leaves of the Fagaceae species

tended to have a higher water content (Figure 4D).

There were significant differences in leaf DM per unit area

(LMA) and leaf FM per unit area (LFMA) among the 12 species.

Two evergreen species, Cyclobalanopsis glauca and Lithocarpus

glaber, had the largest LMA and LFMA values (Figures 4E, F).
Discussion

The leaves of evergreen and deciduous species both

conformed to the phenomenon called diminishing returns as
TABLE 2 Statistical parameters for dry mass vs. area and fresh mass vs. area in 12 species.

Species code n Diminishing returns Equation Slope CI r2 Pnon-linearity PE (%)

1 364 Dry mass vs. area y = –5.268 + 1.159 x (1.115, 1.204) 0.861 <0.05 4.19

Fresh mass vs. area y = –4.313 + 1.111 x (1.085, 1.137) 0.943 <0.05 1.53

2 357 Dry mass vs. area y = –4.535 + 1.069 x (1.028, 1.112) 0.855 0.8227 0.01

Fresh mass vs. area y = –3.857 + 1.065 x (1.027, 1.106) 0.881 0.9787 0

3 346 Dry mass vs. area y = –5.276 + 1.058 x (1.020, 1.096) 0.867 0.3154 0.29

Fresh mass vs. area y = –4.837 + 1.132 x (1.098, 1.166) 0.925 0.5759 0.09

4 346 Dry mass vs. area y = –5.630 + 1.122 x (1.096, 1.150) 0.956 <0.05 1.99

Fresh mass vs. area y = –4.612 + 1.101 x (1.081,1.121) 0.980 <0.05 1.41

5 370 Dry mass vs. area y = –5.544 + 1.122 x (1.085,1.159) 0.890 0.7502 0.03

Fresh mass vs. area y = –4.858 + 1.134 x (1.110, 1.158) 0.957 0.888 0.01

6 315 Dry mass vs. area y = –5.740 + 1.201 x (1.159, 1.247) 0.891 0.1119 0.81

Fresh mass vs. area y = –4.997 + 1.195 x (1.160, 1.231) 0.935 0.0943 0.89

7 365 Dry mass vs. area y = –5.454 + 0.997 x (0.957, 1.039) 0.777 0.6695 0.05

Fresh mass vs. area y = –4.902 + 1.087 x (1.046, 1.131) 0.854 <0.05 1.41

8 369 Dry mass vs. area y = –5.673 + 1.159 x (1.116, 1.208) 0.862 <0.05 2.60

Fresh mass vs. area y = –4.573 + 1.098 x (1.071, 1.126) 0.950 <0.05 1.91

9 359 Dry mass vs. area y = –5.139 + 1.116 x (1.058, 1.176) 0.653 <0.05 1.68

Fresh mass vs. area y = –4.573 + 1.098 x (1.071, 1.126) 0.758 <0.05 2.68

10 359 Dry mass vs. area y = –5.930 + 1.174 x (1.137, 1.213) 0.867 <0.05 2.01

Fresh mass vs. area y = –4.734 + 1.126 x (1.100, 1.151) 0.940 <0.05 5.29

11 363 Dry mass vs. area y = –6.176 + 1.520 x (1.464, 1.584) 0.823 0.3377 0.26

Fresh mass vs. area y = –5.028 + 1.442 x (1.399, 1.489) 0.914 0.2457 0.37

12 358 Dry mass vs. area y = –5.495 + 1.168 x (1.135, 1.202) 0.920 <0.05 2.44

Fresh mass vs. area y = –4.848 + 1.177 x (1.153, 1.202) 0.959 <0.05 1.39
fronti
Species codes associated with binomials are provided in Table 1.
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indicated by the numerical values of the exponents of leaf mass

(DM or FM) vs. A exceeding unity. The exponent of FM vs. A

was numerically slightly lower than that of DM vs. A, likely

because the addition of water to the mass of the leaf lamina. An

examination or the non-linear response in diminishing returns

indicated that the non-linear model was not superior and was

less parsimonious compared to the linear model as indicated by

higher r2 and PE values.

No significant difference in DM, FM, and A was observed

between the ten deciduous and the two evergreen species.

However, leaf dry mass per unit area (LMA) and leaf fresh

mass per unit area (LFMA) differed between the evergreen and

deciduous species. Specifically, the evergreen species had larger

mass investments in their per unit leaf area than the other

deciduous species.
Frontiers in Plant Science 06
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We conclude therefore that FM vs. A is a more reliable than

DM vs. A for describing leaf scaling relationships ofM vs. A with

respect to both the evergreen and deciduous species. The leaf

biomass investment strategy between evergreen and deciduous

species is slightly different, but they both conformed to

diminishing returns. However, it worth noting that the

concept of diminishing returns revolves around the

investments made in the construction of leaves and not

around the mechanical loads that a leaf must support (Niklas

et al., 2007). The superiority of the reliability of FM vs. A

highlights the importance of mechanical support, whereas

diminishing returns in the context of DM vs. A highlights the

importance of carbon allocation (Niklas and Spatz, 2012). With

this distinction in mind, we address in the following sections

each of the two questions outlined in the Introduction.
A

B

FIGURE 2

Comparisons of the estimated numerical values of the scaling exponents of DM vs. A among the 12 species (A), and the estimated numerical
values of the scaling exponents of FM vs. A among the 12 species (B). The letters on the top of the whiskers signify the significance of the
difference in the scaling exponent between any two pairs of the 12 species; the solid segments in the boxes represent the medians of the
scaling exponents based on 3000 bootstrapping replications. Species codes associated with their binomials are the same as those in Table 1.
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A B

FIGURE 3

Log-log bivariate plots and linear fits to leaf dry mass vs. A (A), and to leaf fresh mass vs. A (B) for the pooled data of the 12 species. Open circles
are the observed data; the straight lines are the log-log regression curves.
A B

D

E F

C

FIGURE 4

Comparisons of dry mass (A), fresh mass (B), lamina area (C), lamina absolute water content (D), ratio of fresh mass to area (E), and ratio of dry
mass and area (F) among 12 species. The letters on the top of the whiskers of the boxes signify the significance of the difference between any
two of 12 species; the numbers on the top of the whiskers of the boxes signify the coefficients of variation of leaf measures; the solid segments
and asterisks within the boxes represent the medians and means of each leaf measure based on 3000 bootstrapping replications, respectively.
Species codes associated with their binomials are the same as those in Table 1.
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Is leaf FM vs. A more reliable than DM vs.
A when assessing diminishing returns

The two evergreen species manifested a FM vs. A scaling

relationship that was statistically more robust than that of the

DM vs. A scaling relationship (see also Huang et al., 2019a;

Huang et al., 2019b; Liu et al., 2020). Among each of the ten

deciduous species and the two evergreen species, the goodness of

fit (as gauged by r2) for the FM vs. A scaling relationship was

greater than that of DM vs. A scaling relationship (Table 2), as

reported for other evergreen species (Huang et al., 2019a; Huang

et al., 2019b; Liu et al., 2020; Guo et al., 2021).

In prior studies, reduced major axis protocols have been

used to assess the log-log bivariate relationships of biologically

interrelated variables of interest. However, to date, there are no

available methods to test the statistical significance of the non-

linear term based on reduced major axis protocols. In the present

study, ordinary least squares regression protocols were used to

test the significance of the non-linear term (see also Zhao et al.,

2019). Although the non-linear terms were found to be

significant for the M vs. A scaling relationship for some

datasets, the PE values nevertheless showed that the addition

of the non-linear term did not improve the significance of

correlations and unnecessarily increased the model complexity

and was, therefore, unnecessary and a distraction

It is obvious that relationship between FM and lamina A

depends on both the leaf water content and the dry mass content

across all of the species examined in this study. FM depends on the

availability of water in the local environment, whereas leaf dry mass

is unresponsive to variations in water availability after leaf

expansion (Jiao et al., 2022). For this reason, all of the leaves used

in the present study were sampled at the same season and daytime

of day in an effort to limit the effect of rainfall on leaf fresh mass and

its effect on the r2 of FM vs. A. Because leaf area determines the

ability to capture light to a great extent, the leaf biomass invested in

the construction of lamina area and thickness is considered to be a

trade-off between the ability to capture and utilize light (White and

Montes-R, 2005; Jullien et al., 2009; Koester et al., 2014). Thicker

leaves tend to have a higher water content, longer palisade cells, and

multiple palisade cell layers, which can enhance area-based

photosynthesis (Mitchell et al., 1999; Lambers et al., 2008).

Therefore, we conclude that FM vs. A is a better measure of

leaf performance than DM vs. A when considering the scaling of

leaf biomass with respect to A (Liu et al., 2020).
Does the leaf biomass investment
strategy differ between deciduous and
evergreen species?

Leaf dry mass, fresh mass, and water content does not differ

significantly between the evergreen and deciduous species
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examined in this study (Figures 4A–C). This indifference

might reflect equivalent investments to maintain essential

metabolic pathways regardless of leaf life span (Niinemets

et al., 2006; Yan et al., 2016). Regardless of the proximate

cause(s), we cannot conclusively confirm whether deciduous

species invest more or less biomass to leaf area expansion

compared to evergreen species.

However, our data indicate that the LMA and FLMA of

deciduous species are significantly smaller than those of

evergreen species (Figures 4E, F; see also Poorter et al., 2009).

LMA is frequently used as a surrogate measure of photosynthetic

rate and growth strategy (Wright et al., 2004; Poorter et al.,

2009). Typically, photosynthetic activity per leaf area declines

with increasing LMA, whereas the concentration of proteins and

minerals tends to increase as LMA decreases. This trend is

attended by lower concentrations of lignin and other

secondary compounds, which leads to increased carbon return

rates but also to lower leaf life-span (Lambers and Poorter, 1992;

Wright and Westoby, 2002). Compared to deciduous species,

evergreen species generally have higher LMA and possess a

larger proportion of non-photosynthetically active tissue

associated with longer leaf life spans. The evergreen species

included in our study occur in shaded environments with low

soil moisture that demand long-lasting and thick leaves with

high LMA. In contrast, the deciduous species occuy habitats with

higher light and water availabilities permitting faster life history

strategies expressed by, among other things, low LMA values

(see also Poorter et al., 2009). Based on these results, we conclude

that deciduous species may invest more biomass in their

photosynthetically active tissues per unit leaf area to balance

the shorter duration of their investment returns. Noting that

evergreen species possess larger LMA and LFMA than deciduous

species, we also speculate that these species invest more biomass

in the construction of non-photosynthetically active tissues to

support their longer duration of investment returns.
Conclusions

The data presented here indicate that FM vs. A is more

reliable for describing leaf scaling relationships than DM vs. A

for both evergreen and deciduous species. The FM vs. A scaling

exponents of the 12 species investigated have 95% CIs

numerically greater than unity and a similar trend is observed

for DM vs. A. Thus, the results are consistent with the

phenomenon called “diminishing returns”. The data also

indicate that the leaves of evergreen species have higher LMA

and LFMA values than the deciduous species within the same

family (Fagaceae). These results indicate that the leaf biomass

investment strategies of deciduous and evergreen species are

slightly different: deciduous species tend to obtain larger light

harvesting capabilities by investing less biomass per unit area.
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Future research is required to determine if these trends apply to

species within other families, particularly families including

evergreen and deciduous species.
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Intraspecific and sex-dependent
variation of leaf traits along
altitude gradient in the
endangered dioecious tree
Taxus fuana Nan Li & R.R. Mill

Tian-Xiang Li †, Xiao-Lu Shen-Tu †, Li Xu, Wei-Jun Zhang,
Jun-Peng Duan, Yao-Bin Song* and Ming Dong*

Key Laboratory of Hangzhou City for Ecosystem Protection and Restoration, College of Life and
Environmental Sciences, Hangzhou Normal University, Hangzhou, China
Plant intraspecific trait variation (ITV) including sex-dependent differences are

matters of many ecological consequences, from individual to ecosystem,

especially in endangered and rare species. Taxus fuana is an endangered

dioecious species with small and isolated populations endemic to the

Himalayas region. Little is known about its trait variation between sexes, and

among populations. In this study, 18 leaf traits from 179 reproductive trees

(males and females) along the altitude (2600-3200m a.s.l.) of the T. fuana

populations distributed in Gyirong County, Tibet, China, were measured. ITV

and sources of variation in leaf traits were assessed. The relationship between

leaf traits of males and females and altitude was analyzed separately. Variations

in leaf traits of T. fuana ranged from 3.1% to 24.2%, with the smallest in leaf

carbon content and the largest in leaf thickness to area ratio. On average

78.13% of the variation in leaf traits was from within populations and 21.87%

among populations. The trends in leaf width, leaf nitrogen to phosphorus ratio,

leaf carbon to nitrogen ratio, leaf carbon isotope ratio, and leaf nitrogen

isotope ratio in relation to altitude were the same for males and females.

Leaf length to width ratio varied significantly with altitude only in males, while

leaf phosphorus content, leaf nitrogen content, and leaf carbon to phosphorus

ratio varied significantly with altitude only in females. The correlation

coefficients of most leaf traits of females with altitude were larger than that

of males. In the relationship between leaf traits, there was a high similarity

among males and females, but the altitude accounted for more explanation in

females than in males. Our results suggested that the variation in leaf traits of T.

fuanawas small and did not dominate the interspecific competition in the local

communities. Adaptation to the altitude gradient of T. fuana might be through

altering nutrient storage processes and water use efficiency. Adaptation of
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male and female T. fuana to environmental changes showed differences, where

the males were more tolerant and the females responded greatly to altitude.

The differences in adaptation strategies betweenmale and female T. fuanamay

be detrimental to the maintenance of their populations.
KEYWORDS

altitude, endangered plant, intraspecific trait variation, leaf traits, sex-dependent variation,
Taxus fuana
Introduction

The earliest study of plant intraspecific trait variation (ITV)

could be attributed to the notable novelist and naturalist Johann

Wolfgang von Goethe (Stegmann, 2021). However, most early

studies in trait-based ecology focused on interspecific variation

and only used a mean trait value per species, which assumed

smaller trait variation among conspecific individuals (Suding

et al., 2008; Shipley et al., 2016). Recent studies found that ITV of

some plants could range from 10% to 40% of total variation

(Albert et al., 2010; Messier et al., 2010; Siefert et al., 2015;

Burton et al., 2017; Gaudard et al., 2019), 25% on average based

on a global meta-analysis (Siefert et al., 2015). Another recent

meta-analysis showed that the ecological effects of ITV are

comparable to species effects (Des Roches et al., 2018). The

ecological consequences of ITV have received ever more

renewed interest from ecologists (Bolnick et al., 2011), such as

population dynamics, interspecific interactions, stability,

coexistence, and diversity of ecological communities

(Steinmetz et al., 2020). Those findings suggest ITV could not

be simply ignored in trait-based ecology (Shipley et al., 2016;

Westerband et al., 2021; Rixen et al., 2022).

ITV is thought to be correlated with population size

(Steinmetz et al., 2020), which means that populations of

endangered species usually have lower ITV compared to

widely distributed or common species. Species’ trait variation

and covariation were thought to contribute to explaining

ecological strategies in response to environmental gradients or

changes (Jung et al., 2014). For instance, the variability of plant

traits with altitude gradient reflects the adaptation of plants to

the environment (Mathiasen and Premoli, 2016; de Villemereuil

et al., 2018; Rathee et al., 2021). Changes in altitude lead to

variations in some other environmental factors (e.g.,

temperature, light, etc.) that ultimately affect plant trait

variability (Körner, 2007; Graae et al., 2012; Hartl-Meier et al.,

2014; Sidor et al., 2015). Such trait–environment relationships

are important for predicting the responses of global

environmental change on individuals and populations of

plants (Niinemets et al., 2015; Meng et al., 2017). Meanwhile,

higher ITV could stabilize populations from extreme temporal
02
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fluctuations in population density and decrease extinction risk

(Bolnick et al., 2011). This implies that exploration of ITV of rare

and endangered species could contribute to understanding

population demography, dynamic, and adaptation to natural

and/or anthropogenic disturbances of rare and endangered

species in changing environments (Meng et al., 2017; Song

et al., 2020a). Therefore, incorporating ITV of rare and

endangered species helps to better understand the mechanism

for being endangered or threatened and benefits conservation

practice (Chown, 2012; Cochrane et al., 2015; Turner et al., 2017;

Álvarez-Yépiz et al. , 2019). ITV generally includes

morphological traits, functional traits, and stoichiometric traits

by which to reveal the adaptation strategies of species to

heterogeneous environments (Cordell et al., 2001; Elser et al.,

2010; Albert et al., 2011; de Bello et al., 2011; Álvarez-Yépiz

et al., 2019).

Sexual dimorphism is rather common not only in

angiosperm but also in gymnosperm plants (64.6%) based on

the latest estimation (Walas et al., 2018), such as Cycadidae,

Gnetidae, Ginkgo, and some species in Pinidae (e.g. Taxaceae)

(Ohri and Rastogi, 2020). The rate of dioecious plants is much

higher than monoecious plants in the temperate climate zone

(Walas et al., 2018). As for altitude, it has been found that the

proportion of dioecious plants decreases with increasing altitude

(Lin et al., 2020). Moreover, high altitude tends to exhibit male-

biased sexes, while females are more abundant in lower altitude

regions, because the relative abundance of environmental

conditions is more favorable for the reproduction and survival

of females (Ortiz et al., 2002; Juvany and Munné-Bosch, 2015;

Retuerto et al., 2018). Due to different reproductive demands

and selective pressures, male and female plants usually expressed

different physiological, morphological, phenological, and

reproductive traits (Obeso, 2002; Song et al., 2016). Studies

found that female plants generally have higher photosynthetic

rates than males owing to a compensation mechanism for

reproductive costs (Obeso, 2002; Wu et al., 2021). In addition,

females usually are smaller and grow more slowly than males

(Cipollini and Whigham, 1994; Li et al., 2007; Seyedi et al., 2019;

Zhang et al., 2019). Accumulating studies on functional sex-

related trait differences of dioecious angiosperm plants (e.g.
frontiersin.org
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Populus) responding to stressful biotic and abiotic

environmental factors have been conducted under controlled

systems (Retuerto et al., 2018; Xia et al., 2020). However, few

studies on trait-based ecology incorporated trait variation

between genders (Galfrascoli and Calviño, 2020), especially for

gymnosperm plants in natural ecosystems across environmental

gradients (e.g. altitude).

Taxus fuana Nan Li & R.R. Mill (syn. Taxus contorta), is an

endangered and dioecious gymnosperm endemic to the Western

Himalayas region and grows as a tree or large shrub in the

understory of mixed or Pinus forests along an altitude gradient

ranging from 2600 to 3200 m in Southwest Tibet (China), Nepal,

North India, and Pakistan (Shah et al., 2008; Song et al., 2020b).

Due to its timber production, traditional medicinal uses, and

commercial production of Taxol (i.e. the cancer-inhibitory

alkaloid Paclitaxel) like other species of Taxus, this species also

suffered from heavy anthropologically disturbances (Poudel

et al., 2013; Song et al., 2020b). Previous studies found males

have higher height, larger diameter, shorter needles, smaller leaf

area, and stomata density than females but no differences

between sexes in specific leaf area (SLA), leaf nitrogen, and

carbon concentration in T. baccata (Iszkuło et al., 2009; Cedro

and Iszkuło, 2011; Stefanović et al., 2017). However, to date, few

studies focused on ITV and sex-dependent variation responding

to environmental changes in natural ecosystems, and little is

known if there are sexual dimorphisms in terms of leaf

functional traits of T. fuana.

In this study, we sampled leaf materials and measured 18 leaf

traits of T. fuana along an altitude gradient (from 2600 m to

3200 m a.s.l.) in Gyirong County, aiming to quantify the ITV

and their environmental explanation. Specifically, we address the
Frontiers in Plant Science 03
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following scientific questions: 1) What are intraspecific

variations (including sex-dependent variations) of leaf traits in

T. fuana? 2) How do leaf traits of T. fuana vary along the altitude

gradient? 3) Whether males trees respond differently from

female ones along an altitude gradient?
Materials and methods

Study site and sampling

This study was conducted at Gyirong County (28°21′–28°29′
N, 85°13′–85°21′ E, 2600-3200 m a.s.l.), southwest of Tibet in

China. The region is a subtropical mountain monsoon climate,

with a mean average temperature of 8 - 11°C, and a mean annual

precipitation of 800 mm. Based on our field survey, we observed

6 main (sub)populations with total individuals of more than

5000 which showed significantly male-biased populations in this

area (Song et al., 2020b).

Among six known populations (Tangbo, Kaire, Guofu,

Jilong, Langjiu, and Jipu) (Song et al., 2020b; Li et al., 2022)

(Figure 1), individuals of T. fuana were randomly selected along

an altitude gradient, with the distance between trees ensured to

be above 50 m as far as possible. Fresh, mature (fully developed),

and healthy leaves (needles) of T. fuana were sampled during the

growing season (July–August) in 2018. In total, 179 samples

were collected, of which 85 were males and 94 were females (The

sex of the trees was identified according to whether they had

obvious female cone or staminate strobilus). For each tree, we

measured diameter at breast height (DBH), tree height, and

altitude of the locality.
FIGURE 1

Geographical distribution of sampling sites (Li et al., 2022).
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Leaf traits measurement

A total of 18 leaf traits were measured and categorized into

morphological traits, functional traits, and stoichiometric traits

(Pérez-Harguindeguy et al., 2013). For morphological traits, 10

fresh leaves from each tree were randomly selected and the

thickness of each leaf was measured with a vernier caliper (0.01

mm), which was used to calculate the mean leaf thickness (LT)

(mm) of each tree. Then, those leaves of each tree were

separately immersed in water overnight, blotted up water, and

measured for water-saturated weight. After that, the same leaf

samples were scanned with a photo scanner and weighed after

oven-dried at 60°C for 72h. Leaf area (LA) (cm2), leaf length (LL)

(cm), leaf width (LW) (cm), leaf perimeter (LP) (cm) of each

sample were accessed from scanned photo with ImageJ (http://

imagej.nih.gov/ij/), which also was used to determine leaf length

to width ratio [leaf length (cm)/leaf width(cm)] (LLWR) (cm

cm-1), leaf thickness to area ratio [leaf thickness (cm)/leaf area

(cm2)] (LTAR) (cm cm-2) and leaf profile index [leaf perimeter

(cm)/
ffiffiffiffiffiffi

LA
p

(cm)] (LPI) (cm cm-1) (Pérez-Harguindeguy

et al., 2013).

For functional traits, the specific leaf area (SLA) (cm2 g-1) of

each sample was calculated as the ratio of sample leaf area to

oven-dry weight. Leaf dry matter content (LDMC) (g g-1) was

determined by the ratio of leaf oven-dry weight to water-

saturated weight. Leaf carbon (C) and nitrogen (N) content

(mg g-1) was determined using an elemental analyzer (vario

MICRO cube; Elemental, Germany) (Hu et al., 2015). Leaf

phosphorus content (P) (mg g-1) was determined by digestion

with HClO4-HNO3 and then measured by Prodigy7 ICP-OES

Spectrometer (Leeman, US) (Hu et al., 2019).

For stoichiometric traits, leaf carbon to nitrogen ratio (C:N),

leaf carbon to phosphorus ratio (C:P), and leaf nitrogen to

phosphorus ratio (N:P) were calculated by the ratio of leaf C

to leaf N, leaf C to leaf P and leaf N to leaf P, respectively. Leaf

carbon isotope ratio (d13C) (‰) and leaf nitrogen isotope ratio

(d15N) (‰) were determined using the elemental analyzer

coupled to an isotope ratio mass spectrometer (Isoprime100;

Isoprime Ltd, Germany) (Hu et al., 2017; Hu et al., 2022; Tan

et al., 2022).
Statistical analyses

To describe the variation of T. fuana traits, the mean,

minimum, maximum, and median values, as well as standard

errors, and coefficients of variation (CV) were calculated for each

leaf trait (Kumordzi et al., 2014). In order to analyze the intra-

population variation of leaf traits, non-parametric multivariate

analysis of variance with the “adonis” function in the “vegan”

package was used to obtain among and within populations

variance values for leaf traits, which were used as sources of
Frontiers in Plant Science 04
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variation among and within populations (Anderson, 2001). To

investigate the overall response of T. fuana to environmental

heterogeneity caused by altitude changes and the differential

performance between males and females, a correlation analysis

was conducted.

To explore the interrelationships among leaf traits of male

and female T. fuana, and the differences between males and

females, piecewise structural equation models (piecewiseSEM)

were fitted to the leaf traits of male and female T. fuana,

respectively (Lefcheck, 2016; Liu et al., 2020). Because the

differences in light, water and heat conditions at different

altitude (Körner, 2007; Moser et al., 2010) may have a greater

impact on leaf traits of T. fuana, altitude was included as a

random effect in the model, and the differences in marginal R2

(fixed factors only) and conditional R2 (all factors, including the

random effect) were analyzed to assess the effect of altitude in T.

fuana (Nakagawa and Schielzeth, 2013). Interrelationships

among leaf traits were analyzed by standardized path

coefficients. The fit of the model was confirmed using Fisher’s

C test (when 0 ≤ Fisher’s C ≤ 2 and 0.05< P ≤ 1.00). The model

was optimized by eliminating non-significant paths or factors

(e.g., tree height, DBH, etc.), and the final model was obtained by

comparison of models (Huang et al., 2020). The original model

was constructed based on existing knowledge of the

interrelationships of leaf traits (Navarro et al., 2010). A log10
transformation of the data was performed before model

building. The main R packages involved in the model fitting

process were “piecewiseSEM”, “nlme”, and “lme4” (Pinheiro

et al., 2014; Lefcheck, 2016). All analyses were conducted using

the statistical software R 4.2.1 (R Core Team, 2022).
Results

The variation of leaf traits in T. fuana

There was some variability among the 18 leaf traits of T.

fuana (Table 1). The coefficients of variation were in the range of

3.1% to 24.2%. The larger variation occurred in leaf area, leaf

thickness to area ratio, SLA, leaf P, and leaf C:P, respectively. The

leaf thickness to area ratio was the most variable, ranging from

0.601-2.602, and the coefficient of variation was 24.2%. The

smaller variation included leaf profile index, leaf C, and leaf

d13C, where the smallest variation was in leaf C, ranging from

460.674 to 527.157 and the coefficient of variation was 3.1%.

The results obtained from non-parametric analysis of

variance showed that 78.13% of the 18 leaf traits variation for

T. fuana could be attributed to differences within populations,

while the remaining 21.87% explained variation among

populations (Table 2) (F = 9.684, P = 0.001). The results

indicated that the variation in leaf traits of T. fuana mainly

occurred within populations.
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Patterns of variation in leaf traits with
altitude in T. fuana

On the whole, the leaf thickness (r = −0.149, P = 0.047)

(Figure 2A), leaf width (r = −0.335, P< 0.001) (Figure 2C), leaf N

(r = −0.205, P = 0.006) (Figure 2L), leaf C:P (r = −0.235,

P = 0.002) (Figure 2O), leaf N:P (r = −0.572, P< 0.001)

(Figure 2P) of T. fuana were significantly negatively correlated

with altitude, whereas the leaf length to width ratio (r = 0.215, P

= 0.004) (Figure 2F), leaf P (r = 0.283, P< 0.001) (Figure 2M), leaf

C:N (r = 0.279, P< 0.001) (Figure 2N), leaf d13C (r = 0.230, P =

0.002) (Figure 2Q), leaf d15N (r = 0.243, P = 0.001) (Figure 2R)

were significantly positively associated with altitude. The

remaining leaf traits were not significantly related to altitude

(Figures 2B, D, E, G–K).

In terms of sex, the leaf width (female: r = −0.338, P = 0.001;

male: r = −0.334, P = 0.002) (Figure 2C) and leaf N:P (female:
Frontiers in Plant Science 05
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r = −0.750, P< 0.001; male: r = −0.322, P = 0.003) (Figure 2P) of

female and male T. fuana were significantly negatively correlated

with altitude, whereas leaf C:N (female: r = 0.312, P = 0.002;

male: r = 0.246; P = 0.023) (Figure 2N), leaf d13C (female: r =

0.234, P =0.023; male: r = 0.235, P = 0.030) (Figure 2Q), and leaf

d15N (female: r = 0.241, P = 0.019; male: r = 0.244, P = 0.025)

(Figure 2R) were significantly positively correlated with altitude

in both female and male. However, the leaf length to width ratio

(male: r = 0.318, P = 0.003) (Figure 2F) showed a significant

increase with altitude only in males. In addition, leaf P (female:

r = 0.485, P< 0.001) (Figure 2M) increased significantly with

altitude only in females, and leaf N (female: r = −0.223, P =

0.030) (Figure 2L) and leaf C:P (female: r = −0.476, P< 0.001)

(Figure 2O) decreased significantly with altitude only in females.

It was worth noting that the number of leaf traits significantly

correlated with altitude in females was higher than that in males,

as well as the magnitude of correlation coefficients.
TABLE 2 Non-parametric analysis of variation for 18 leaf traits of T. fuana in six populations.

Source of variation d.f. Sum of squares Mean of squares Percentage of variation F P

Among populations 5 0.1221 0.0244 21.87 9.684 0.001

Within populations 173 0.4362 0.0025 78.13

Total 178 0.5583
frontiersi
TABLE 1 Descriptive statistics of 18 leaf traits in T. fuana in six populations.

Leaf traits Unit N Mean SE Min Med Max CV (%)

LT mm 179 0.481 0.004 0.372 0.477 0.642 10.6

LL cm 179 2.730 0.031 1.658 2.720 4.255 15.3

LW cm 179 0.197 0.002 0.121 0.196 0.255 11.0

LP cm 179 6.228 0.068 3.886 6.204 9.520 14.6

LA cm2 179 0.562 0.009 0.269 0.551 1.133 22.5

LLWR cm cm-1 179 13.985 0.138 9.904 14.095 18.348 13.2

LTAR cm cm-2 179 1.171 0.021 0.601 1.131 2.602 24.2

LPI cm cm-1 179 8.337 0.033 7.301 8.303 9.330 5.3

SLA cm2 g-1 179 79.680 1.332 40.738 77.826 141.937 22.4

LDMC g g-1 179 0.358 0.003 0.279 0.356 0.474 10.1

Leaf C mg g-1 179 499.408 1.147 460.674 503.608 527.157 3.1

Leaf N mg g-1 179 14.880 0.195 8.294 15.011 21.852 17.5

Leaf P mg g-1 179 1.595 0.028 0.844 1.524 3.493 23.7

Leaf C:N – 179 34.640 0.486 23.126 33.529 58.770 18.8

Leaf C:P – 179 328.896 5.437 141.577 327.732 609.256 22.1

Leaf N:P – 179 9.564 0.123 5.844 9.560 14.572 17.3

Leaf d13C ‰ 179 −28.345 0.087 −31.613 −28.247 −25.282 −4.1

Leaf d15N ‰ 179 0.727 0.127 −2.913 0.632 5.498 232.9
Due to positive and negative values of leaf d15N, there was a large degree of data dispersion, the CV of leaf d15N was excluded from the analysis. LT, leaf thickness; LL, leaf length; LW, leaf
width; LP, leaf perimeter; LA, leaf area; LLWR, leaf length to width ratio; LTAR, leaf thickness to area ratio; LPI, leaf profile index; SLA, specific leaf area; LDMC, leaf dry matter content; Leaf
C, leaf carbon content; Leaf N, leaf nitrogen content; Leaf P, leaf phosphorus content; Leaf C:N, leaf carbon to nitrogen ratio; Leaf C:P, leaf carbon to phosphorus ratio; Leaf N:P, leaf
nitrogen to phosphorus ratio; Leaf d13C, leaf carbon isotope ratio; Leaf d15N, leaf nitrogen isotope ratio.
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FIGURE 2

Relationship between leaf traits (total, female, male) along altitude in T. fuana. Morphological traits (A–H), functional traits (I–M), and
stoichiometric traits (N–R). Regression lines were plotted for significant relationships with P < 0.05. LLWR, leaf length to width ratio; LTAR, leaf
thickness to area ratio; SLA, specific leaf area; LDMC, leaf dry matter content; Leaf C, leaf carbon content; Leaf N, leaf nitrogen content; Leaf P,
leaf phosphorus content; Leaf C:N, leaf carbon to nitrogen ratio; Leaf C:P, leaf carbon to phosphorus ratio; Leaf N:P, leaf nitrogen to
phosphorus ratio; Leaf d13C, leaf carbon isotope ratio; Leaf d15N, leaf nitrogen isotope ratio.
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Interrelations between male and female
leaf traits in T. fuana

Results of the structural equation model revealed that there

was a greater similarity in the relationship between male and

female leaf traits of T. fuana (Figures 3A, B). However, some

differences were shown between the two models. As far as the

direct effects of leaf traits are concerned, the principal variation

in leaf traits between male and female T. fuana was manifested

by the intervention of the additional leaf length and the

relationship between leaf area and leaf C with other leaf traits

in males. On the other hand, the path coefficients between leaf

traits of male T. fuana were relatively larger than those

of females.

The two structural equation models in this study differed

significantly in the amount of explanation for leaf traits

(Table 3). In female T. fuana, except for the LDMC, the

conditional R2 (all factors) of the model for leaf traits was

above 0.6. The variation of LDMC and leaf area explained by

the model was minimum and maximum, respectively, and the

conditional R2 (all factors) was 0.29 and 0.83. Correspondingly,

the model of male T. fuana explained the variation of leaf d15N
was minimum, the conditional R2 (all factors) was 0.29. Among

the other leaf traits, there were three leaf traits with conditional

R2 (all factors) reaching 0.8, these were SLA, leaf P, and leaf d13C.
On the whole, the conditional R2 (all factors) of most leaf traits

in male T. fuana was greater than that of females. Regarding

marginal R2 (fixed effects), females had lower marginal R2 (fixed

effects) than males except for leaf N. In contrast, the difference

between marginal R2 (fixed effects) and conditional R2 (all

factors) was higher in females than in males overall, which

indicated that the random factor “altitude” accounted for more

explanation in females than in males, namely, altitude had a

higher effect on leaf traits in female T. fuana than in males.
Discussion

Extent and sources of leaf trait variation
in T. fuana

Generally, in most of the ecological studies on functional

traits, the mean value of a trait was often taken to represent the

whole species while ignoring ITV, which assumed there were few

intraspecific variations compared to interspecific variations

(Bolnick et al., 2011; de Bello et al., 2011; Shipley et al., 2016).

However, numerous important functional traits showed

considerable intraspecific variation with potential ecological

effects similar to interspecific variation (Albert et al., 2011;

Siefert et al., 2015; Moran et al., 2016; Laughlin et al., 2017; He

et al., 2021; Rixen et al., 2022). The loss of ITV was even thought

to be an important reason for its rareness in some wild species

(Severns and Liston, 2008; González-Suárez and Revilla, 2013;
Frontiers in Plant Science 07
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Wang et al., 2022). Increasingly, studies found that ITV was

probably an important ecological variable (Moran et al., 2016;

Derroire et al., 2018; Mougi, 2020; Senthilnathan and Gavrilets,

2021), which played a non-negligible role in species coexistence

(Ehlers et al., 2016; Hart et al., 2016; Zhang and Yu, 2018; Wang

et al., 2022), interspecific competition (Kostikova et al., 2016; He

et al., 2018; Xu et al., 2020), and population maintenance

(Deepa, 2009; Bolnick et al., 2011; Raffard et al., 2019), etc. In

this study, we found that leaf traits of six populations of T. fuana

exhibited a certain degree of ITV, and the variation of leaf traits

mostly originated from within populations and a small portion

from among populations, which may be related to the

distribution of T. fuana and local community features (Zhang

et al., 2020; Li et al., 2022). It was shown that the importance of

interspecific trait variation was likely to be greater than that of

ITV at the large spatial scales of the study subjects. However,

along with decreasing scales, for ITV, their relative importance

would continually increase and possibly even emerge similar to

that of interspecific trait variation (Messier et al., 2010; Albert

et al., 2011; Kumordzi et al., 2014). Other studies had showed

that the greater habitat heterogeneity, the more intraspecific and

interspecific trait variation would be (Zhang and Yu, 2018;

Homeier et al., 2021). The distribution area of T. fuana in the

Gyirong region was relatively narrow (Song et al., 2020b), hence

it showed a certain extent of ITV. Generally, the variation within

populations reflects the plasticity and flexibility of the species to

adapt to the environment, while the variation among

populations reveals the influence of environmental selection

(Siefert et al., 2015; Lajoie and Vellend, 2018; Moran et al.,

2022). We found a small proportion of the ITV in T. fuana

originated from among populations, perhaps because of the

narrow distribution with little environmental heterogeneity

among populations, and then failed to generate a large

variation. In addition, the majority of trait variations

originating from within populations may be associated with

the position of T. fuana in the tree layer of the local community

(Dan et al., 2020; Song et al., 2020b; Zhang et al., 2020). Plant

communities in the Gyirong region were dominated by the tree

layer, and strong interspecific competition led to a large plastic

variation within the population. Therefore, the interactions

between biotic factors in the community were perhaps the

primary factors that determined the variation in T. fuana

leaf traits.
Variation patterns of leaf traits along
altitude in T. fuana

Plant trait variation is often influenced by climate and

topography (Brousseau et al., 2013; Heilmeier, 2019; Dobbert

et al., 2021; Joswig et al., 2022), which in general is mainly

influenced by climatic factors at the global scale and by

topographic factors at the small scale (van Bodegom et al., 2014;
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Bruelheide et al., 2018; Myers-Smith et al., 2019; Shao et al., 2019;

Zheng et al., 2022). Altitude is a key topographic factor (Graae et al.,

2012;Waigwa et al., 2020; Tang et al., 2022), and changes in altitude

can lead to changes in temperature (Sidor et al., 2015; Chen et al.,
Frontiers in Plant Science 08
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2018), precipitation (Luce et al., 2013; Herrmann et al., 2016), light

(Körner, 2007; Thakur et al., 2019), etc., resulting in hydrothermal

differences that affect plant traits (Hartl-Meier et al., 2014; Zhang

et al., 2022). In this study, we found that the leaf traits of T. fuana
A

B

FIGURE 3

The piecewise structural equation models for testing the interrelations of leaf traits in female (A) and male (B) T. fuana. Solid arrows represent significant
paths (P< 0.05) and dashed arrows represent non-significant paths (P > 0.05). The red arrows reflect negative relationships and the green arrows reflect
positive relationships. Each path coefficient was standardized. *, **, *** indicated P < 0.05, P < 0.01, P < 0.001, respectively. LT, leaf thickness; LL, leaf
length; LW, leaf width; LA, leaf area; SLA, specific leaf area; LDMC, leaf dry matter content; Leaf C, leaf carbon content; Leaf N, leaf nitrogen content;
Leaf P, leaf phosphorus content; Leaf d13C, leaf carbon isotope ratio; Leaf d15N, leaf nitrogen isotope ratio.
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showed different trends with altitude. Among them, leaf width

became significantly smaller with altitude, while the leaf length did

not change significantly with altitude, thus leading to a larger leaf

length to width ratio with altitude. This indicated that the leaves of

T. fuana were more needle-shaped with increasing altitude. It was

also found that the leaf thickness decreased slightly with altitude,

indicating that the leaves became softer while needle-shaped, which

was probably related to the adaptation of T. fuana to snowfall and

resistance to the tearing by strong winds. As the altitude increases,

the likelihood and amount of snowfall become greater (Šıṕek and

Tesar,̌ 2014; Deng et al., 2017). The more needle-shaped and softer

leaves would better avoid excessive snow accumulation and reduce

damage, as well as resist extreme wind with some advantages (Read

and Sanson, 2003; Onoda et al., 2011; Hua et al., 2020). In other

aspects, the variation of leaf carbon content with altitude was not

significant, thus the significant variation of leaf carbon to nitrogen

ratio and leaf carbon to phosphorus ratio with altitude was mainly

determined by the change in leaf nitrogen content and leaf

phosphorus content, which indicated that the leaf carbon content

of T. fuana was highly stable in accordance with universality

(McGroddy et al., 2004; Elser et al., 2010; Yang and Luo, 2011).

The leaf nitrogen content was reduced with increasing altitude,

while the leaf phosphorus content showed the opposite trend, which

in turn contributed to the reduction of leaf nitrogen to phosphorus

ratio with increasing altitude. The leaf nitrogen content, leaf

phosphorus content, and leaf nitrogen to phosphorus ratio reflect

the nutrient utilization status of plants (Thompson et al., 1997;

Reich and Oleksyn, 2004; Chen et al., 2013). The mean value of leaf

nitrogen to phosphorus ratio in this study was 9.564, indicating that

the growth and development of T. fuanawere principally limited by

nitrogen (Koerselman and Meuleman, 1996; Güsewell et al., 2003;

LeBauer and Treseder, 2008). The decrease in nitrogen

mineralization rate with increasing altitude probably inhibited the

uptake of nitrogen by plants and thus caused a decrease in leaf

nitrogen content (Reich and Oleksyn, 2004). In addition, the

reduced plant growth and metabolic activities may also lead to

lower leaf nitrogen content as the temperature drops with
Frontiers in Plant Science 09
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increasing altitude (Elser et al., 2003). In general, plants prefer to

accumulate excess nutrients in extreme environments, especially

excess leaf phosphorus content to enhance survival (Chapin, 1990;

Cordell et al., 2001). Therefore, as the habitat was progressively

harsher with increasing altitude, T. fuana might improve leaf

phosphorus to adapt to the habitat change, especially under

nitrogen limitations. This suggested that the environmental

heterogeneity caused by altitude change affected the nutrient

storage process of T. fuana. It was at the same time found that

both leaf d13C and leaf d15N were greater with increasing altitude,

which seemed to be related to the temperature and precipitation

variability caused by altitude changes (Zhou et al., 2011; Yang et al.,

2013; Li et al., 2017). In general, both temperature and precipitation

were reduced with increasing altitude, and the reduction of

temperature would diminish the diffusion capacity of CO2 in

leaves, which in turn reduced the CO2 conductance of stomata

and increased d13C in leaves (Hultine and Marshall, 2000;

Diefendorf et al., 2010). Meanwhile, leaf d13C was an indicator of

plant water use efficiency, and the higher the leaf d13C, the higher
the plant water use efficiency (Pascual et al., 2013; Barbour, 2017).

This indicated that the water use efficiency of T. fuana gradually

improved with increasing altitude and precipitation reduction,

which was a manifestation that T. fuana adapted to

environmental changes. The relationship between leaf d15N and

altitude was complicated, and the correlation differed with the

species and environment in the studies (Liu and Wang, 2009;

Gavazov et al., 2016; Wang et al., 2019). It has been shown that

plant d15N relates more to climate globally, such as negative relation

with precipitation and positively correlated with temperature

(Amundson et al., 2003). In this study, leaf d15N was positively

correlated with altitude, and from another perspective, it could be

considered to be indirectly negatively correlated with temperature

and precipitation, i.e., it is consistent with the relationship of

precipitation in the global pattern and opposite to that of

temperature. The possible reason was that the increase in altitude

would lead to a decrease in precipitation and temperature, but the

Gyirong region was more influenced by the warm and humid
TABLE 3 The marginal R2 and conditional R2 of the structural equation model in functional traits of female and male T. fuana.

Response variable Female Male

Marginal R2 Conditional R2 Marginal R2 Conditional R2

SLA 0.75 0.83 0.86 0.87

LDMC 0.22 0.29 0.34 0.47

Leaf P 0.46 0.69 0.69 0.80

Leaf C – – 0.08 0.72

Leaf N 0.47 0.67 0.41 0.57

Leaf d15N 0.12 0.67 0.20 0.29

Leaf d13C 0.46 0.64 0.49 0.80
Marginal R2 represents the variance explanation that includes only fixed effects, and conditional R2 represents the variance explanation that includes both fixed and random effects. “-”
indicating the absence of marginal R2 and conditional R2 due to the elimination of paths to leaf C during the modification of the model. SLA, specific leaf area; LDMC, leaf dry matter
content; Leaf C, leaf carbon content; Leaf N, leaf nitrogen content; Leaf P, leaf phosphorus content; Leaf d13C, leaf carbon isotope ratio; Leaf d15N, leaf nitrogen isotope ratio.
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airflow from the Indian Ocean (Adhikari and Mejia, 2021; Li et al.,

2022), so that precipitation might have a more prominent effect on

T. fuana. Therefore, the leaf d15N of T. fuana showed a positive

trend with altitude. It implied that environmental factors are

important drivers affecting the variation of T. fuana leaf traits,

and their specific roles should be further considered in

future studies.
Interrelations and differences between
male and female T. fuana leaf traits

Differences between dioecious plant traits and their response

to environmental changes might detrimentally affect population

maintenance (Melnikova et al., 2017; Hultine et al., 2018; LeRoy

et al., 2020). In this study, leaf width, leaf nitrogen to phosphorus

ratio, leaf carbon to nitrogen ratio, leaf d13C, and leaf d15N
showed similar trends with altitude between male T. fuana and

females, which reflected the similarity in adaptation to altitude

changes between genders. Comparing the two structural

equation models also exhibited such a situation, i.e., a greater

similarity in the relationship between male and female leaf traits.

This illustrated the coherence of adaptation strategies between

male and female T. fuana (Ortiz et al., 2002; Munné-Bosch,

2015; Wang et al., 2018). However, in the correlation coefficients

between leaf traits and altitude, females were mostly greater than

males. Moreover, females exhibited remarkable performance in

terms of stoichiometric characteristics. For instance, in leaf

nitrogen content, leaf carbon to phosphorus ratio, and leaf

phosphorus content, females reached significant levels with

altitude only. Meanwhile, males showed relatively pronounced

morphological characteristics, such as in leaf length to width

ratio, where males reached significant levels with altitude only.

These suggested that female T. fuana responded more strongly

to altitude, and it can be inferred that the differences are mainly

in nutrient utilization, while male T. fuana showed more

stability to environmental heterogeneity caused by altitude

changes (Lei et al., 2017). This might be related to the fact that

males are more focused on vegetative growth, i.e. males may

devote more resources to vegetative growth and thus have

greater tolerance to corresponding environmental changes

(Obeso, 2002; Meinzer et al., 2011). This was further

illustrated in the performance of structural equation models,

where the path coefficients among male leaf traits were mostly

larger than the corresponding path coefficients for females (e.g.,

SLA, LDMC, leaf N, P, etc.). This may be related to the difference

in resource absorption between the sexes. Studies showed that

female trees allocated higher resources to reproduction than

males, while males were likely to devote more resources to

vegetative growth (Tognetti, 2012; Hultine et al., 2016; Lei

et al., 2017). Therefore, this may result in the leaf traits of

males being more closely linked and more tolerant to

environmental changes, while females are more susceptible to
Frontiers in Plant Science 10
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multiple factors. A similar phenomenon was presented for the

explained values (marginal R2 (fixed effect) and conditional R2

(all factors)). This suggested that the fixed factors could explain

more variation in male T. fuana leaf traits than in females, while

the random factor (altitude) accounted for a greater amount of

explanation in females. Therefore, the inference seems to be that

female T. fuana was more influenced by other factors or

responded more strongly to environmental variability. Males,

on the other hand, possess higher stability and could tolerate

more environmental changes. This result supports previous

studies that males were more adaptable than females and in a

more favorable position in population development, which in

turn possibly led to male-biased sex in T. fuana populations

(Song et al., 2020b). Overall, it is inferred that male and female T.

fuana exhibited greater similarity in their strategies for adapting

to environmental changes, but there was also a considerable

extent of variation between the male and female.
Conclusions

The analysis revealed that the variance of T. fuana leaf traits

was at a low level and did not dominate the interspecific

competition in the local communities. Altitude was an important

factor affecting the variation of T. fuana leaf traits. Adaptation of T.

fuana to altitude gradient probably through altered nutrient

storage processes and water use efficiency. The growth and

development of T. fuana was restricted mainly by nitrogen, and

probably adapted to the altitude change by modifying the nutrient

storage process and water use efficiency. Male and female T. fuana

showed differences in their strategies for adapting to

environmental variability, where the male T. fuana was more

tolerant and the females responded more strongly to altitude

changes and were more influenced by the environment. The

differences in adaptation strategies between male and female T.

fuanamay be detrimental to the maintenance of their populations,

besides the environment was an important aspect affecting T.

fuana, which deserved further consideration in future studies.
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secondary sexual dimorphism and female intolerance to drought influence the sex
ratio and extinction risk of Taxus baccata? Plant Ecol. 200, 229–240. doi: 10.1007/
s11258-008-9447-5

Joswig, J. S., Wirth, C., Schuman, M. C., Kattge, J., Reu, B., Wright, I. J., et al.
(2022). Climatic and soil factors explain the two-dimensional spectrum of global
plant trait variation. Nat. Ecol. Evol. 6, 36–50. doi: 10.1038/s41559-021-01616-8

Jung, V., Albert, C. H., Violle, C., Kunstler, G., Loucougaray, G., and
Spiegelberger, T. (2014). Intraspecific trait variability mediates the response of
subalpine grassland communities to extreme drought events. J. Ecol. 102, 45–53.
doi: 10.1111/1365-2745.12177
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