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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 leaffresh 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 of five leaf-age groups of the evergreen broad-leaves
shrub Photinia x 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
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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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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)

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
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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

10.3389/fpls.2023.1169558

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 §'°N 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; Janhill, 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 x 8 species x 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 N, 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 HCIO4-H,SO4. 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 '3C and N 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
(HCI) (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~ ! dry leaf.

Leaf Photosynthetic Parameter

Determination

Intact and healthy leaves were selected from the branches
to construct photosynthetic light and carbon dioxide (CO;)
response curves and determine stomatal conductance,
intercellular CO, 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 pmol m~2
s71); 400 wmol mol~! COy; 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 CO, response curve
with the methods of previous studies (Farquhar and von
Caemmerer, 1982; Loustau et al., 1999). The CO, curve was
constructed under the conditions of 400, 300, 260, 200, 180,
150, 120, 100, 80, 60, 50, and 20 wmol-mol~! CO,. Prior to
this, the leaves were exposed to saturated PPFD for 30 min
to reach full photosynthetic induction. Subsequently, stomatal
conductance, intercellular CO, 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 cm?)
from the center blade of each fresh leaf and 30 pieces of the blade
(10 leaves x 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-HCI 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,
ddH,O0, 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, 1*C, and!°N); 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 2¢,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 313C
values among the three sites. The leaf §!°C 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 8'3C values were detected in plants located in the SFR and
the RNR, respectively. However, the 3'°N 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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environments, and the capital letters reveal the significant differences (P < 0.05) of different species in the same growth environment.
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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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differences (P < 0.05) of different species in the same growth environment.
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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 CO, 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 CO; concentration ranged from 206 to 270 pmol
mol~! 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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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 '3C 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 CO; concentration is higher in urban areas due to
the proximity to additional emission sources. Since CO; is the
substrate of photosynthesis, it is unsurprising that elevated CO,
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 CO; 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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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 Alpinia Ardisia Psychotria Diospyros Cratoxylum Engelhardtia Schima
gracile chinensis quinquegona rubra morrisiana  cochinchinense roxburghiana 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 0.126 0.622** 0.831** 0.848** 0.618** 0.613** 0.731** 0.300
Rubisco
Leaf N allocated to 0.270 0.713** 0.850** 0.758** 0.663** 0.660** 0.657** 0.283
bioenergetics
Leaf N allocated to —0.535** 0.483* 0.117 0.194 0.300 0.452* 0.370 0.160
light-harvesting
components
Leaf N allocated to 0.143 0.642** 0.846** 0.846** 0.639** 0.633** 0.733** 0.350
photosynthetic system
Leaf N allocated to —0.068 0.604** 0.730** 0.774** 0.572** 0.610** 0.641** 0.330
carboxylation system
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 Kiipper,
2009; Rajkumar et al., 2013). The Rubisco activity and CO,
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; Hattenschwiler 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 3'°N 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 §'°N value by
enhancing nitrification and leaching (Hietz et al., 2011), and
thereby, the decline in leaf 8!°N 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 >N depleted (Battipaglia et al., 2010; Chen et al,,
2011; Fu et al,, 2020). The N deposition could also lead to
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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 §!°N. 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 leptophyila,
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
leaflength 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 8, 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 (y.); the second one is the
distance from lamina base to a point on the lamina length axis
associated with leaf maximum width (x.); the third one is lamina
length (x;); the last one (i.e., 8) controls the curvature of a curve
(Figure 1). These parameters can be potentially applied to reflect
leaf shape, e.g., the quotient of x, and x;, 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 x, 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 (x;) 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, x4 and x»
represent the lamina base and lamina apex, respectively; x. represents the
point on the lamina length axis associated with the lamina maximum width
2y¢; 8 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, x¢, X2, and 8.

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 x 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 3 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):

(x—2x1) (x— xz)2 g

Y :y‘[(xz—xc)[(xz—xc)(x—xc)—(xl—xc)(xc+xz—zx)]] ’

where, x; and x; represent, respectively, the lamina base as
the starting point and the lamina apex as the ending point, x.
represents the point on the lamina length axis associated with
lamina maximum width, y. represents half lamina maximum
width, and 3 is a parameter influencing the curvature of the curve.
The curvature of the lamina edge can be directly represented by
the parameter 3 of the ovate leaf shape model. A large § 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):

n

RSS= > (y;—9)°.

j=1

where, n represents the number of data points on the lamina
edge, the subscript j represents the jth point, and y; 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
(RMSE,4)) of each lamina (Wei et al., 2019; Shi et al., 2020b):

JRSS/n
RMSEadj = T/T[’
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FIGURE 2 | Leaf examples of Cinnamomum camphora (L.) Presl and Machilus leptophylla Hand.-Mazz. (Lauraceae).

Cinnamomum camphora (Linn.) Presl

Machilus leptophylla Hand.-Mazz.

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 L; and R; respectively, where,
i represents the ith strip. The mathematical expression of SI is as
follows:

g ! | Li — Ri|
1000 ; Li+Ri

6
4 -
/ T
2 1 \ L
~ L S
£ 1 2 3 4
U
-~ \R\ Rz R3 R4
24 / R,
\—_/'
-4 4
-6 T T
0 5 10 15 20
x (cm)
FIGURE 3 | lllustration 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., In 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 x. to x3), 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 RMSE,4;) 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 8 for
CC were larger than 1, and the mean estimated 8 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 (RMSE,q;) is used to reflect the goodness of fit.
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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
coeflicient 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 RMSE,4; 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 RMSE,g;. 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 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

environments
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FIGURE 5 | Comparisons of the estimates of § (A), adjusted root-mean-square errors (B), the natural logarithms of the standardized indices for lamina bilateral
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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

Cinnamomum camphora

Adjusted root-mean-square error

T T
0.0 0.1 0.2 0.3 0.4 0.5

Machilus leptophylla

Adjusted root-mean-square error

T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Standardized index for bilateral asymmery

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
SIL, 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 Horgin 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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Plant Traits Implicate Species Changes

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; Gonzdlez-Paleo and Ravetta, 2018;
Gonzalez-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 CO, 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 (Gonzdlez-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
CO; 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 etal. (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 x 10* km? 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~ !, 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~!. Windy days with a velocity greater than 17 m s~ ! 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 Horgin 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
R', 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 tree* (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.

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

CV (%) = SD/mean x 100 (1)

The 54 species in Horgin 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 ¢-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

Uhttps://www.r-project.org/
Zhttp://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 Horgin 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 (cm?) 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 (cm?/g) SLA 219.74 £ 11.53 31.83 498.56 38.56 0.08 0.08
Leaf tissue density (g/cm?3) 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/cm?®) 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 1.08 £ 0.07 0.1 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.
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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. ~ while the negative relationship was observed in evolutionary
The LTD was positively correlated with FRTD, but the LDMC was  correlations (Table 2).

decoupled from FRDMC. Somewhat unexpected was the positive The coordination between leaf and fine root traits of
relationship between LC and FRC in ahistorical correlations, 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 (1 = 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 (0 = 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 0.1 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 —0.08 —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.
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FIGURE 2 | Principal component analysis (PCA) on traits in 54 dominant species in Horgin 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,
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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; Gonzalez-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; Martinez
et al., 2002). However, there was no significant difference in

Frontiers in Plant Science | www.frontiersin.org

39

February 2022 | Volume 12 | Article 778547


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

Ning et al.

Plant Traits Implicate Species Changes

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 (Gonzélez-
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 (Martinez 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 plants adaptation
to water scarcity in our study area (Bacelar et al, 2004).
This trade-oft 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 x 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 Vvs. 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
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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; Jietal., 2021). To address this bias, we examined the shade-
tolerant evergreen shrub species Photinia X 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 X fraseri is a hybrid between
Photinia glabra and Photinia serratifolia. It is a nothospecies in
the rose family, Rosaceae. Photinia x 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." 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 x 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,
N3 N4

00

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.

Uhttp://data.cma.cn

TABLE 1 | Leaf collection information for Photinia x 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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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
(LEMA), 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, LEMA, and LMA. Additionally, we used a power-law
function to fit the scaling relationship between any two variables

of interest:
Y; =BY5,

where Y; and Y, represent the two interdependent variables,
respectively, and o and P 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=yt+ox.

where y = In Y}, x = In Y5, and y = In B. The numerical
values of a and y 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 o between any two leaf-age groups.
For any two leaf-age groups (denoted as groups A and B),
we calculated 4,000 replicates of a for each group using the
bootstrap method (Efron and Tibshirani, 1993). Denoting D as
the differences in the replicates of o 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 a-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 a-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; Cl represents the 95% confidence intervals of
the slope; r? is the coefficient of determination; and n is the sample size.

significant difference in the estimated o-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 coeflicients
of determination (r?) 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; Cl represents the 95% confidence intervals
of the slope; r? 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. LEM 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; Cl represents the 95% confidence intervals of
the slope; r? is the coefficient of determination; and n is the sample size.

returns.” However, the r? 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
capacity of leaves decreases with

the photosynthetic
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 CO, 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, LEMA,
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,
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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, ie., 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.

Liuetal. (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.,
a > 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 o and normalization constants
(B), only B of leaf area vs. leaf fresh weight (or dry weight) had significantly increased
with altitude. All three paired traits had positive linear relationships between o and f.
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 (Kiihn 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), leat 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 asl.), 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 x 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,' 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 ] software (version 1.48)* 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

Uhttp://www.iplant.cn/frps
Zhttps://imagej.net/software/fiji/
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until achieving a constant dry weight (ie., 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 SLAp, 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 = § x %, linearized
under the form log (y) = log (B) + « log (x). The values of
o determine whether the relationship is isometric (a0 = 1.0) or
allometric (@ > 1.0 or a < 1.0). The term p 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 B indicates the difference independent of parameters.
The 95% CIs of o and B were calculated using the SMATR
Version 2.0 (Falster et al., 2006). For the three paired traits, we
compared its a 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 (R?) 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 cm? to 0.366 g and 24.619 cm?,
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). SLAr and SLAp ranged from 41.686 and
116.582 cm?'g~! to 112.179 and 437.291 cm?'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 o 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 B 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., a and f)
and other derived parameters were very complex (Figures 5-
7). Overall, only the o and P 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 o of LA-LDW with LA
(R? = 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) SLAr-based fresh weight; and
(F) SLAp-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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A o investment of leaf biomass promotes the denser mesophyll tissue,
y=0.962 x - 0.491 ” this not only helps prevent freezing injury but also reduces
0.0 mechanical damage (Niinemets, 2001; Nikita et al., 2018).
In this study, SLA showed a unimodal change with altitude,
0.5 the result is inconsistent with Umafa and Swenson (2019), who
@ found that SLA of four out of six species decreased with elevation.
104 This difference may cause by the relatively limited range of
E altitudes in their study (only ranged from 250 to 1,075 m a.s.l.).
— -1:51 In addition, Costa et al. (2018) researched trait patterns along
§°_2 o tropical elevation gradient ranging from 1,620 to 3,060 m also
' found that LA, SLA, and LDMC showed different patterns along
251 their elevational gradient—sometimes decreasing, increasing, or
showing no clear changes. Unimodal patterns of leaf traits may
3.0 also reflect changes in biodiversity. Many studies have linked
; ; ; ; ; ; ; changes in leaf traits to species richness (Costa et al., 2018; Chen
28 23 -0 48 AR 43 W 03 et al,, 2021; Liu et al.,, 2021); competition among species may
log LFW (g) increase as species abundance increases. Furthermore, increased
B 25 —1.066x + 1878 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
1.54 altitudinal gradient may be one of the main factors leading to the
- variation of leaf traits.
g 1.0 me For plants, leaf water content is associated with photosynthesis
2 / and light capture efficiency. Many studies have shown this for
i = bamboos, climbing plants, and alpine plant taxa (Huang et al.,
80 0.0- 2019a, 2020; Wang et al., 2021). The goodness of fit between LFW
= (R? = 0.437) with altitude is greater than that LDW (R% = 0.399)
-0.51 with altitude, which is consistent with the findings of other
research. It may be due to the different leave shapes. Compared
e with broad leaves, narrow leaves require dense tissue (lower water
15 . . P ‘ ‘ ‘ content) to resist static loads. In other words, even given the same
30 -25 20 -15 -1.0 -05 00 05 leaf fresh mass, different plants will have a great difference in leaf
log LFW (g) dry mass. Huang et a?l. (2019?) thought thaF the studies of leaf
c 25 allometry had to consider the influence of foliar water content on
y=1.108x +2.422 the scaling relationship. However, in the field sampling process,
2.07 it is difficult to obtain the leaves’ fresh weight in time, so there are
™ still many operational difficulties.
G 10 Effects of Altitude on ¢ and §
k) il T Allometric relationships among leaf traits reflect their priority
< 051 : 7 needs and dynamic growth. Based on the pooled data, the LDW
fo .’ did not keep pace with LFW, and as the leaf size gradually
S i increased there was more biomass investment per unit area.
051 3 The result of this study did not support the law of diminishing
6 ) returns, which was inconsistent with Huang et al. (2019a,
-1.01 o 2020). This implied that with the increasing of LFW, leaf water
# content gradually increased or leaf dry matter content gradually
e S 98 B0 5 B 06 b0 @b decreased. It may be because larger LA transpiration more
water and therefore need to store more water, and plenty of
log LDW (g) water keeps photosynthesis going. So, leaf water content and
dry matter content will gradually increase, and the increased
FIGURE 3 | The scaling relationship between leaf traits. (A) The scaling rate of water content is higher than that of dry matter content.
relationship between LFW. and LDW. (B) The scaling relationship between Consistent with Yang et al’s ( 20 21) stu dy the fitness of LA—
LFW and LA. (C) The scaling relationship between LDW and LA. The blue >
circle represents observed values, the red line represents the SMA regression LEW is better than that of LA-LDW. Most plant—like evergreen
line, and the black-dotted line represents the 1:1 line; R? is the coefficient of and deciduous species have different hydraulic strategies and
determination that is used to measure the goodness of fit; p represents the photosynthetic efﬁciency (Niinemets, 2001; Cubino et al., 2021;
significant level of goodness of it at 0.05 level. Wang et al.,, 2021), which may lead to differences in leaf water
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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 p 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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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; Umana 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 a and B, it is not clear whether altitude, leaves, or
their coupling relationship changes o and . 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; Kiithn 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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main factors leading to the change of many traits that showed
unimodal patterns.

The Relationship Between « and g 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
a of LA-LFW and LA-LDW, LFW also did not affect a 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 (WSGyanen), lower leaf area: sapwood area (Al: As), stomatal length (SL), turgor
loss point (¥+,,), maximum vessel diameter (Vdn.,) 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 (P,..,)] 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, WSGpanen, Al: As, SL, ¥r, and
Vdna 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
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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; Ramirez-Valiente and Cavender-Bares, 2017; Ali et al.,
2018; Granato-Souza et al, 2018; Rodriguez-Ramirez 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 CO, and water exchange and light capture, such as maximum
net photosynthetic rate (P, 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 (ie., 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 (ie., 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
560-650mm. 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 X 50 m)
were established in the Q. wutaishanica forests of LP (35°37'—
35°49'N, 109°00"-109°11"E; at 1100-1112m) 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 15-30cm. 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 (5-7cm) 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 (WSGpyna), lower leaf area: sapwood
area (Al: As), stomatal length (SL), turgor loss point (Wy,),
maximum vessel diameter (Vd,,) 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 (P.)].

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 72h at 70°C and weighed as leaf dry mass. Leaf
mass per area (LMA, gm™) was calculated as the ratio of
dry mass to leaf surface area (Yin et al., 2018). Leaf dry matter
content (LDMC, gg™') was calculated as the ratio between
leaf dry mass and fresh mass (Zhao et al., 2021). Leaf thickness
(LT, pm) 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, gem™) 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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Type Species name Code Genus Species name Code r— Crataegus wilsonii
- [— Crataegus hupehensis Crataegus
Common Smilax stans Ss Smilax Smilax stans Ss
species Betula platyphylla Bp Betula Betula platyphylla Bp — Crataegus kansuensis
Fraxinus chinensis Fc Fraxinus Fraxinus chinensis Fe — Cotoneaster submultiflorus
Tetradium daniellii Td Tetradium Tetradium daniellii Td — Chitonetsiervabel Cotoneaster
Rhamnus dumetorum Rd Rhamnus Rhamnus dumetorum Rd ) o
. “— Cotoneaster acutifolius
Carpinus turczaninowii Ctu Carpinus Carpinus turczaninowii Ctu
Cerasus tomentosa Cto Prunus Cerasus tomentosa Cto — Quercus wutaishanica
Celastrus orbiculatus Co Celastrus Celastrus orbiculatus Co [— Quercus acutissima Quercus
Elaeagnus umbellata Eu El El bell Eu L— Quercus serrata
Toxicodendron vernicifluum Tv Toxicodendron  Toxicodendron vernicifluum Tv
— Euonymus alatus
Rhus potaninii Rp Rhus Rhus potaninii Rp
Quercus aliena Qal Quercus Quercus aliena Qal [ SRR BTG Euonymus
Acer pictum subsp. mono Ap Acer Acer pictum subsp. mono Ap “— Euonymus phellomanus
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Spiraea pubescens Spp Spiraca Spiraea hirsuta Sh 1=~~~ 18 special congeneric species
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  Height Height m Whole plant
traits Wood specific gravity — WSGiyanen g-cm=2 Branch

Leaf area: sapwood Al:As Branch

area

Maximum vessel Vday pm

diameter

Turgor loss point Yo MPa Leaf

Vein density VD mm-mm-~2 Leaf

Stomatal density sD mm-? Leaf

Stomatal length SL pm Leaf
Economic Maximum net Prax mmol-m=2s~' Leaf
traits photosynthetic rate

Leaf dry matter LDMC g-g”’ Leaf
content

Leaf dry mass per area LMA gm? Leaf
Leaf thickness LT pm Leaf
Leaf tissue density D gocm™ Leaf

field. The temperature was controlled at 20°C-25°C in ambient
CO,, and the airflow rate was set at 500pmols™. The
photosynthetically active radiation (PAR) gradients were 1800,
1,500, 1,200, 1,000, 800, 600, 400, 200 and Opmolm™ s7.

Maximum net photosynthetic rate (P, pmolm™ s™') was
obtained by fitting the empirical equation of the least square
method adopted by Bassman and Zwier (1991).

Hydraulic Traits

For vein density assessments, 2cm?® of leaf area were sampled
in the central region, immersed in 10% NaOH in an oven at
65°C for 4-12h. Samples were repeatedly washed with deionized
water for about 30min, immersed and bleached in 10% H,O0,
for 10-30min 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™% Zhao et al,, 2021).

Leaf stomatal density (SD, mm™) and stomatal length (SL,
pm) 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 x10 magnification; Motic ChinaGroup
Co., Ltd., China). More than 20 fields randomly were selected
per leaf and a photograph of 200x200pm in the area was
selected for analyses using Image-Pro Plus 6.0. The density of
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stomata (SD, mm™) was calculated by counting all stomata
for each specified area (200 %200 pm) and dividing this number
by the area. We measured the length of the guard cells as
stomatal length (SL, pm).

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
x40 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 (Vdp., pm).

Leaf water potential (W, 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 72h 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 (W, MPa).

For one individual, 5cm 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 (WSGyuna; 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 0.0001g after oven-drying at 70°C for 72h. The
WSGhuana, 1s 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 A;: A,, SL (except for Crataegus wilsonii),
Vd,..x, and more negative Wr,, values, but higher values of SD,
VD and WSGy,,,a, 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 P, 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 A: A, SL, Vd,., and more
negative Wp, values. SD, VD and WSGy,,a, 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 P,,,, 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. P, and TD, coupled
with Vd,..; LDMC and LT, coupled with WSGy,na, and Ap: Ag
LMA, coupled with VD, SD, height, and Wy, 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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FIGURE 2 | Eight hydraulic traits: (A) leaf area: sapwood area (A: Ay, (B) Stomatal density (SD), (C) Turgor loss point (W), (D) Maximum vessel diameter (Vday),
(E) Height (height), (F) Stomatal length (SL), (G) Vein density (VD), and (H) Wood specific gravity (WSGyne) 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 (0 <0.05).

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; WSGpuns and LMA;
SD, Wy, VD, and P,,, (Table 2).
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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 (P..) 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 (0 <0.05).

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 WSGyana, lower Vd,... SL, A;: A,, and more

negative Wr, 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 WSGyy, mean thick
conduit walls or a great proportion of mechanical tissue, which
increase the implosion-resistance (Hacke et al., 2001; Lens
etal., 2011; Markesteijn et al., 2011). In low soil water availability,
species are favorable to regulate the two traits (WSGyna, and
A A,) 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

Frontiers in Plant Science | www.frontiersin.org

73

May 2022 | Volume 13 | Article 902509


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

Zhang et al.

Hydraulic and Economic Traits

Common species

Axis 2 (19.30%)
%
/
AN
‘ \
Ll

-1.0 Axis 1(44.51%) 1.0

1.0

Endemic species

Axis 2 (15.23%)

-1.0

. Hydraulic traits
Economic traits

1.0

QM .

°

Common species

3

Endemic species in QM

>

Endemic species on LP

Axis 2 (21.96%)

-1.0

1.0

Axis 2 (20.45%)

-1.0

1.0

Total species

Axis 2 (16.97%)

1.0

Axis 2 (18.67%)

-1.0

1.0 Axis 1 (43.02%) 1.0
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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).
Wry, 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 Wy, 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 ¥, 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
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FIGURE 5 | Relationships between VD and (A-C) LDMC, (D-F) LMA, (G-) LT, (J-L) P,..., (M-O) TD of congeneric species (20 pairs of congeneric common
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TABLE 2 | According to Figure 5, Supplementary Figures S1-S5, list the that distinctive dimorphic xylem vessels (extremely large vessels
relationships between hydraulic and economic traits of 20 pairs of congeneric and many small vessels) may assure both hydraulic efﬁciency
cgmmgn species allndﬁ pairsloflgongeneric ehdemic species, which chahged and safety, which are the reasons of decoupled relationships
with soil water availability [O, significant correlation (p <0.05); \, no correlation between hvdraulic efficiency and safety in common species.
(0>0.08)]. 4 Y ty P
The extremely large vessels allow for high hydraulic efficiency,
Hydraulic- Common species Endemic species while the many small vessels allow for high hydraulic safety
economic (Rosell and Olson, 2014). However, many other hydraulic traits
Lp am Lp am can confer hydraulic efficiency or safety in addition to xylem
Al AS-LDMG o \ \ \ vessels, such as vein density (Sack and Holbrook, 2006; Brodribb
SD-P,.., o \ \ \ et al., 2007). It is obviously not convincing to only considering
PP o) \ \ \ xylem vessels. No significant differences were found in most
VD-LDMC ¢] \ \ \ economic traits. Our results suggested that hydraulic traits are
VD-Pra, o \ N \ important in determining the mechanisms of species’ response
://VDS_gljanch'l—MA 8 i i i to drought and may be important for predictions of future

species distribution (Anderegg et al., 2012).
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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 CO, assimilation
(Wright et al, 2004) and the adaptation mechanism in low
water availability (Yin et al., 2018).

We found three groups (TD and P,,,; 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 P,,, are closely related and coupled with
Vd,.... 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 WSGy,,,o, and A;: A, which indicated that
drought-resistant plants improve their hydraulic safety (WSGpyaneh
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, W,
and stomatal characteristics (such as SD, SL) are also important
indexes to measure drought resistance (Martinez-Vilalta et al.,
2014). Thus, the coupled relationships between LMA and VD,
Wi, SD, SL confer the extremely strong resistance against
hydraulic failure (Blonder et al., 2011; Kardiman and Reebild,
2017). On the other hand, leaf structural trait (LMA) and leaf
hydraulic traits (VD, ¥ 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 CO, 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
CO, 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 CO, 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; WSGyue and LMA; SD, Wy, VD, and P,,,,) 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-oft between hydraulic safety and efficiency. We also found
the trade-oft 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 96.4cm (tree height ranged from 3 to 32m). 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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Tree Size and Leaf Shape

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 (Olger 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 (Kiippers, 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 3,300-4,200m 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; W, represents the leaf width associated with 1/4 L from leaf
base; W, represents the leaf width associated with 3/4L from leaf base;
W, e, represents the leaf width associated with 1/8L from leaf base; W,
represents the leaf width associated with 7/8L 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 x 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+12days (China
Meteorological Data Service Centre).! 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 > 30cm in S1, but were only 2 out of
the 30 trees whose DBH values > 30cm 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
100m x 100 m, and there is no need to sample more trees
given the heavy workload required. We used a quadrat of
20mx20m around the center of each site to measure the
site information (Table 1).

'http://data.cma.cn/

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 (M?) 20x20 20x20

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 Quercus pannosa Quercus pannosa

community Quercus Rhododendron
pseudosemecarpifolia Rubiginosum

Rhododendron decorum  Ainsliaea fragrans

Fragaria nilgerrensis
25-35
Weak
Growing from seeds

85-95
Strong
Growing from roots

Coverage of Q. pannosa (%)
Human disturbance

Main growth pattern of

Q. pannosa

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 100m x 100m, and we calculated the site information in this
table using one quadrat of 20 mx20m around the center of each site.

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)

Y|

El=———
()L’

where A denotes leaf area.

(iii) The ratio of the W associated with 1/4L from leaf
base to the leaf width associated with 3/4L 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.,
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(iv) The ratio of the W associated with 1/8L 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.,

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

InAR =1n ﬂ R
ARight

where Areq and Arjgne 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 (L) to leaf length (L), i.e.,

CR:L_W.
L

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
48h until achieving constant dry mass. We used an electric
balance (BSA 1248, Sartorius Scientific Instruments Ltd., Beijing,
China; measurement accuracy: 107*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 (ie., 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
Oq

P=——7% 5>
oo+ 0}

where o, and o, represent the standard errors between the
levels and within the levels, respectively. When there is no
variation between the levels, 6,=0 and p=0; when the variation
between the levels is much larger than that within the levels,
p will approach 1 (Faraway, 2006).

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

A=MP-LW,

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

Ind=a+InLW,

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 = ZEL
4

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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InA=c+2InL,

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 96.4cm. Tree height ranged from 3 to
32m. 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 (EL; 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 p 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 p<0.1. The intercept of In 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 m/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. L* 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 150days
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.

Estimate Significance (P) Standard deviation Intraclass
Item correlation
Intercept DBH Intercept DBH Site Residual coefficient
Leaf area (m?) 6.780850 0.107641 <0.05 <0.05 3.5449 5.6104 0.2853
LMA (gm=) 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
N Wia/Waa, —0.031559 —-0.000278 <0.05 <0.05 0.0134 0.1179 0.0128
In Wie /W —-0.011575 0.000253 >0.05 >0.05 0.0305 0.1977 0.0233
IN At/ 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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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 250gm™ (Figure 2B),
which is larger than that previously reported for other evergreen
trees, that is, 50-50 gm™ as is reported by Poorter et al. (2009).

growth environment of Q. pannosa, we speculate that the
leaves of this species are typically in a state of water deficiency
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Turning attention to the morphometrics of leaves, it is
important to note that LMA reflects the leaf-level cost of

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

light interception (Poorter et al, 2009), and serves as an
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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 x leaf length x 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.
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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), Cl represents
the 95% confidence intervals of the slope; in panel (B), Cl represents the 95% confidence intervals of the exponential of the intercept, i.e., the Montgomery
parameter’s Cl. 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
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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

Frontiers in Plant Science | www.frontiersin.org

87

June 2022 | Volume 13 | Article 850203


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

Maet al.

Tree Size and Leaf Shape

0.18

r=0.9442"
0.16

0.14 A
0.12 50

0.10 -

RMSEofln4d=c+2InL

0.08 &

0.06 £

| |
4 6 8 10 12 14 16 18

Coefficient of variation in W/L (%)

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.
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FIGURE 7 | Leaf ellipticainess index (El) varying with the n values in the
superellipse. The point corresponds to the El when n=2.

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 w/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 <m/4. However, in the present study,
13 out of a total of 60 MP values were larger than n/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 <I.
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/a|"+|y/B|" =1,

where x and y are the planar coordinates of a superellipse,
and 7 is a parameter determining the shape of the superellipse.
The area formula of a superellipse (Huang et al.,, 2020) is

4 r T (1+1/n)

A
r(0.5+1/n)

Lw,

where I is the gamma function. With n —>o0, the superellipse
will approximate a rectangle, so MP —>1 and EI —>MP/
(n/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
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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 coefhicient 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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LMA Across the KPB

The nature of ecological selection on plants is less understood.
Extinction at the family level was negligible (Cascales-Minana
etal,, 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
etal., 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-DI-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,

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 894690


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

Butrim et al.

LMA Across the KPB

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 cm?) was
estimated with a conservative reconstruction of the leaf apex.

LMA = 60.5 g/m?. 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.

PW?2
log,\LMA = 3.070 + 0.382 x log,, e 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/m? (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
etal,, 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/m? n = 108) was not significantly different from the
median species-site pair LMA in early Paleocene D1 sediments
(72.4 g/m% 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/m?, 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/m?, 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/mz; 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/m?,
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/m? 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 DI 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/m? 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/m?;
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/m?) Paleocene (g/m2)

Platanites marginata 90.3 + 154 725 + 89
i " 410 197
Zizyphus” fibrillosus 103.5 + 5973 104.2 + {55
“Ficus” planicostata 85.1 & 238 713 £ 128

207 65.0
DB 950 739 + 207 836 + 880

342 377
CSS 106 569 + 342 484 + 377

Uncertainties are 95% prediction intervals.

different from the early P-D1-West by median (63.3 g/m?
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/m?% 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/m?; 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/m?;
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-DI-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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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
R? = 0.05; p = 0.003) and no correlation between MAT and LMA
(n = 481; adjusted R* = 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 (1 = 70; adjusted R? = 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/m?, 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 x MAT
(Adjusted R? = 0.001; p = 0.20). (B) LMA and mean annual precipitation (MAP). Black line is the whole basin regression: LMA = 100.84 — 0.18 x MAP (Adjusted
R? = 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 x MAP (Adjusted

R% = 0.14; p < 0.001).
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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-DI1-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/mz) 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/m?) 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/m?) and MAP was lower
(179 cm), in keeping with our basin-wide inverse correlation
between MAP and LMA. Perhaps the difference in LM A 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.
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