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Aims: Leaf chlorophyll (Chl) is a fundamental component and good proxy for plant

photosynthesis. However, we know little about the large-scale patterns of leaf Chl

and the relative roles of current environment changes vs. plant evolution in driving leaf

Chl variations.

Locations: The east to west grassland transect of the Tibetan Plateau.

Methods: We performed a grassland transect over 1,600 km across the Tibetan

Plateau, measuring leaf Chl among 677 site-species.

Results: Leaf Chl showed a significantly spatial pattern across the grasslands in

the Tibetan Plateau, decreasing with latitude but increasing with longitude. Along with

environmental gradient, leaf Chl decreased with photosynthetically active radiation (PAR),

but increasedwith water availability and soil nitrogen availability. Furthermore, leaf Chl also

showed significant differences among functional groups (C4 > C3 species; legumes <

non-legume species), but no difference between annual and perennial species. However,

we surprisingly found that plant evolution played a dominant role in shaping leaf Chl

variations when comparing the sum and individual effects of all the environmental factors

above. Moreover, we revealed that leaf Chl non-linearly decreased with plant evolutionary

divergence time. This well-matches the non-linearly increasing trend in PAR or decreasing

trend in temperature during the geological time-scale uplift of the Tibetan Plateau.

Main Conclusion: This study highlights the dominant role of plant evolution in

determining leaf Chl variations across the Tibetan Plateau. Given the fundamental

role of Chl for photosynthesis, these results provide new insights into reconsidering

photosynthesis capacity in alpine plants and the carbon cycle in an evolutionary view.

Keywords: alpine grassland, evolutionary history, leaf chlorophyll, photosynthesis, photosynthetically active

radiation, plant functional group
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INTRODUCTION

Leaf chlorophyll (Chl) is fundamental for harvesting light
for plant photosynthesis (Croft et al., 2017). The importance
of leaf Chl for photosynthesis has been comprehensively
evaluated at both ecosystem and species levels. Across terrestrial
ecosystems, numerous studies, using remote sensing techniques,
reveal the close relationships between leaf Chl fluorescence
and photosynthetic processes, such as rubisco concentration,
maximum rate of carboxylation (Vcmax), and electron transport
(Jmax) (Carswell et al., 2000; Kattge et al., 2009; Luo et al.,
2019). At the species level, leaf Chl has been mostly studied at
the local scale (Croft et al., 2017). However, across contrasting
environments, species-level Chl might show great variations due
to the difference in plant evolutionary histories, climate, soil, and
functional groups (Li et al., 2018a,b; Zhang et al., 2020). To date,
we still know little about the large-scale patterns and key drivers
of species-level leaf Chl variations (Ryu et al., 2019).

Plant evolutionary history may be crucial to drive leaf
Chl variations (Schmerler et al., 2012). Previously, leaf Chl
is found to show evolutionary divergence among 823 woody
species across forest ecosystems (Li et al., 2018a), denoting
the potential role of evolutionary history in affecting leaf Chl.
However, we do not know the direction of evolutionary effects
on leaf Chl (Li et al., 2018a). Coincidently, the geological
time-scale uplift of the Tibetan Plateau keeps pace with plant
evolutionary history, providing an ideal opportunity to test how
plant evolution regulates the direction of leaf Chl variations.
Specifically, following the collision of the India and Eurasia
continent (c. 50 million years ago), the Tibetan Plateau begins to
uplift rapidly (Royden et al., 2008;Wang et al., 2008). This should
cause directional changes in environmental conditions, especially
for photosynthetically active radiation (PAR) and temperature.
Based on the well-known correlations of PAR or temperature
with altitude, PAR should gradually increase but temperature
decreases during the uplift (Blumthaler et al., 1997). These
environmental changes during plant evolutionary history may
decrease the leaf Chl in newly evolved species across the Tibetan
Plateau, due to the evolutionary adaptation to extremely high
PAR (avoiding radiation damage) and cold environment (more
resource allocation to plant survival) (Knapp and Smith, 2001).

In addition to plant evolution, current climate and soil
nutrientsmight affect leaf Chl as well (Anjum et al., 2011; Genesio
et al., 2020). Generally, plants tend to enhance leaf Chl in light-
limited environments, helping to compete for the limiting light
resource and sustain plant growth (Hallik et al., 2009; Li et al.,
2018a; Genesio et al., 2020). For example, leaf Chl is found to
be higher for trees’ understory than in the canopy (Niinemets,
2010). Low precipitation normally causes soil water stress and
air dryness, negatively influencing the elasticity of chloroplast
membrane and the synthesis of leaf Chl (Rastogi et al., 2020;
Xiong and Nadal, 2020). Soil nutrient availability may influence
leaf Chl via altering plant nutrient uptake and use. For instance,
leaf Chl is generally stimulated by more nitrogen (N) input (Cai
et al., 2011; Guo et al., 2014; Rhein and Silva, 2016), because
N is the most essential but limiting element to synthesize leaf
Chl (Cai et al., 2011; Croft et al., 2017). Phosphorus (P) is also

the basic element for plant photosynthesis, such as adenosine
triphosphate (ATP), phosphodiester linkage (Lambers et al.,
2011), and 5-aminolevulinic acid (ALA, a basic compound for
Chl synthesis) (Masuda et al., 1996). Based on the importance of
P for energy biosynthesis (ATP) and ALA, leaf Chl may vary with
soil P availability.

Plant functional group (PFG) has the potential to determine
leaf Chl variations (Zhang et al., 2020; Kelly et al., 2021). For
example, C4 plants have the ability to increase intercellular
CO2 concentration, which leads to a stronger photosynthetic
capacity than C3 plants (Wang et al., 2011; Osborne et al., 2014).
It is thus expected that C4 species might have a higher leaf
Chl to utilize the higher CO2 concentration for maximizing
photosynthesis. Among PFG with different life spans, annual
plants tend to allocate more resources to aboveground growth,
while perennial plants invest more in belowground growth to
maintain the advantage in competing for soil resources in the
long term (Onoda et al., 2017; Monroe et al., 2019). This suggests
that annual species adopt a resource-use strategy, but perennial
species with a resource-conservative strategy (Wright et al.,
2004). This strategy difference likely results in a higher leaf Chl
in annual than perennial species, which enables to increase the
photosynthetic capacity of annual species for its fast growth.
Legume species generally have advantages in obtaining soil N,
possibly leading to higher leaf N and Chl than non-legume
species (Guo et al., 2017; Zhang et al., 2020). Consequently, leaf
Chl may be different among PFGs, due to the difference in the
photosynthetic pathway, life span, and nitrogen-use strategy. In
spite of these potential mechanisms above, we still do not know
the relative importance of plant evolutionary history vs. current
environment changes in shaping the patterns of leaf Chl across a
range of contrasting environments.

Based on the reasoning above, the uplift of the Tibetan
Plateau provides an ideal opportunity to explore the role
of plant evolution in shaping leaf Chl variations (Xu et al.,
2010; Chen et al., 2013). Furthermore, recent global changes
(e.g., warming, precipitation change, and N deposition) have
substantially impacted leaf Chl and photosynthetic processes
across this area (Fu et al., 2014; Fu and Shen, 2016). Thus,
we conducted a grassland transect survey (97 sites) of leaf
Chl among common species (93 species from 27 families) and
related variables across the Tibetan Plateau. Specifically, we
addressed the following questions: (1) What are the regional
patterns and key environmental control of leaf Chl concentration
among alpine herbaceous species? (2) What is the role of plant
evolution in affecting leaf Chl concentration relative to current
environmental changes?

MATERIALS AND METHODS

Site Description
We conducted a grassland transect survey of leaf Chl from the
east to west of the Tibetan Plateau, covering a large gradient
(1,600 km) of climate, soil nutrients, and ecosystem type. In total,
we investigated 97 sites (Supplementary Figure 1), spanning a
latitude range from 30.24 to 33.67◦N, longitude from 80.36 to
92.13◦E, and elevation from 4,181 to 5,016m. The average annual
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PAR (1981–2010) is between 2461.8 and 2860.4mol m−2, annual
temperature between−5.37 and 0.99◦C, and annual precipitation
between 61 and 441mm. Ecosystem types included alpine steppe,
alpine meadow, and alpine desert grassland. Soil available N
varied from 6.48 to 443.71mg kg−1 and available P from 0.94 to
7.11mg kg−1. Detailed geographical information of the sampling
sites is presented in Supplementary Table 1.

Field Survey and Measurement
The field survey was carried out from July to August during the
growing season in 2019 and 2020. According to local vegetation,
in each site, three 5 m∗5m plots were randomly established in
a 10 m∗200m area. In each sampling site, we randomly selected
at least three plant individuals (3∼6 replications) for each of the
common species (above 80% of the local species) across three
plots. Specifically, healthy leaf Chl was measured by the SPAD-
502 Chl meter (Minolta, Osaka, Japan) (Uddling et al., 2007;
Yuan et al., 2016). We measured the value of SPAD in the middle
of the leaf, and leaf veins were excluded in each measurement.
To more accurately estimate leaf Chl, the value was obtained by
the mean of at least three readings in different positions of each
individual. Finally, the mean value of leaf Chl in each site species
was estimated at least by three plant individuals. In total, we
measured 2,031 individuals among 93 herbaceous species from
27 families (many species occurring in multiple sites). All the
species are grouped into legumes (10) vs. non-legume species
(83), C4 (12) vs. C3 species (81), or annual (20) vs. perennial
species (68).

Accordingly, three soil samples were randomly collected by
a 7.5 cm-diameter soil auger at 0–10 cm depth in each plot.
Then, we mixed three soil samples into one composite sample
in each plot. The composite soil samples were screened by a
2-mm mesh to remove roots and stones (Pan et al., 2021).
Totally, there were three composite soil samples at each site. A
part of the soil was in cold storage by the portable refrigerator,
and the other part was air-dried in labs. We measured soil
available N (AN) by the alkali solution diffusion absorption
method. Soil available P (AP) concentration was firstly extracted
by the NaHCO3 solution (0.5M) and then analyzed using the
UV-visible spectrophotometer (Olsen, 1954).

Statistical Analyses
Before analyses, we obtained the data for mean annual
precipitation (MAP) and temperature (MAT) from the
Worldclim Database (http://www.worldclim.org), based on
our location information. We then calculated humidity index
(HI) as follows: HI = MAP / (MAT +10) (Martonne, 1926).
PAR data were acquired from the dataset of “Global radiation,
photosynthetically active radiation, and the diffuse components
in China, 1981–2010” (Ren et al., 2018).

To obtain the divergence time of our sampling species, we
first confirmed whether all the species (93 species from 25
families) have been included by The Plant List (http://www.
theplantlist.org). Then, we established the phylogenetic tree using
the “phytools” and “S.PhyloMaker” packages (Qian and Jin,
2016). The divergence time of each species was quantified by
the branch length of each species in the phylogenetic tree (Qian

and Jin, 2016). At last, we tested the strength of the phylogenetic
signal for leaf Chl, using Blomberg’s K and Pagel’λ K analyses
with the “Picante” package (Blomberg et al., 2003).

Based on the data above, we first used the t-test analysis
to compare the difference in leaf Chl between C3 and C4

species, annuals and perennial species, or legumes vs. non-
legume species. Then, the linear or non-linear regression analyses
were applied to analyze the pairwise relationships of leaf Chl with
plant evolutionary divergence time (family and genus levels),
climate (PAR and HI), soil nutrients (AN and AP), and location
information (latitude, longitude, and altitude). All the regression
analyses were performed by the “stats” package (Flynt and Dean,
2016).

Moreover, we performed the Structural Equation Model
(SEM) to distinguish the direct and indirect effects of
environmental factors and plant evolution on leaf Chl. Before
the SEM analysis, we firstly established a conceptual model
of potential casual pathways in driving leaf Chl, based
on the traditional knowledge and the correlations between
environmental factors (Supplementary Figure 2). Then, the
model performance was assessed by the chi-square test (χ2 =

10.178, p = 0.12) with the “Lavaan” package (Rosseel, 2012).
Finally, we analyzed and compared the standardized pathway
coefficients of plant evolution and environmental factors on
leaf Chl by summing all the direct and indirect effects. All
statistical analysis was carried out in R software (version 3.6.3,
R Foundation for Statistical Computing) and all the figures were
made using the “ggplot2” package (Ginestet, 2011).

RESULTS

The Regional Patterns and Environmental
Controls of Leaf Chl
Across grasslands on the Tibetan Plateau, a significant spatial
pattern of leaf Chl was detected among 677 site species. Leaf
Chl was lower with increasing latitude or decreasing longitude
(Figures 1A,B), but showed no significant trend with altitude
(Figure 1C). Along with environmental gradients, leaf Chl
reduced with PAR significantly (Figure 2A), but increased with
HI (Figure 2B). Furthermore, leaf Chl was enhanced by higher
soil N availability (Figure 2C), but had no response to soil P
availability (Figure 2D).

Among different PFGs, we found a greater leaf
Chl in C4 species (37.61 ± 0.91) than in C3 species
(30.04 ± 0.85) (Figure 3). Leaf Chl in legume
species (22.22 ± 0.59) was lower than in non-
legume species (33.03 ± 0.79). However, leaf Chl
showed no significant difference between annual and
perennial species.

The Dominant Role of Plant Evolution in
Affecting Leaf Chl
Blomberg’s K value indicated that the phylogenetic signal was
not significant for leaf Chl among 93 species. Additionally,
Pagel’λ values showed that variations in leaf Chl were mainly
due to external environmental changes (not genetic variations)
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FIGURE 1 | The latitudinal (A), longitudinal (B), or elevation (C) patterns of leaf chlorophyll (Chl) across grasslands in the Tibetan Plateau. Red dots represent

species-specific observations in each site. The blue lines and shades represent the regression lines with a 95% confidence band.

during plant evolutionary history (Supplementary Figure 3).
Furthermore, we found that plant evolutionary divergence
time was a good predictor for leaf Chl variations. A
decreasingly evolutionary trend was detected for leaf Chl
in a non-linear manner at both family (Figure 4A, R2

= 0.421, p < 0.001) and genus levels (Figure 4B, R2 =

0.163, p < 0.01). That is, modern species (lately evolved
species) had a lower leaf Chl than ancestral species (early
evolved species).

Based on the SEM analyses, we further quantified that plant
evolution was the dominant driver for leaf Chl variations
across the Tibetan Plateau (Figure 5). Specifically, the path
coefficient of the plant evolution effect was 0.347. However, the
sum of coefficients of other influencing pathways was lower
than that of the plant evolution effect. The coefficient of the
HI direct effect was 0.159. Those of the indirect effects of
HI were 0.090 (HI→PAR→Chl), 0.071 (HI→soil N→Chl),
and −0.011 (HI→soil P→Chl). The individual coefficients
of PAR, soil available N and P were −0.106, 0.090, and
−0.093, respectively.

DISCUSSION

As opposed to most previous studies conducted at the local scale
(Croft et al., 2015, 2017; Lu et al., 2020), this study presented
a large-scale pattern of leaf Chl among 677 site-species across
grasslands on the Tibetan Plateau. Surprisingly, we found that
plant evolutionary history was more dominant than current
environmental changes in impacting the regional patterns of leaf
Chl. This is different from the traditional view that leaf Chl is
mainly affected by environmental factors, such as PAR (Genesio
et al., 2020), soil water, and nutrient availability (Li et al., 2018b;
Zhang et al., 2020). Moreover, we further detected the direction
of evolutionary effects on leaf Chl, with the decreasing trend of
leaf Chl along with evolution across the alpine grasslands. This

Chl evolution response well-matches the increase in PAR during
the uplift of the Tibetan Plateau. These indicate that the uplift of
the Tibetan Plateau provides an ideal opportunity to study the
evolutionary effects on plant traits. As leaf Chl is a fundamental
component for photosynthesis, these results offer new insights
into reconsidering plant photosynthesis capacity and the carbon
cycle in an evolutionary view.

The Spatial Patterns and Environmental
Control of Leaf Chl
Across grasslands on the Tibetan Plateau, the spatial variations of
leaf Chl concentration are mainly impacted by climate (PAR, HI),
soil nutrients, and PFG. Along climate gradient, we revealed a
decrease in leaf Chl with increasing PAR, which is consistent with
our expectation and supported by previous studies (Niinemets,
2010; Genesio et al., 2020; Zhang et al., 2020). It is likely
because plants are usually exposed to strong radiation across
the Tibetan Plateau (Valladares and Niinemets, 2008). To avoid
excessive radiation damage, alpine plants usually reduce leaf
Chl and chloroplast number to offset the harmful effect of
high radiation (photo-protection response), as well as to protect
chloroplast interior structure (Klem et al., 2012; Genesio et al.,
2020). Furthermore, alpine plants usually invest extra resources
to protect them from suffering high radiation, such as cell
membrane (thylakoid and mesophyll) thickening (Hallik et al.,
2009). This perhaps leads to the reduction in resources for Chl
biosynthesis and leaf Chl as well. Along the water gradient, leaf
Chl was suppressed in drier environments (decreasing HI). This
is caused by the fact that long-term drought stress could damage
the thylakoid membrane and mesophyll cells, further reducing
leaf Chl concentration (Alberte and Thornber, 1977). Besides,
plants tend to invest more resources for survival under drought
stress (Alberte and Thornber, 1977; Mihailović et al., 1997; Lei
et al., 2006), indirectly decreasing resource allocation to leaf Chl
(Bokhari, 1976; Estill et al., 1991; Mihailović et al., 1997).
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FIGURE 2 | Relationships of leaf chlorophyll (Chl) with PAR [(A) photosynthetically active radiation], humidity index (B), AN [(C) soil available nitrogen], and AP [(D) soil

available phosphorus]. Red dots represent species-specific observations in each site. The blue lines and shades represent the regression lines with a 95% confidence

band.

Soil nutrient availability was also found to determine leaf Chl
variations. The increase in leaf Chl with soil available N revealed
in this study is in line with previous studies. For example, a
positive relationship is normally detected between leaf N and
Chl concentration (Croft et al., 2017; Zhang et al., 2020), and
leaf N concentration is found to increase with soil available N
(Zhao et al., 2003, 2005; Boussadia et al., 2011). This results from
the fundamental role of the N element in constituting leaf Chl
(Croft et al., 2017). In contrast, we found little effect of soil P
availability on leaf Chl, likely caused by stronger N limitation
than P limitation in alpine grasslands (Gao et al., 2018; Du et al.,
2020).

A significant difference was detected among PFGs for leaf
Chl as well. The greater leaf Chl in C4 than C3 species is partly
due to the fact that C4 species have a stronger capacity to

harvest CO2 than C3 species (Wang et al., 2011; Christin and
Osborne, 2014). In contrast with our expectations and previous
findings (Zhang et al., 2020), we revealed no difference in leaf
Chl between annual and perennial species. Annual species are
usually expected to invest more resources in fast aboveground
growth and reproduction (high leaf Chl with resource-use
strategy), but perennial species allocate more to belowground
growth for the advantages in long-term persistence (low Chl with
resource-conservative strategy) (Wright et al., 2004). However,
across our grassland transect in the Tibetan Plateau, plants face
multiple stresses of extremely low temperature, high radiation,
and drought (Chen et al., 2013). Thus, the greatest pressure
faced by alpine plants might be survival, not fast growth
for resource competition. Furthermore, annual plants tend to
invest more resources in reproduction. These together cause
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FIGURE 3 | Leaf chlorophyll (Chl) in different functional groups. Different colors represent different comparisons of functional groups, such as C3 vs. C4 species,

annual vs. perennial species, or legume vs. non-legume species. Bar height indicates the mean of leaf Chl with its standard error. Different letters represent a

significant difference among different functional groups. The numbers in the bar represent the observations of leaf Chl in different functional groups.

little difference in leaf Chl between annual and perennial
species. Contrary to our expectation, we found a lower leaf
Chl of legume than non-legume species. Generally, legumes
have the advantage of obtaining soil N via rhizobium, possibly
promoting leaf N and Chl (Zahran, 1999; Graham and Vance,
2003; Wei et al., 2019). Nevertheless, our results indicate that
more N uptake in legumes in alpine may not be mainly used
for leaf Chl biosynthesis. The symbiont of rhizobium costs a
lot of resources and energy (Zahran, 1999). Besides, more N
needs to be invested in resisting the stress of coldness, high
radiation, and drought (Wang et al., 2018). These indicate that
legume tends to increase investment in belowground resources
and abiotic stress resistance, which may reduce aboveground
allocation and further decrease leaf Chl. In addition, we found
that leaf Chl in the grass species was lower than in the
forb species (Supplementary Figure 5), which is supported by
recent studies in alpine and temperate grasslands (Zhang et al.,
2020).

The Role of Plant Evolution in Affecting
Leaf Chl
Across grasslands in the Tibetan Plateau, we revealed a
decreasing trend of leaf Chl evolution among 677 site-species
(93 species from 25 families). Our result is among the first
to detect the direction of leaf Chl evolution, complementing
previous studies that found the evolutionary divergence of leaf
Chl among grassland species (Li et al., 2018a). This evolution
pattern well-matches the gradual increase in PAR during the
geological uplift of the Tibetan Plateau. Specifically, about 50
million years ago, the India-Eurasia continental collision rapidly
uplifted the Tibetan Plateau until now (Royden et al., 2008). This
geological uplift causes a gradual enhancement in PAR during
plant evolutionary history (Blumthaler et al., 1997). Facing high
radiation, plants do not necessarily invest more resources in
leaf Chl for light capture (Qiu et al., 2011; Genesio et al., 2020;
Zhang et al., 2020). To avoid strong radiation damage, alpine
plants tend to evolve toward the strategy with lower leaf Chl. The
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FIGURE 4 | The relationships between leaf chlorophyll (Chl) and plant evolutionary time (million years) at both family (A) and genus levels (B). Different colors represent

different plant families or genera. The size of dots represents the number of site species at family or genus levels. The blue lines represent the regression lines.

additional resource from decreasing leaf Chlmight be allocated to
resist high radiation, such as densely villous aggregated globose,
thicken bracts, and other morphological adaptions (Wen et al.,
2014; Ibanez et al., 2017). Besides increased PAR, the temperature
gradually reduces with the uplift (Zhisheng et al., 2001; Liu
et al., 2006; Ge et al., 2014). On one hand, low temperature
suppresses plant physiological activities (Bokhari, 1976; Fu et al.,
2014; Li et al., 2018b), further reducing the biosynthesis of leaf
Chl (Bokhari, 1976). On the other hand, low temperature forces
alpine plants to invest more resources in cold resistance (Li et al.,
2018b), likely cutting down allocation to leaf Chl during plant
evolutionary history.

Moreover, we found that leaf Chl non-linearly declined
with plant evolutionary divergence time, with a faster decrease
recently. This non-linear evolution pattern alsomatches well with
the different uplift stages. Before the continental collision (c.
50 million years ago), the crust movement is relatively inactive
(Royden et al., 2008), and the evolutionary rate of leaf Chl
was slow as revealed in our results. The Tibetan Plateau began
to uplift after the collision (Rowley and Currie, 2006), while
the uplift has been again accelerated about 20 million years
ago (Royden et al., 2008; Wang et al., 2008). The different
rates of the Tibetan Plateau uplift among multiple stages again
support our results that the decreasing rates of leaf Chl evolution
were quicker. These suggest that the uplift of the Tibetan
Plateau provides an excellent opportunity for future studies to

test the evolutionary effects on plant traits and functions. The
greatest decrease in leaf Chl evolution recently calls our attention
to the evolutionary constraint on plant photosynthesis and
carbon cycle, especially for the regions where climate is quickly
becoming warmer and wetter over the past decades (Chen et al.,
2013).

Interestingly, the evolution of leaf Chl showed great variations
in the lately evolved stage. This implies that some species evolve
quickly toward the strategy with lower leaf Chl (Kita et al., 2004;
Wang et al., 2004; Liu et al., 2013), but other species tend to
inherit from ancestral traits when facing great environmental
changes during evolutionary history (Wen et al., 2014; Volis et al.,
2018). Furthermore, we found that the quickly evolved species
were mainly coming from Poaceae, while the conservatively
evolved species were from Asteraceae and C4 functional group.
These suggest that it is interesting and valuable to study the
mechanisms underlying different Chl evolutionary responses
among different species with the uplift of the Tibetan Plateau, as
well as the consequence for plant photosynthesis and the carbon
cycle in alpine grasslands.

Overall, the SEM analysis concluded that plant evolution was
the dominant driver for leaf Chl variations when compared with
the individual or sum effects of current environmental changes
(i.e., HI, PAR, and soil nutrient availability). Contrary to the
traditional view that leaf Chl is mainly affected by climate, soil
nutrients, and PFG (Zhang et al., 2020), our result highlights the
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FIGURE 5 | The direct and indirect impact pathways of plant evolutionary time, climate [humidity index, photosynthetically active radiation (PAR)], and soil nutrient [soil

available nitrogen (N) and phosphorus (P)] in determining leaf Chl variations. The solid lines indicate significant pathways, while dashed ones represent marginally

significant pathways (0.05 < p < 0.1). Blue lines are positive pathways, while red ones mean negative pathways. The numbers near the arrows represent standardized

path coefficients, and the arrow width is proportional to the size of path coefficients. Significance levels are indicated by **p < 0.01; ***p < 0.001; ∧p < 0.1.

dominant role of plant evolution in driving leaf Chl of alpine
plants across the Tibetan Plateau. Interestingly, future efforts
are deserved to quantify the other sources of great variations
in leaf Chl across contrasting environments, such as soil Mg
and Fe availability. As leaf Chl is fundamental to harvesting
light for plant photosynthesis, these results have important
implications as follows. (1) The geological uplift of the Tibetan
Plateau offers an ideal opportunity to explore the impacts of
plant evolution on leaf photosynthetic traits and the underlying
mechanisms. (2) These results suggest the potential role of plant

evolutionary history in photosynthetic capacity, which is largely
ignored in previous studies. (3) Plant evolution might function
on the ecosystem-level carbon cycle, arousing our awareness to
reconsider the carbon budget across the Tibetan Plateau in an
evolutionary view.

CONCLUSION

As opposed to previously local-scale studies, our study presented
a large-scale pattern of leaf Chl among 677 site-species across
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grasslands in the Tibetan Plateau. More importantly, we found
that it was plant evolution, rather than current environment
changes, dominantly shaping leaf Chl variations in alpine
plants across contrasting environments. This challenges the
traditional view that leaf Chl is mainly regulated by climate,
soil resource, and PFG. Interestingly, we also detected the
direction of evolutionary effects on leaf Chl, with a non-
linear decreasing trend during plant evolution history. This
evolutionary response well matches the non-linear enhancement
in PAR during different uplift stages of the Tibetan Plateau.
These suggest that the geological uplift of the Tibetan Plateau
provides a great chance to study the impact of plant evolution
on alpine plant traits and functions. These new findings arouse
our attention to reconsidering ecosystem carbon balance across
the Tibetan Plateau from an evolutionary perspective.
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