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Chlorophyll (Chl) is an important photosynthetic pigment to the plant, largely determining
photosynthetic capacity and hence plant growth. However, this concept has not been
verified in natural forests, especially at alarge scale. Furthermore, how Chl varies in natural
forests remains unclear. In this study, the leaves of 823 plant species were collected
from nine typical forest communities, extending from cold-temperate to tropical zones
in China, to determine the main factors influencing leaf chlorophyll content in different
regions and at different scales. We measured chlorophyll a (Chl a), chlorophyll b (Chl b),
Chl (Chl a+Chl b), and the ratio of Chl a and Chl b (Chl a/b). The results showed that Chl
a, Chl b, and Chl a/b values were in the range of 0.87-15.92mg g~ (mean: 4.18 mg
g "), 0.32-6.42mg g~ ! (mean 1.72mg g~ 1), and 1.43-7.07 (mean: 2.47). The values
of these three Chl parameters significantly differed among plant functional groups (trees
< shrubs < herbs, coniferous trees < broadleaved trees, and evergreens < deciduous
trees). Unexpectedly, Chla, Chl b, and Chl a+b increased slightly with increasing latitude.
Climate, soil, and phylogeny exert only a small effect on the spatial variation of Chl in
natural forests, with large variation in the Chl of coexisting species masking the spatial
patterns. This study is the first to report variations in Chl among different types of natural
forests at a large scale, demonstrating that the fuzzy regulation of Chl makes it very
difficult to take Chl as the main input parameter to the models of natural forests.

Keywords: chlorophyll, plant, phylogeny, ratio, trait, China

INTRODUCTION

Photosynthesis is the most important source of energy for plant growth (Mackinney, 1941;
Baker, 2008), because chlorophyll (Chl) represents an important pigment for photosynthesis. The
photosynthetic reaction is mainly divided into three steps: (1) primary reaction, (2) photosynthetic
electron transport and photophosphorylation, and (3) carbon assimilation. Chlorophyll a (Chl a)
and chlorophyll b (Chl ) are essential for the primary reaction. Chl a and Chl b absorb sunlight at
different wavelengths (Chl a mainly absorbs red-orange light and Chl b mainly absorbs blue-purple
light), leading to the assumption that the total amount leaf chlorophyll content (Chl a+b) and
allocated ratio (Chl a/b) directly influence the photosynthetic capacity of plants. This assumption
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has been verified by a controlled experiment using several plant
species (Croft et al., 2017). However, to date, it is unclear how leaf
Chl content varies among plant species, plant functional groups
(PFGs), and communities in natural forests, especially at a large
scale.

When considering on the importance of Chl for
photosynthesis, plants in the natural community should
optimize light absorption and photosynthesis by adjusting the
content and ratios of Chl to enhance growth and survival at the
long-term evolutionary scale. Certain factors might influence
Chl levels. From the perspective of phylogeny, stable traits are
the results of long-term adaption and evolution to the external
environments. If Chl was a stable trait, the length of evolutionary
history should have a constraining effect on it. In other words,
Chl should be influenced by phylogeny. Some studies have
demonstrated that phyletic evolution significantly influences
certain leaf traits, such as element content and wood traits
(He et al., 2010; Zhang et al., 2011; Liu et al., 2012; Zhao et al.,
2014). If Chl is really influenced by phylogeny, the rule of Chl
should be used only after excluding phylogenetic effects by using
phylogenetically independent contrasts in future studies.

Alternatively, plants inevitably adjust their own traits to adapt
to different environments. Therefore, it is widely considered that
plants should adjust Chl (Chl a, Chl b, Chl a+b, and Chl a/b) to
adapt to a given environment and optimize photosynthesis. Thus,
climate and soils should play important roles in regulating Chl,
especially at a large scale. Chlorophyll synthesis requires many
elements [i.e., nitrogen (N), phosphorous (P)] from soils; thus,
soils should influence Chl (Fredeen et al., 1990). The synthesis
of chlorophyll needs through a series of enzymatic reactions,
with the temperatures that are too high or low inhibiting the
enzyme reaction, even destroying the original chlorophyll. The
optimum temperature of general plant chlorophyll synthesis is
30°C, DVR enzyme activity peaking at 30°C (Nagata et al., 2005).
Thus, temperature also influences chlorophyll synthesis (Wolken
etal., 1955). Precipitation might affect the photochemical activity
of chloroplasts (Zhou, 2003), with water being the medium
used for transporting nutrients in plants, as mineral salts must
be dissolved in water to be absorbed by plants. Consequently,
chlorophyll synthesis and water are closely related. The lack
of water in leaves influences the synthesis of chlorophyll and
promotes the decomposition of chlorophyll, and accelerating
leaf yellowing. There is also indirect evidence that Chl is jointly
controlled by climate and soils; thus, Chl might be an indicative
trait for characterizing how plants respond to climate change.

A major challenge is establishing how to link traits and
functioning in natural ecosystems; yet, such knowledge is
important to predict how ecosystem functioning varies with
changing environments (Garnier and Navas, 2012; Reichstein
etal., 2014). Because of the importance of Chl on photosynthesis,
scientists assumed that a relationship between Chl and gross
primary production (GPP) exists, using this relationship for
model optimization. For instance, Croft et al. (2017) found that,
for several plant species, it is better to use Chl as a proxy to replace
photosynthetic efficiency, than the traditional substitute-leaf N
content, when establishing models of GPP in forest communities.
This approach was innovative and exciting for scientists involved

in physiological ecology and macroecology. The reliability of
leaf Chl content represents the maximum rate of carboxylation
(Vmax), and has the potential for use as a proxy in models in the
future (Croft et al., 2017). However, it is difficult to obtain data
on Chl in natural communities, especially at a large scale.

In this study, we investigated Chl across 823 plant species from
nine forests, extending from tropical forests to cold-temperate
forests in eastern China. Using these data, we explored variation
in Chl, latitudinal patterns, and underlying influencing factors
(climate, soil, and phylogeny). The main objectives of this study
were to: (1) investigate how Chl varies in natural forests among
different plant species, PFGs, and communities; (2) determine
whether there is a latitudinal pattern in Chl; (3) identify the main
factors influencing Chl (phylogeny, climate, and soil); and (4)
provide large-scale evidence supporting the concept that Chl is
a reliable proxy of Vay in global ecological models.

MATERIALS AND METHODS

Site Description

The North-South Transect of Eastern China (NSTEC) is the
fifteenth standard transect of the International Geosphere-
Biosphere Program(IGBP), which is a unique forest belt mainly
driven by thermal gradient and encompasses almost all forest
types found in the northern hemisphere (Canadell et al., 2002).
In this study, nine natural forests along the NSTEC were selected
along the 4,200-km transect, including: Jiangfeng (JF), Dinghu
(DH), Jiulian (JL), Shennong (SN), Taiyue (TY), Dongling (DL),
Changbai (CB), Liangshui (LS), and Huzhong (HZ) (Figure S1).
These nine forests span cold-temperate, temperate, subtropical,
and tropical forests from 18.7 to 51.8°N. The mean annual
temperature (MAT) of these forests ranges from —4.4 to 20.9°C,
while mean annual precipitation (MAP) ranges from 481.6 to
2449.0 mm. Soils vary from tropical red soils with low organic
matter to brown soils with high organic matter (Song et al., 2016).
Detailed geographical information of the region is presented in
Table S1.

Field Sampling

The field survey was conducted between July and August of 2013.
First, four experimental plots (30 x 40 m) were selected in each
forest. The geographical details, plant species composition, and
community structure were determined for each plot. Trees were
measured within the 30 x 40 m plots. Next, four quadrats (5 x
5m) of shrubs and four plots (1 x 1 m) of herbs were setup at
the four corners of each experimental plot. All common species
were identified in each plot, including trees, shrubs, and herbs.
Subsequently, we collected more than 30 pieces of leaves from
each species, of which four pieces were randomly selected to cut
up and determine chlorophyll content from each plant species
within the plot. We chose mature and healthy trees, and collected
fully expanded, sun-exposed leaves from four individuals of each
plant species, which were considered as four repetitions (Zhao
etal., 2016). Overall, the leaves of 823 plant species were collected.
Soil samples (0-10 cm depth) were randomly collected from 30 to
50 points using a soil sampler (6-cm diameter) in each plot and
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were combined to form one composite sample in each plot (Tian
etal., 2016; Wang et al., 2016; Li et al., 2018).

Measurement of Leaf Chlorophyll Content
Fresh leaves were cleaned to remove soil and other contaminants,
and 0.1g of fresh leaves was used to extract chlorophyll using
95% ethanol, with four replicates for each species of plants.
The Chl content (Chl a and Chl b) of the filtered solution was
measured using the classical spectrophotometric method with a
spectrophotometer (Pharma Spec, UV-1700, Shimadzu, Japan)
(Mackinney, 1941; Li et al., 2018).

According to the Lambert-Beer law, the relationship between
concentration and optical density is:

Dggs = 83.31 C, + 18.60 Cy, (1)
Degg = 4.54 C, + 44.24 Cy, (2)
G=CitCh 3)

where Dggs and Dgag are the optical densities of the chlorophyll
solution at wavelengths 665 and 649 nm; C,, Cp, and G are the
concentrations of Chl a, Chl b, and total Chl, respectively (g L™1);
83.31 and 18.60 are the specific absorption of Chl a and Chl b
at a wavelength of 665 nm; and 24.54 and 44.24 are the specific
absorption of Chl a and Chl b at a wavelength of 649 nm.

Chla (mgg™") = C, x 50/(1000 x 0.1) (4)
Chl b (mgg™") = Cp x 50/(1000 x 0.1) (5)

Then, Chl a+b and Chl a/b were calculated (mg g™, leaf fresh
mass, FM) as:

Chla+b(mgg™") = G x 50/(1000 x 0.1) (6)
Chla
Chla/b = il (7)

Measurement of Soil Parameters
Soil samples were acidified with HNO3 and HF overnight. Then,
the samples were digested using a microwave digestion system
(Mars X Press Microwave Digestion system, CEM, Matthews,
NC, USA) before analyzing soil total phosphorus (STP) content.
Elemental analyzer (Vario Analyzer, Elementar, Germany) was
used to measure soil organic carbon (SOC) and soil total nitrogen
(STN). Soil pH was determined using a pH meter (Mettler Toledo
Delta 320, Switzerland) by using a slurry of soil and distilled water
(1: 2.5) (Zhao et al., 2014).

Climate Data

The primary climate variables, including mean annual
temperature (MAT) and mean annual precipitation (MAP),
were extracted from the climate dataset at a 1 x 1km spatial
resolution. The data were collected at 740 climate stations of the
China Meteorological Administration, from 1961 to 2007, using
the interpolation software ANUSPLIN (He et al., 2014).

Phylogeny
Eight hundred and twenty-three species of plants were used to
construct a phylogenetic tree at the species and family levels.

First, we checked the species information in the Plant List (http://
www.theplantlist.org/), and confirmed the correct Latin names
of each species. Second, we defined a reference phylogenetic
tree by using the “phytools” package in R and S. Phylo Maker
(Qian and Jin, 2016), and generated the phylogenetic tree in the
MAGA 5.1. Finally, using the algorithm BLADJ provided by the
software Phylocom (Webb et al., 2008), according to molecular
and fossil dating data (Wikstrom et al., 2001), we calculated the
time of each node in the phylogenetic tree (in one million, m
letters years, MY). At the family level, according to the evolution
of angiosperm families provided by molecular and fossil dating
data, we identified the evolution of angiosperm families.

Statistical Analysis

Plant species were divided by plant functional groups (PFGs,
trees, shrubs, and herbs), growth forms (coniferous or
broadleaved tree), and leaf types (evergreen or deciduous
tree). One-way analysis of variance (ANOVA) with the post-hoc
Duncan’s multiple comparison was used to test the differences in
Chl for different sites, PFGs, and leaf types. We used regression
analyses to explore latitudinal patterns of Chl. To analyze
the factors influencing Chl, we calculated Spearman’s rank
correlation coefficients for 823 plant species across sites, PFGs,
and leaf types. We then used redundancy analysis (RDA)
to analyze the relative influences of climate, soil, and the
interspecific variation of species.

The strength of the phylogenetic signal in Chl a, Chl b, Chl
a+b, Chl a/b across plant species was quantified using Blomberg’s
K statistics, which tests whether observed traits vary across a
phylogeny (Blomberg et al., 2003). We tested the significance
of this phylogenetic signal by comparing the actual system to a
null model without phylogenetic structure. If the real value of the
phylogenetic signal in the trait was greater than 95% that of the
null model (P < 0.05), the phylogenetic signal was considered
significant, and vice versa. The phylogenetic signal was quantified
and tested using the “picante” package in R.

All analyses were conducted using the software SPSS 17.0
(SPSS Inc., Chicago, IL, USA) or R (version 3.3.1, R Development
Core Team). All figures were produced in Sigma Plot 10.0
(Washington, IL, USA, 2006). The significance level was set at
P < 0.05.

RESULTS

Across the 823-plant species, Chl a, Chl b, Chl a+b, and
Chl a/b showed unimodal distributions in each type of forest
(Figure 1). Chl a ranged from 0.87 to 15.92mg g~!, with an
average of 4.18mg g~!; Chl b ranged from 0.32 to 6.42mg
g !, with an average of 1.72mg g~ !; Chl a+b ranged from
1.20 to 22.58mg g~ !, with an average of 5.97mg g~!; and
Chl a/b ranged from 0.87 to 15.92, with an average of 2.47.
Coefficient of variations of Chl a, Chl b, Chl a+b, and Chl
a/b were 0.41, 0.43, 0.41, and 0.14, respectively (Table 1). There
were significant differences in Chl a, Chl b, Chl a+b, and
Chl a/b among different communities (P < 0.05) (Figure 1,
Table S2). Chl was significant in different PFGs and life
forms, with trees > shrubs > herbs, evergreens > deciduous
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FIGURE 1 | Statistics of leaf chlorophyll content for the nine study forests along the North-South Transect of Eastern China (NSTEC). (A-D) were calculated in Chl a,
Chl b, Chla+b, Chl a/b, respectively. The black lines across the boxes are median values and red points represent the means. HZ, Huzhong; LS, Liangshui; CB,
Changbai; DL, Dongling; TY, Taiyue; SN, Shennongjia; JL, Jiulian; DH, Dinghu; JF, Jianfengling. Numbers in brackets represent the number of sample species in the
specific site. Same letters denote no significant difference among the nine sites (P < 0.05).

trees, broadleaved > conifers on Chl a, Chl b, and Chl
a+b; trees < shrubs < herbs, conifers < broadleaved on Chl
a/b (Tables 1-3). However, no significant difference between
evergreens and deciduous trees was observed for Chl a/b.

To quantify the variance of different groups (sites, life forms),
interpretation ratios were calculated within groups and among

groups. The variance of Chl a, Chl b, Chl a+b, and Chl a/b
was mainly explained by within-site variation, with only a
small portion arising from among-site variation (Figure 2A).
Similar results were obtained for different plants with respect
to life forms and leaf types (Figures 2B-D). Chl a, Chl b,
and Chl a+b increased with increasing latitude; however, this
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TABLE 1 | Statistics of leaf chlorophyll content (mg 94) for different life forms in
forests.

TABLE 2 | Statistics of leaf chlorophyll content (mg g*1) for different growth forms
in forests.

Plant life Mean SD SE Minimum Maximum CV Traits Plantgrowth n Mean SD SE Minimum Maximum CV
forms forms
Chla Trees 403l 1.63 0.1 0.87 11.72 0.4 Chla Evergreen 316 3.71al 1.56 0.09 0.87 11.72 042
Shrubs 4.2a 1.73 01 0.96 13.38 0.41 Deciduous 228 4.68pb 1.69 0.11 1.49 13.38  0.36
Herbs 431a 171 0.1 1.49 15.92 0.4 Total 544 412 1.68 0.07 0.87 13.38  0.41
Total 4.19 1.69 0.06 0.87 15.92 0.4
Chlb Evergreen 316 1.5a 0.64 0.04 0.32 5,08 043
Chlb Trees 1.6a 0.67 0.04 0.32 5.03 0.42 Deciduous 228 1.9b  0.74 0.05 0.60 580 0.39
Shrubs 1730 0.74 0.04 0.37 5.8 0.43 Total 544 1.66  0.71 0.03 0.32 580 043
Herbs 1.83b 074 0.04 0.33 6.42 0.41
Total 172 073 0.03 0.32 6.42 0.42 Chla+b Evergreen 316 5.27a 220 0.12 1.20 16.94  0.42
Deciduous 228 6.64b 2.44 0.16 217 19.39 0.37
Chla+b Trees 5.69a 23 014 1.2 16.94 0.41 Total 544 584 240 0.10 1.20 19.39  0.41
Shrubs 599ab 249 0.15 1.4 19.39 0.42
Herbs 6.9b 246 014 196 20 58 0.4 Chla/b  Evergreen 316 2.51a 0.31 0.02 1.67 5.07 0.12
Total 5.97 243 0.08 10 20 58 0.41 Deciduous 228 2.51a 0.29 0.02 1.43 424 012
Total 544 2.51 0.30 0.01 1.43 5.07 0.12
cnlab Trees 2.9 029 002 149 o o T Same letters denote no significant difference among the nine sites (P < 0.05). n, the
Shrubs 2460 031 002 143 5.07 018 number of species; SD, standard deviation; SE, standard error; CV, coefficient of varia,tion.
Herbs 2.4c 0.41 0.02 1.62 7.07 0.17
Total 2.47 0.35 0.01 1.43 7.07 0.14

" Same letters denote no significant difference among the nine forests (P < 0.05). SD,
standard deviation; SE, standard error; CV, coefficient of variation.

trend was weak (all Ps < 0.01, R? = 0.02) (Figures 3A-C).
In comparison, there was not obvious latitudinal pattern on
Chl a/b (Figure 3D). The contents of Chl a, Chl b, and Chl
a+b in leaves were negatively correlated with MAT and MAP
(all Ps < 0.01), and no significant relationships between Chl
a/b and both MAT and MAP were observed (Figures S2,
S3).

Significant phylogenetic signals were observed for Chl a
within life forms, communities, and across the whole transect,
except for shrubs and conifer trees (Table 4). The K-values were
approximately equal to 0. Significant phylogenetic signals were
observed for Chl b within life forms and communities, and
across the whole transect, except for shrubs and conifer trees. K-
values were approximately equal to 0. There were no significant
phylogenetic signals in Chl a/b (Table 4). Across different sites,
there were no significant phylogenetic signals in Chl a+b at most
sites (Table 5). Significant phylogenetic signals were observed for
Chl a+b at some sites; however, all K-values were approximately
equal to 0. In other words, the phylogenetic signals were too
weak for Chl a4, Chl b, Chl a+b, and Chl a/b (Figures $4,
S5).

Across all species, Chl a was negatively correlated with MAT
and MAP (Ps < 0.01) and positively correlated with SOC, STN,
and STP (Ps < 0.01). Chl b and Chl a+b were negatively
correlated to MAT and MAP (Ps < 0.01), and positively
correlated to SOC, STN, and STP. Chl a/b was negatively
correlated to SOC and STP (Table S3). Environmental factors
affected the Chl of PFGs and leaf types differently (Tables S4-
S6). Environmental factors had weak influences on Chl a, Chl b,

Chl a-+b, and Chl a/b. Furthermore, more than 80% of the total
variation of Chl a, Chl b, and Chl a+b could be explained by the
interspecific variation in different life forms, forest communities,
except for shrubs and conifer trees. For conifer trees, these
Chl parameters explained 45% of variation. The contributions
of climate and soil factors to the total variance of Chl along
the transect were very low, less than 1% for all parameters
(Table S7).

DISCUSSION

Significant Differences in Chl Among
Different Species, Life Forms, and

Communities

Large variation in Chl was observed among the 823-plant
species in the natural forest communities. Across all plants,
there were significant differences of Chl among different species,
life forms, and communities. The coefficient of variations of
Chl g, Chl b, Chl a+b, and Chl a/b were 0.41, 0.43, 0.41,
and 0.14, respectively. The coefficient of variations of Chl a/b
was relatively smaller than that of Chl a, Chl b, and Chl a+b.
Although interspecific differences in Chl a and Chl b were very
big, there should be a strong linear relationship between Chl a
and Chl b (Li et al., 2018), lowering the variability of Chl a/b.
Furthermore, the coefficients of variation of Chl a, Chl b, and
Chl a+b were also large. Less than 10% of the total variation
was among groups when all species were divided into diverse
groups by sites, life forms, and leaf types. Especially for Chl a/b,
total variation was close to zero. Interspecific variation might
explain more than 80% of the total variations of Chl, which
further confirms the presence of the larger interspecific variation
of Chl.
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TABLE 3 | Statistics of leaf chlorophyll content (mg 9*1) for different leaf shapes in forests.

Plant leaf shapes n Mean SD SE Minimum Maximum Ccv
Chla Conifer 16 2.11a 0.77 0.19 0.87 3.67 0.36
Broad-leaved 528 4.18b 1.67 0.07 0.96 13.38 0.4
Total 544 412 1.68 0.07 0.87 13.38 0.41
Chlb Conifer 16 0.83a 0.32 0.08 0.32 1.54 0.38
Broad-leaved 528 1.69b 0.71 0.03 0.42 5.8 0.42
Total 544 1.66 0.71 0.03 0.32 5.8 0.43
Chla+b Conifer 16 2.97a 1.09 0.27 1.2 5.26 0.37
Broad-leaved 528 5.93b 2.38 0.1 1.4 19.39 0.4
Total 544 5.84 2.4 0.1 1.2 19.39 0.41
Chla/b Conifer 16 2.57a 0.24 0.06 2.04 2.91 0.1
Broad-leaved 528 2.51b 0.3 0.01 1.43 5.07 0.12
Total 544 2.51 0.3 0.01 1.43 5.07 0.12

T Same letters denote no significant diifference among the nine sites (P < 0.05).

n, the number of species; SD, standard deviation; SE, standard error; CV, coefficient of variation.

E  Among groups
A

= h

E

= ]

2

g

] ]

s

3

£ ]

chla chlb chla+b
C

2 .

g

=
.S b

g

2 ]

=

L

E g

chla chlb chla+b
shapes (D).

100% 1 100% A
80% 80%
60% 60%
40% 40% A
20% 20%
0% A 0% A

chla/b

100% - 100% A
80% 80% -
60% 60% -
40% 40% A
20% 20% A
0% 0% -

chla/b

FIGURE 2 | Partitioning the total spatial variance of leaf chlorophyll content in the nine forests (A), different life forms (B), different growth forms (C), and different leaf

B Within groups
B

chla chlb chla+b chla/b

D

chla chlb chla+b chla/b

Weak Increasing Latitudinal Pattern of Chl
in Natural Forests

Although there were significant latitudinal patterns for Chl a,
Chl b, and Chl a+b, the R?s were very weak. Chl a/b had
no significant latitudinal pattern. The correlations between Chl
contents and both MAT and MAP were weak. This phenomenon
might be explained by a large amount of Chl in the forest
communities being redundant, some of the plant chlorophyll
is not involved in the photosynthetic reaction. Therefore,

chlorophyll content is not necessarily linked to this reaction,
even though temperature and water are the important factors
in the synthesis of chlorophyll. Alternatively, high interspecific
variation might have led to a weak latitudinal pattern in our
study, with the highest coefficient of variation of Chl reaching
0.52. Yet, interspecific species variation could not be explained
by environmental differences between the scale of the study and
the observed weak latitudinal patterns. Furthermore, chlorophyll
content might be affected by community structure, because the
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TABLE 4 | Strength of the phylogenetic signal in chlorophyll traits for different growth forms.

Growth forms nt Chla Chib Chla+b Chla/b
K P K P K P K P

Trees 264 0.041 0.008 0.037 0.02 0.041 0.008 0.014 0.758
Shrubs 280 0.061 0.106 0.083 0.01 0.068 0.057 0.053 0.057
Herbs 293 0.041 0.03 0.043 0.009 0.042 0.019 0.017 0.847
Evergreen 316 0.042 0.009 0.035 0.052 0.04 0.017 0.03 0.203
Deciduous 228 0.081 0.014 0.094 0.002 0.088 0.002 0.027 0.678
Conifer 16 0.804 0.126 0.776 0.143 0.796 0.136 0.716 0.32

Broad-leaf 528 0.041 0.001 0.044 0.001 0.043 0.001 0.023 0.321
Total 823 0.047 0.001 0.045 0.001 0.046 0.001 0.02 0.513

T is the number of the species; K-value is phylogenetic signal; P is the significance level.

light shading effect on vertical structure might change Chl. Some
control experiments found that shading effect might affect plant
Chl content, and Chl a/b may also decrease.

With the development of the molecular clock theory
(molecular evolution speed constancy) and fossil dating data,
researchers found that phylogenic history play a decisive role
for some plant traits (Comas et al., 2014; Kong et al., 2014;
Li et al, 2015). Some plant traits (i.e, N and P content and
calorific values) are strongly affected by the phylogeny of plant
species (Stock and Verboom, 2012; Chen et al., 2013; Song et al.,
2016). In contrast, in our study, although Chl in the overall
and different life forms had significant phylogenetic signals, the
phylogenetic signal K values were close to zero. Theoretically,
these traits were deemed as a strong phylogenetic signal if the

The bold font denotes a significant phylogenetic signal (P < 0.05).

K value > 1. Previous studies have demonstrated that if a plant
trait has a significant phylogenetic signal, it could be considered
as a conservative trait. Traits also perform more similarly when
the genetic relationship of different species is closer (Felsenstein,
1985), and vice versa. Therefore, our results showed that Chl
is almost not influenced by phylogeny in forests at a large
scale.

In theory, as an important photosynthetic pigment of plants,
Chl is widely influenced by the environment. Unexpectedly, our
results showed that both climate and soil factors had very small
influences on Chl, while interspecific variation was the main
factor influencing the spatial patterns of Chl from tropical to
cold-temperate forests. Through the redundancy analysis, we
found that climate and soil factors were not the main factors
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TABLE 5 | Strength of the phylogenetic signal in chlorophyll traits for each of the nine forests.

Sites nt Chla Chlb Chla+b Chla/b
K-value P K-value P K-value P K-value P

HZ 58 0.14 0.233 0.1232 0.263 0.135 0.254 0.07 0.715
LS 42 0.288 0.23 0.28 0.293 0.285 0.236 0.425 0.09
CB 105 0.213 0.002 0.232 0.003 0.22 0.004 0.089 0.271
DL 67 0.051 0.63 0.055 0.616 0.051 0.648 0.119 0.106
10 36 0.343 0.13 0.358 0.164 0.349 0.129 0.221 0.315
SN 122 0.145 0.051 0.158 0.021 0.149 0.028 0.144 0.04
Ju 138 0.035 0.748 0.028 0.849 0.032 0.788 0.022 0.929
DH 146 0.101 0.002 0.141 0.001 0.112 0.002 0.093 0.006
JF 109 0.134 0.098 0.126 0.114 0.131 0.12 0.23 0.016
Total 823 0.047 0.001 0.045 0.001 0.046 0.001 0.02 0.513

+

n is the number of the species; K-value is phylogenetic signal; P is the significance level; The bold font denotes a significant phylogenetic signal (P < 0.05) HZ, Huzhong; LS, Liangshui;

CB, Changbai; DL, Dongling; TY, Taiyue; SN, Shennongjia; JL, Jiulian; DH, Dinghu; JF, Jianfengling; Total is the whole transect.

influencing Chl, because their independent effects were less
than 1%. However, interspecific variation did explain more
than 80% of Chl. Thus, our results support that plants adapt
to the environment by adjusting Chl. Because of the small
plasticity of Chl, the variability of Chl in single species had
a certain threshold. Above this threshold, some plants would
be replaced by others because of the environmental filter. This
hypothesis requires to be verified in natural forests in future.
Some studies have demonstrated that the variability of leaf
traits is influenced by a combination of species, climate, and
soil factors (Reich et al., 2007; Han et al, 2011; Liu et al,
2012).

Atalarge scale, the patterns of leaf traits are not obvious along
the changing environmental gradient, with greater variability
occurring in species that coexist (Freschet et al.,, 2011; Onoda
et al, 2011; Moles et al, 2014). Twenty-percent of spatial
variation in leaf economic traits (specific leaf area, leaf longevity,
photosynthetic rate, and leaf N and P content) is associated
with the coexistence of different plant species (Wright et al,
2004; Freschet et al, 2011). Furthermore, previous control
experiments showed that Chl is significantly associated with
temperature and moisture (Yamane et al, 2000; Yin et al,
2006). However, the environmental factors used in this study
were MAT and MAP, it would be an interesting idea to
obtain the real-time data of chlorophyll and temperature and
precipitation for future work. For the relationship between
Chl and soil nutrients, we found that soils explain a small
portion of total variation, because important elements are
prioritized for important organs. As an important photosynthetic
pigment, leaves should receive more nutrient elements for
Chl, even if the low content of nutrient elements in soils
has a small effect on Chl. Therefore, future research should
focus on understanding how soils and the climate influence
or optimize ecosystem functioning through a combination of
element allocation. In addition, light is an important factor
for chlorophyll synthesis, however in our analyzes light was
not taken into account. To my knowledge, radiation could be
measured using satellite data, and light extinction within forest

canopies can be modeled. These would be potential next steps for
our research.

Chl Should be Cautiously Used as a Proxy

for Simulating GPP in Natural Communities
The main purpose of most studies on Chl in natural communities
has been to establish a link between Chl and ecosystems
functioning, because Chl is widely considered an important
factor influencing leaf photosynthetic capacity (Singsaas et al.,
2004). Using four deciduous tree species sampled across three
growing seasons, Croft et al. (2017) showed that, compared
with leaf N content, Chl serves as a better proxy for leaf
photosynthetic capacity. Furthermore, Chl can be modeled
accurately from remotely sensed data (Croft et al., 2013);
thus, this important parameter has been used to model leaf
photosynthetic capacity at the global scale (Jacquemoud and
Baret, 1990).

However, our results showed that significant differences in
Chl occur among coexisting species, functional groups, and
communities. Furthermore, the vertical structure of the plant
community generated strong variation in the light environment,
which might result in the accumulation of redundant Chl. In
addition, our previous studies have also found that Chl showed
a weak correlation with GPP in the communities (Li et al., 2018).
Therefore, the photosynthetic capacity in a given natural forest
community could be overestimated by using Chl. In other words,
when using Chl as a proxy of GPP in the natural community,
the outputs should be treated with caution. While it is a clever
concept to optimize models using Chl data derived through
remote sensing technology, more research is required to link
Chl and GPP in the natural community in a way that is both
representative and informative.

CONCLUSIONS

Significant variation in Chl was observed among different plant
species, functional groups, and communities. Unexpectedly,
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Chl showed a very weak latitudinal pattern from tropical
monsoon forests to cold-temperate coniferous forests,
because of significant variation among coexisting species.
This interspecific variation was the main factor affecting
Chl, rather than soil and climate. Because of this “fuzzy
regulation” of Chl in the natural community, caution
should be taken when integrating Chl in ecological
models. In conclusion, this approach should only being
used if scientists are able to link Chl with ecosystem
functioning in natural forest communities objectively in
future studies.
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