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Chlorophyll is the molecular basis for the function of photosystems and is also a promising
tool for ecological prediction. However, the large-scale patterns of chlorophyll variation in
grasslands remain poorly understood. We performed consistent measurements of
chlorophyll a, b, a+b, and the a:b ratio (chlorophyll a/b) for 421 species across northern
hemisphere grassland transects, recorded their distributions, variations, and influencing
factors, and examined their relationships with leaf nitrogen. The results showed that the
distributional ranges were 0.52-28.33 (mean 5.49) mg-g~' dry weight, 0.15-12.11 (mean
1.83)mg-g~" dry weight, 0.67-39.29 (mean 7.32) mg-g~" dry weight, and 1.28-7.84 (mean
3.02) for chlorophyll a, b, a+b, and a/b, respectively. The chlorophyll averages differed
among regions (higher in the Loess Plateau and the Mongolian Plateau than in the Tibetan
Plateau), grassland types (desert grasslands > meadow > typical grasslands), life forms, life
spans, and taxonomies. In the entire northern hemisphere grassland, chlorophyll
concentrations and chlorophyll a/b were negatively correlated to photosynthetically active
radiation and the soil N:P ratio, and positively correlated to the mean annual temperatures.
These results implied that chlorophyll in grasslands was shaped by the layered structure of
grasses, distinct plateau environments, and phylogeny. The allocation patterns of leaf
nitrogen to chlorophyll differed among regions and grassland types, showing that caution is
required if simply relating single leaf N or chlorophyll to productivity separately. These
findings enhance our understanding of chlorophyll in natural grasslands on a large scale, as
well as providing information for ecological predictive models.

Keywords: allocation, chlorophyll, grassland, influencing factors, leaf nitrogen, spatial variation, trait distribution

INTRODUCTION

Photosynthesis, the initiator of materials and energy cycles on Earth, can be divided into three
continuous processes: 1) light harvesting; 2) zigzag electron transport, and 3) carbon fixation
(the Calvin cycle). The first two processes require surrounding irradiation and occur via the plant
photosystem (PS) on the thylakoid. There are two types of PS: PSI and PSII. Both are pigment-protein
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complexes; each includes a peripheral antenna (the light-harvesting
Chla/b-binding protein complex, LHC) that absorbs light and
funnels its energy, and a reaction center (RC) for light-induced
charge translocation. Chlorophyll (chl) is the most abundant
pigment in the PS and has a key role in the conversion of
sunlight into energy to initiate photo-biochemical reactions
in plants.

The two most common types of chl in the PS of terrestrial
plants are chla and chlb. Both have strong light absorption and
function mainly in the RC and LHC of photosystems in
combination with proteins (Atsushi et al., 2018). Thus,
concentrations of chla and chlb are indicators of the light use
efficiency and appear to be promising parameters describing the
production capacity of plants (Croft et al., 2017; Li et al., 2018c¢).
However, the amounts and combinations of the two types of chl
are different in RC and LHC. For example, chlb occurs
exclusively in LHC and is highly correlated with the peripheral
antennae size, whereas chla occurs mainly in the RC and the core
parts of the antennae (Atsushi et al., 2018). That is, the relative
amounts of chla and chlb (i.e., the chla/b ratio) are an indication
of the allocation to the PS core and LHC, as well as of the plant’s
functional balance between the efficiency of light capture and
electron transport (Leong et al., 1985; Terashima and
Hikosaka, 1995).

Plants may optimize productivity or sustain survival in different
light intensities and qualities by adjusting chl concentrations and
ratios. Generally, chl concentration increases in lower light, because
increasing allocation to photochemical parts can enhance light
harvesting and provide more energy for carbon fixation (Hallik
et al,, 2009). Chla/b may be decreased in the shade compared with
exposure to sunlight because of the larger peripheral antennae size
(increased chlb) is conducive to enhancing the light harvesting
under shade (Kitajima and Hogan, 2003). However, the evidence is
inconclusive across scales, functional groups, and taxonomies
(Hallik et al., 2009; Pollastrini et al., 2016; Li et al., 2018c). In
addition, temperature and precipitation are important climatic
factors related to plant growth, and their changes have multiple
effects on plant functional traits, thereby affecting plant production
capacity and adaptive strategies (Angela et al., 2014; Lv et al., 2016).
Nonetheless, it has not previously been examined how chl is shaped
by these environmental factors on a large scale.

Leaf N is thought to be a promising trait for productivity
prediction because of its relationships with production-related
traits (Bokhari, 1976; Wright et al., 2004) or gross primary
production (Croft et al., 2015). However, several processes
compete for leaf N, including the thylakoid reaction and
carbon fixation, as well as between photosynthetic and non-
photosynthetic activities. First, N is the most important
component element in the PS core and antennae complexes,
because it is necessary to synthesize chl molecules and combined
protein complexes. Consequently, in theory, chl concentration
should also be positively related to leaf N. The chl-leaf N
relationship reflects the N cost of photosynthetic pigments.
Second, leaf N plays crucial roles in the Calvin cycle in the
form of photosynthetic enzymes, such as Rubisco, or other

soluble proteins. The relationship between higher leaf N and
higher photosynthesis and growth rates has been demonstrated
in many studies (Wright et al., 2004; Wright et al., 2005; Shiflett
et al., 2014). However, leaf N also plays key roles in persistence
and resistance in plants living in harsh environments or under
stress. It is argued that in deciduous forest, the relationship
between leaf N and chl is weak owing to the seasonal N allocation
dynamics between photosynthetic and non-photosynthetic
fractions, which indicates the inaccuracy of using leaf N as a
proxy for photosynthesis (Croft et al., 2017). In addition, the
relationship between chla/b and leaf N should be informative to
describe N allocation to RC and LHC and the maintenance of
their functional balance, but only a few studies have focused on a
few species that have documented this relationship.

In recent years, large-scale ecological predictive technology has
been based on chl fluorescence (Li et al., 2018a; Sun et al., 2018).
However, it is still a huge challenge to provide informative chl
parameters for ecological models because most existing studies
focused on only a few species and sites. Little is known about the
patterns of Chl in natural grassland communities at large scales,
which undoubtedly hinders further technological developments
(Sun et al, 2018). In the current study, we performed a field
investigation of 30 sites across northern hemispheric grassland
transects to reveal the distributions, variations, and influencing
factors of chl. These sites included grasslands of three
environmentally distinct plateaus (Mongolian, Loess, and Tibetan
Plateaus—MP, LP, and TP, respectively) and three grassland types
(meadow, typical grassland, and desert grassland—MD, TG, and
DG, respectively). We analyzed chla, chlb, chla+b, and chla/b for
421 species available in total and determined the relationships
between leaf N and chl. The results are presented from the
perspectives of the three plateaus and three grassland types to
achieve a comprehensive understanding. We hypothesize that leaf N
allocation to chl may differ among the three plateaus and grassland
types due to distinct environments and resource limitations, and leaf
N may not be closely related to chl in stressful grasslands such as
Tibetan grasslands or desert grasslands because producing extra
protective and resistant proteins under these stressful conditions will
also compete for leaf N.HH

MATERIALS AND METHODS
Study Area

Grasslands of the Eurasian continent are representative of
Northern hemisphere grasslands. The core part of the
Eurasian steppe is mainly distributed in three plateaus: MP,
LP, and TP (Figure 1). The three plateaus are all characterized
by intensive radiation but differ in limiting factors. Specifically,
water, soil N, and temperature are limiting in MP, LP, and TP,
respectively (Table 1). Coincidentally, these limiting factors, as
well as excessive radiation, are thought to exert effects on chl.
We sampled 30 sites, mainly across precipitation gradients that
were not subject to human disturbance in the three plateau
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FIGURE 1 | Site locations in northern grassland transects. They were chosen involving three major plateaus in the northern hemisphere, as Mongolia Plateau (MP),
Loess Plateau (LP) and Tibet Plateau (TP), and three grassland types of meadow, typical grassland and desert grassland.
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TABLE 1 | Geographical locations and environmental conditions of studied sites in northern hemisphere grassland transects.

Site Region Grassland type LAT (°N) LONG (°E) ALT (m) PAR(mol-m2.d™") MAP(mm) SNP MAT (°C)
1 MP MD 44.59 123.51 144 31.88 448.47 2.49 510
2 MP MD 44.52 121.04 269 33.72 384.39 6.52 5.80
3 MP MD 4511 120.33 660 34.47 384.47 5.86 3.72
4 MP TG 44.77 118.36 1019 35.61 403.58 5.75 0.56
5 MP TG 44.26 116.52 1129 36.32 315.49 3.63 117
6 MP TG 43.55 116.67 1272 36.05 385.81 3.98 0.16
7 MP TG 44.51 117.68 1024 35.47 344.68 6.18 1.96
8 MP DG 44.01 114.89 1101 36.75 281.18 3.85 0.10
9 MP DG 43.84 113.50 1022 37.09 213.16 2.22 2.47
10 MP DG 43.63 112.15 955 36.79 168.29 1.57 3.69
iRl LP MD 36.29 113.36 804 28.93 563.88 1.99 11.85
12 LP MD 35.99 112.29 894 29.70 591.18 3.72 9.96
13 LP MD 35.99 111.64 833 29.40 566.12 2.73 10.66
14 LP TG 36.07 110.18 966 32.54 533.36 1.94 10.72
15 LP TG 36.74 109.24 1268 35.46 498.89 1.60 9.50
16 LP TG 36.93 107.92 1383 36.21 438.09 1.70 7.46
17 LP TG 37.58 107.19 1535 37.26 395.14 1.65 5.23
18 LP DG 37.42 105.78 1293 37.22 320.35 1.37 5.87
19 LP DG 37.44 104.92 1378 36.81 233.88 1.00 7.56
20 LP DG 37.46 104.44 1714 36.69 215.50 1.06 7.71
21 TP MD 31.46 95.45 4104 35.80 619.86 7.74 0.41
22 TP MD 31.85 93.53 4509 35.70 536.77 5.39 -1.50
23 TP MD 31.64 92.01 4587 36.77 501.38 6.74 -4.37
24 TP TG 31.38 90.74 4617 37.53 526.89 3.75 -6.76
25 TP TG 31.54 89.72 4588 37.24 443.79 4.94 -3.06
26 TP TG 31.87 87.82 4570 39.01 389.09 5.62 -2.57
27 TP TG 31.92 85.84 4938 39.77 376.17 2.62 -3.77
28 TP DG 32.41 83.34 4578 40.21 317.13 1.02 -3.90
29 TP DG 32.30 81.23 4558 4113 291.42 0.79 -3.49
30 TP DG 32.48 80.15 4328 41.92 191.71 115 -1.27

MP, Mongolia Plateau; LP, Loess Plateau; TP, Tibet Plateau; MD, meadow; TG, typical grassland; DG, desert grassland; LAT, latitude; LONG, longitude; ALT, altitude; PAR,
photosynthetic active radiation; MAP, mean annual precipitation; SNP, the ratio of soil nitrogen to phosphorus;, MAT, mean annual temperature.

grasslands (10 sites per plateau). In addition, the 10 sites in each
plateau contained three grassland types: three sites for MD, four
sites for TG, and 10 sites for DG (Figure 1). Large geographic
and climate gradients were also involved in site selection. The

longitude range was 80.15-123.51°E, latitude 31.38-45.11°N,
altitude 144-4938 m, a mean annual temperature (MAT)
-6.76°C to 11.85°C, and mean annual precipitation (MAP) of
140.25-516.55 mm (Table 1).
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Field Sampling

Field sampling was performed in July-August 2018 at the growth
peak of the grasslands. In natural communities, the dominant
species do not really represent all the species. Hence, at each site,
all species appeared within a 1 km radius circle (including trees,
shrubs, and herbs) were surveyed and identified. They were
thought to be more accurate representatives of all species within
this site. Overall, 421 species were collected from 30 sites. The
healthy and fully expanded canopy leaves of these trees, shrubs,
and herbs were collected, with three individuals used as replicates
for each species. The samples were refrigerated in opaque plastic
bags until determination. Part of the plant samples was washed
and dried in a 60°C oven until a constant weight was reached,
used for water content analysis, and then powdered using a
grinding machine (MM400 ball mill, Retsch, Haan, Germany)
for leaf N measurements. The remaining fresh leaves were used
for chl measurements. In addition, soil from the 0-10 cm layer
was sampled randomly with eight replicates at each site, naturally
air dried, and impurities removed and sieved through a 2-mm
mesh. The soil samples were then ground (MM400 ball mill,
Retsch, Germany) and stored at 4°C for total N and total
phosphorus (P) analysis.

Measurement of Chl

The Chl measurement followed the principle of Arnon’s
simultaneous-equation (Arnon, 1949) and Porra’s improvement
(Porra and Scheer, 2019), with a few alterations to improve
suitability for the determination of large sample sizes. We used
95% ethanol in place of 80% acetone to avoid the photooxidation of
chl and the volatile toxicity of acetone. The ethanol method was put
forward in 1981, and the efficiency of 95% ethanol for chl extract
was higher than that of acetone (the method is presented at http://
www.irgrid.ac.cn/). Owing to the large sample size, we tried our best
to operate the same step at the same time of the day, and all the steps
were under the dim surrounding light. In detail, the following steps
occurred: fresh leaves of samples of 0.1 g were weighed, powdered,
and extracted three times using 95% ethanol for chl measurements.
The extraction solutions were then combined, filtered, and adjusted
to a volume of 50 ml. The measurements were performed using a
spectrophotometer (UV-1700, Shimadzu, Japan). Governed by the
Beer-Lambert law, the relationships between the chl solution and
optical density are (Li et al., 2018b; Li et al., 2018c¢):

Dggs = 83.31C, + 18.60 C;, (1)

Dgyo = 24.54 C, + 44.24 C,, )

where Dggs and Dgyo were the optical densities of the chl solution
at wavelengths of 665 and 649 nm, respectively; C, and C;, were
chla and chlb concentrations (g-L.™"), respectively; the coefficients
83.31 and 18.60 were the specific absorption of chla and chlb at a
wavelength of 665 nm, respectively, and 24.54 and 44.24 at 649
nm (Liet al., 2018b; Li et al., 2018c). Chla and chlb concentration
per gram fresh weight (FW) can be calculated as follows:

chla (mg - g™ FW) = C, x 50/(1000 x 0.1) 3)

chlb (mg - g™ FW) = C, x 50/(1000 x 0.1) (4)

Then, the chl concentration per gram fresh weight (FW) was
converted to the reference of dry weight (DW) to deduce the
influence of water content:

chla (mg-g™' DW) = chla (mg-g 'FW)/(1-W%)  (5)
chlb (mg - g™ DW) = chlb (mg-g 'FW)/(1-W%)  (6)
total chl = chla (mg - g™' DW) + chlb (mg - g™ DW)  (7)

chl ratio = chla (mg - g DW)/chlb (mg-g™' DW)  (8)

where W% was the percentage of species water content.

Measurement of Soil N, P, and Leaf N

Soil samples (150 mg) and plant samples (35 g) were used for
total N concentration measurements using an elemental analyzer
(Vario MAX CN Elemental Analyzer, Elementar, Germany;
Zhao et al,, 2016a). In addition, 0.05 g soil samples were
soaked in a solution of 6 ml of HNO; and 3 ml of HF
overnight for P measurements. The solutions were boiled for
digestion (Mars X press Microwave Digestion System, CEM
Corporation, NC, Matthews, USA), and 0.5 ml of HCLO, was
added to remove the acid. Finally, the solutions were cooled and
the volumes were adjusted to 15 ml for total P measurements
(Zhao et al.,, 2016b). Determinations were conducted using an
inductively coupled plasma optical emission spectrometer
(Optima 5300 DV, Perkin Elmer, Waltham, MA, USA). After
determination of soil total N and P, the ratio of N:P was
calculated. Finally, the averages of soil N:P for each site and
the average leaf N for each species were calculated.

Climate Data

The data for photosynthetic active radiation (PAR) were
obtained from “A dataset of reconstructed photosynthetically
active radiation in China (1961-2014)” (Liu et al., 2017). Mean
annual temperature (MAT) and mean annual precipitation
(MAP) for each site were obtained from the National
Meteorological Information Center of China.

Data Analysis

The average was calculated for each species, and all species were
used to analyze frequency distributions of chlorophyll
concentration and ratio by OriginPro 2018C (OriginLab Corp.,
Northampton, MA, United States). One-way analysis of variance
(ANOVA) was used to test the significance of chl averages
among plateaus, grassland types, and functional groups, and
multiple comparison tests were performed using the least
significant difference method in IBM SPSS Statistics 19.0 (SPSS
Inc., Chicago, IL, United States). The linear regressions between
species average chl and site average environmental factors were
performed using IBM SPSS Statistics 19.0. Standardized major
axis (SMA) regressions were used to reveal the relationships of
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species average leaf N and chlorophyll as well as compare the
slopes among groups, performed using the smart package in R
(version 3.5.2, R Foundation for Statistical Computing), and
figures were constructed using OriginPro 2018C (OriginLab
Corp., Northampton, MA, United States).

RESULTS

Distributions and Variations in Leaf Chl

The chla distribution was in the range of 0.52-28.33, with a mean
value of 5.49 mg-g”'DW; chlb was 0.15-12.11, with a mean value
of 1.83 mg-g~' DW; chla+b was 0.67-39.29, with a mean value of
7.32 mg-g~' DW; and chl a/b was 1.28-7.84, with a mean value of
3.02 (Figures 2 and 3; Tables 2 and 3). Significant positive
skewed distributions were found in all grassland transects except
chla/b of LP, TP, and DG (Tables 2 and 3). In addition, the
kurtosis of chl concentrations (chla, chlb, and chla+b) and ratio
(chla/b) in DG were far lower compared with other groups
(Table 3).

Significant differences in the means of chl concentration and
ratio were observed among the plateaus, and were higher in MP
and LP, and lower in TP (Table 2). For different grassland types,
the chl concentration and ratio of DG were significantly higher,
and TG was lower than in the other groups (Table 3).

Regardless of region and grassland type, the coefficients of
variation (CVs) of chl concentration were all approximately 0.6,

whereas the CVs of chla/b were less than half of those of
concentration (Tables 2 and 3). Among the plateaus, the chl
concentration CV ranking was MP > LP > TP, and the Chl ratio
CV ranking was MP > TP > LP (Table 2). Among grassland
types, DG had the lowest CV for chl concentrations and chla/b
(Table 3).

Variations in Leaf Chl Among Different
Functional Groups

For chl concentration and ratio, significant differences existed
among plant life forms, life spans, and taxonomies (Table 4): for
different life forms, different chlb (i.e., highest for herbs and lowest
for trees) resulted in lower chla/b for herbs; for different life spans,
the lowest chla, chlb, and chla+b were found for perennials and the
highest chla/b for annuals; for different taxonomies, chla, chlb, and
chla+b of Gramineae were significantly lower, whereas chla/b of
Compositae was significantly lower; also, significant differences in
chl existed between monocotyledons and dicotyledons, with higher
chl concentration and lower chla/b for dicotyledons; as the
dominant and common species, the chl concentrations were
lower than in other species, but the chla/b were similar to
other species.

Factors Influencing Leaf Chli
Significant linear relationships were observed between chl and
major environmental factors over the entire grassland (Figure 4).
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FIGURE 2 | Frequency distributions of chlorophyll concentrations and ratio of the whole northern hemisphere grassland transects and three plateaus, respectively.
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TABLE 2 | Eigen-values of frequency distributions of chlorophyll concentrations by dry weight (DW) and ratio grouped by regions.

Chla (mg-g™ DW)

Chib (mg-g™' DW)

All* MP* LP* TP* AllI* MP* LP*
Mean 5.49 5.55a 590a 4.65b 1.83 1.87a 191a
SD 3.35 3.79 3.34 2.41 1.13 1.32 1.10
Variance 11.24 1440 11.13 5.80 1.29 1.73 1.22
Ccv 0.61 0.68 0.57 0.52 0.62 0.71 0.58
Min 0.52 0.78 0.52 0.59 0.15 0.16 0.15
Max 28.33 2833 2619 1795 1211 12.11 9.43
Median 4.61 4.46 5.06 4.29 1.55 1.556 1.63
Skewness 2.27 2.61 1.68 2.10 2.90 3.45 2.03
Kurtosis 8.40 9.94 4.60 7.53 16.66  18.87 7.24

Chla+b (mg-g™' DW) Chla/b
TP* All* MP* LP* TP* AllI* MP* LP P
163b 7.32 742a 7.81a 629b 302 301b 31la 288c
084 446 506 442 322 049 063 034 042
070 1985 2564 1955 1036 024 040 012 017
052 061 068 057  0.51 016  0.21 0.1 0.15
022 067 125 067 081 1.28 1.28 1.81 1.42
622 3929 3929 3562 2373 7.84 784 414 457
148 615 597  B.71 5.81 300 290 310 291
207 239 277 176 2.11 242 329 004 002
743 970 1156 520  7.65 2002 1944 1.03 211

All, all species along northern hemisphere grassland transects (n=1049); MP, Mongolia Plateau (n=367); LP, Loess Plateau (n=437); TP, Tibet Plateau (n=245). The asterisks behind the

abbreviation of regions denote significant differences with normal distributions. Bold lowercase letters behind means denote significant differences among regions (p < 0.05).

The chl concentrations (chla, chlb, and chla+b) were negatively
correlated to PAR and N:P, but positively correlated to MAT
over the entire grassland. Similar trends were also observed for
chl ratio. However, there was no linear relationship between chl
and MAP, in either the concentration or the ratio, for the entire
grassland (Figures 4B, F, ], N).

Among the three plateau regions, some differences in chl were
observed for different environments. The chl concentration of MP
was mainly negatively correlated to N:P (Figures 4C, G, K). The
situation of LP was very similar to that of the entire grassland (Figure
4). However, unlike for the entire grassland, there was no
relationship between chl concentration and N:P in LP (Figures

4G, G, K). In addition, chla/b of LP was negatively correlated to
MAP (Figure 4N) but positively correlated to MAT (Figure 4P). Chl
concentration in TP was mainly negatively affected by MAP and N:P.

For different grassland types, the chl concentration trends
across the MD and TG environments were the same as for the
whole grasslands (Figures 5A-P), but chl (concentration and
ratio) of TG was also positively related to MAP (Figures 5B, F, J,
N). In DG, decoupling was found between chl concentration and
most environmental factors, except for positive relationships
with soil N:P (Figures 5C, G, K), and a decrease in chl ratio
decreased with increasing PAR and MAP, but increased with
MAT (Figures 5M, N, P).
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TABLE 3 | Eigen-values of frequency distributions of chlorophyll concentrations by dry weight (DW) and ratio grouped by grassland types.

Chla (mg-g™ DW) Chib (mg-g”' DW) Chla+b (mg-g”' DW) Chla/b
All¥ MD*  TG* DG* All* MD*  TG* DG* All* MD*  TG* DG* All* MD*  TG* DG
Mean 549 558 506c 6.23a 183 1.8% 171b 200a 7.32 7.46b 6.77c 824a 3.02 301b 298 3.12a
sD 335 342 310 359 113 117 1.09 113 446 456 416 469 049 053 045 043
Variance 1124 1173 964 1288 129 137 118 127 1985 2079 17.34 2199 024 028 020 0.9
cv 0.61 0.61 0.61 058 062 062 064 057 061 0.61 0.61 057 016 018 015 0.4
Min 052 059 094 052 015 022 016 015 067 081 137 067 1.28 1.28 1.42 1.53
Max 2833 2619 2833 1877 1211 976 1211 614 3929 3562 3929 2453 7.84 7.84 735  4.39
Median 4,61 4.71 429 530 155 1.62 1.45 1.75 615 628 576 698 300 298 298  3.11
Skewness 227 243 269 1.31 290 284 387 127 239 250 296 130 242 327 221 -0.21
Kurtosis 840 899 1362 1.62 1556 13.01 28.06 1.44 970 965 1665 154  20.02 2440 2119 091

All, all species along northern hemisphere grassland transects (n=1049); MD, meadow (n=444); TG, typical grassland (n=421); DG, desert grassland (n=184). The asterisks behind the
abbreviation of regions denote significant differences with normal distributions. Bold lowercase letters behind means denote significant differences among grassland types (p < 0.05).

TABLE 4 | One-way ANOVA for chla, chib, chla+b concentration by dry weight (DW) and chla/b of different functional groups in northem hemisphere grassland transects.

Functional groups Chla (mg-g™") Chib (mg-g~") Chla+b (mg-g™") Chla/b
Mean + sd Mean = sd Mean = sd Mean = sd
Trees (80) 5.06 + 2.54 1.57 + 0.75b 6.63 + 3.29 3.20 £ 0.31a
Shrubs (101) 5.20 + 3.71 1.7 + 1.3ab 6.91 + 4.97 3.11 + 0.56a
Herbs (862) 5.56 + 3.38 1.87 £ 1.15a 7.43 +4.49 2.99 + 0.48b
Annuals (137) 7.23 +3.79a 2.28 + 1.20a 9.51 + 4.95a 3.17+ 0.56a
Biennials (56) 6.85 + 4.44a 2.42 + 1.83a 9.27 + 6.25a 2.90 + 0.27b
Perennials (760) 5.02 + 2.83b 1.68 + 0.95b 6.71 £ 3.76b 3.01 + 0.46b
Legumes (119) 5.39 + 2.71ab 1.85 + 0.95a 7.24 + 3.64ab 3.02 +0.61a
Gramineae (158) 4.96 +2.77b 1.57 £ 0.77b 6.53 + 3.52b 3.11 + 0.36a
Compositae (169) 5.77 + 3.34a 2.00 + 1.14a 777 +4.47a 2.88 + 0.26b
Others (601) 5.53 + 3.47ab 1.84 £1.19a 7.37 + 4.62a 3.04 + 0.52a
Monocotyledon (234) 4.99 + 3.10b 1.61 + 1.00b 6.60 + 4.07b 3.09 + 0.34a
Dicotyledon (796) 5.64 + 3.32a 1.90 + 1.13a 753 +4.41a 3.00 + 0.52b
Dominant species (78) 4.70 £ 2.13b 1.53 + 0.68b 6.23+2.77b 3.07 £ 0.36
Common species (196) 5.15+ 3.11ab 1.70 + 0.89b 6.85 + 3.94ab 3.01 £ 0.52
Other species (773) 5.63 + 3.40a 1.88 +1.18a 7.51 + 4.56a 3.02 £ 0.49

Mean + standard deviations are shown and numbers of samples (n) in parentheses. Bold lowercase letters denote significant differences among groups (p < 0.05).

Allometric Allocations of Leaf N to Leaf Chl
There were significant positive relationships between total chl
concentration and leaf N in MP, LP, and TP, but the SMA slopes
were significantly different, that is, higher in MP and LP (0.56
and 0.50, respectively) and lower in TP (0.38; Figure 6A).
Between chla/b and leaf N, positive linear relationships were
found in MP and LP, with a significantly higher slope for MP
(Figure 6B).

For all three types of grassland, significant positive linear
relationships between total chl concentration and leaf N were
found, but with a significantly lower slope for TG (Figure 6C).
MD showed a significant relationship between chla/b and leaf N
(Figure 6D).

DISCUSSION

Chl Distributions in the Northern
Hemispheric Grasslands

The values for chla, chlb, chla+b, and chla/b ranged within 0.52-
2833, 0.15-12.11, and 0.67-39.29 mgg ' DW, and 1.28-7.84,

respectively, across 421 species in these grasslands (Figures 2 and
3; Tables 2 and 3). Positive skewness, regardless of region or
grassland type (except for chla/b of TP and DG, which exhibited
non-significant skewed distributions), showed that the majority of
species converged at lower chl concentrations and ratios. According
to a previous study on tropical to temperate forests, the total chl
concentration ranged from 1.20-22.58 mg-g ' FW, showing grater
plasticity compared with grasslands when converted to dry weight
(Li et al., 2018b). The large plasticity is due to adaptation to large
light intensity and quality variations from canopy to understory
within forest communities (Kitajima and Hogan, 2003; Hallik et al,,
2009). In contrast, excessive radiation in plateau grasslands may be
the reason for the lower chl concentration, because acclimation to
high light can result in chloroplast reduction activated by photo-
protection (Hallik et al., 2009). Furthermore, grasslands are
generally characterized by a relatively simpler layer structure
compared with that of forests, allowing nearly constant light
intensity and quality for species to converge (Terashima and
Hikosaka, 1995; Valladares and Niinemets, 2008; Bachmann et al,,
2018). However, conservative chla/b was found in forests (1.43-
7.07; Li et al.,, 2018b) and grasslands (1.28-7.84) due to the linear
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relationships between chla and chlb, which may indicate a fixed chl
composition in land plants, regardless of biome and vegetation type.

There were significant differences in the mean chl concentration
and ratio among the three plateaus: higher in MP and LP and lower
in TP. The environmental N supply plays a key role in Chl
concentration (Fajardo and Piper, 2017). Soil N is the primary
limiting factor for plant growth in LP (Yu et al,, 2019), and plants
may have to maximize productivity by allocating more N to chl and
Rubisco. It has been reported that under high-light conditions, N
limitation may affect partitioning between Rubisco and
photosynthetic apparatus (Kitajima and Hogan, 2003).
Consistently, we found that greater amounts of leaf N were
invested in chl and resulted in higher chl in the N-limited LP
(Figure 6A, Table 2). In TP, even if N was sufficient to form chl, the
plants’ production rate would still be limited by low temperatures
(Table 1). Simultaneously, plants must enhance photoprotective
capacity by downregulating photosynthesis and upregulating
photorespiration under intensive direct radiation (Zhang et al,
2019). Under these conditions, reducing N allocation to chl would
be cost-effective for plants. In addition, the formation of protective
and resistant proteins is needed under cold and high-light
conditions to sustain survival (Fajardo and Piper, 2017), and there
will also be a competitive N pool constraining chl synthesis. The
physiological synergy of these pathways results in lower investment
in chl for TP compared with the other regions (Figure 6A, Table 2).

The highest chla, chlb, chla+b, and chl a/b were found in DG
compared with other grassland types (Table 3). The vegetation
in DG is sparse and exposed to direct sunlight (i.e., strong direct

radiation); therefore, species tend to increase chl concentration
and chl a/b to improve direct radiation (red-orange light) use
efficiency (Hansen et al., 2002; Valladares and Niinemets, 2008).
In addition, the lower kurtosis in DG implies a relative higher
trait diversity (Gross et al., 2017). The desert is a long-term
stressful ecosystem; hence, species will evolve a series of strategies
(such as tolerance or avoidance) to successfully adapt and survive
(Schamp et al., 2008; Gross et al., 2009). This may also produce
diverse trait phenotypes. Unexpectedly, it was observed that
plants in desert ecosystems implement multiple functions by
producing diverse trait phenotypes (Gross et al., 2017).

Chlorophyll Variations Depending on
Functional Groups in the Northern
Hemisphere Grasslands

The evolution of leaf traits is usually influenced by plant growth
form, environment, and taxonomy (Stock and Verboom, 2012;
Zhao et al., 2014; Wang et al,, 2015). In our study, chl differences
mainly existed among life forms, life spans, and taxonomies
(Table 4). Only chlb increased significantly in trees, shrubs, and
herbs, resulting in a significant decrease in chla/b from trees to
herbs. This result was consistent with the results from forests,
which reflect the adaptation to environmental light produced by
the layer structure (Li et al, 2018b). Higher chlb not only
represents larger antennae size to achieve efficient use of
diffused light, but its protein complex (LHCII) also mediates
energy distribution between PSI and PSII over variable photon
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flux densities; this is favorable for herbs in plateaus with
excessive radiation energy (Andrews et al., 1995; Grieco
et al,, 2015).

Compared with perennials, the chl concentrations in annuals
and biennials were significantly higher (Table 4). According to
the leaf economics spectrum, a long life span requires robustness
and persistence, whereas a short life span requires quick return
on investment of nutrients (Wright et al., 2004). That is, product-
related traits, such as leaf N and leaf P, and the photosynthetic
rate of annuals and biennials would be higher than that of
perennials. As the initiators of plant production, higher chl
concentrations are the basis of quick metabolism and growth
in the short life span of annuals and biennials.

There were also chl differences among different taxonomies.
Gramineae had the lowest chl concentrations and Compositae had
the lowest chla/b compared with other families (Table 4). This may
be related to the functional and strategic differences among taxa.
Gramineae are the most dominant in grasslands and are generally
characterized by efficient resource utilization (Emilie et al., 2015). A
small amount of chl produces higher biomass for Gramineae, which
is a reflection of the high efficiency of light use. Similarly, the chl
concentration of dominant species was lower than that of other
species. Compositae were mainly distributed in cold alpine areas and
increased Rubisco activity at the cost of decreased chla/b can help
these species cope with possible damage from cold and strong
radiation, as well as sustaining production (Castrillo, 2006). The
chl differences between classes (Table 4) also resulted from the
differences among families because Gramineae are monocotyledons,
whereas Fabaceae, and Compositae are dicotyledons. According to
other studies, species-specific light acclimation is commonly due to
different habitat distributions (Murchie and Horton, 1997; Hansen
et al., 2002). For other leaf traits in the Chinese grasslands of Inner
Mongolia, Tibet, and Xinjiang, on average, 27% of the total variation
was due to taxonomy or phylogeny (He et al., 2010; Liu et al., 2013).
This suggests that the common effects of environmental and biotic
drivers may drive chl evolution; however, more evidence is needed.

Factors Influencing Leaf Chl in the
Northern Hemisphere Grasslands
Radiation is one of the most critical factors determining chl
concentrations. For woody species, chl concentration generally
decreases when light is more available. Although this was confirmed
partly by our results in grasslands, different mechanisms may be
involved (Murchie and Horton, 1997; Hansen et al., 2002).
Acclimation to light may occur through multiple mechanisms in
the leaf or chloroplast, physiologically or morphologically, such as,
adjustment of chlorophyll concentration, chloroplast numbers,
specific leaf area, and mesophyll layers, as well as activating photo-
protection and balancing efficiency of different photosynthetic
apparatus (Kull, 2002; Hallik et al, 2009). Contrasting canopy
structures of forest and grassland may influence the dominance of
these factors to produce different light adaptation results (Hallik
et al,, 2009).

As biochemical reactions, the synthesis and degradation of chl
can also be influenced by the surrounding water, nutrients,
and temperature as well as their interactions. As generally

acknowledged, regions of higher precipitation and temperature
with fertile soil will result in higher productivity (Knapp and
Smith, 2001; Bai et al, 2008; Huang et al., 2017). Instead, in the
current study, for the plateau regions, chl concentration was lower
in wetter and fertile places (Figure 4). First, the amount of
precipitation may not be the determining factor that linearly
affects soil water and nutrient availability, though the three
interactions in most cases. Some studies documented that soil N
availability was high in moderately humid areas but was limited in
areas that are too dry or too wet owing to drought stress and
leaching loss (Sitaula and Bakken, 1993; Perez and Armesto, 2017).
In addition, the variation in soil water content utilized by plants
depended on the pattern of rainfall events, rather than the amount
of rainfall, which caused the productivity to be insensitive to the
precipitation amount in grasslands (Knapp et al, 2002). In the
results, TG was the only area to show positive relationships between
chl concentration and MAP, which may indicate the coordinated
variations between MAP, soil water, and nutrients. Second, it is also
related to the different water storage strategies of species coping with
variable MAP: when converting the chl concentration by reference
to fresh weight, the relationships with MAP turned out to be
positive across all grasslands and in LP. The chl concentration in
DG showed positive relationships (Figures 5C, G, K) with soil N:P,
indicating the excellent capacity of desert species in maintaining
higher leaf N to overcome production limitations caused by drought
stress (Liu et al,, 2010; Luo et al., 2015). In summary, the effects of
MAP and soil nutrient on chl vary depending on the inherent soil
humidity, fertility, and species’ strategy for water and nutrients
using, and these interactions make the relationships debatable in
regions and across the entire grasslands.

The absence of relationships between chla/b and environments
and small CV of chla/b despite regions or grassland types (Tables 2
and 3) indicated that chla/b was a relatively stable trait in this
grassland. In our study, the chla amount was approximately three
times that of chlb, as seen for species in the forests (Li et al., 2018b).
It is well established that chlb evolved to replace phycobiliproteins
owing to its “cheaper” bio-energetic cost and space saving (Larkum
et al,, 2018). This cost-effective amounts of chla and chlb was
confirmed to show some phylogenetic signals and hence a relative
stable trait along with evolution (Li et al., 2018b). However, the
trends for the entire grasslands were that chla/b decreased in the
higher PAR and higher N:P places, but increased in the warmer
places. This was in contrast with the general conclusion that chla/b
increased under high light compared with shade because, chlb
increases caused by the overexpression of chlorophyllide a
oxygenase (the precursor for the biosynthesis of chlb) under
shade to enlarge the antennae size for light harvesting and to
enhance electron transport in PSI and PS II (Ajaya et al, 2012;
Shao et al, 2014). However, alternative mechanisms regarding
interactions of PSI, PS II and LHC were proposed to explain
variable chla/b under shade, including shifted chl composition in
PSI (Ben-Shem et al., 2004), larger size of LHCI (Tan et al., 1995),
and increased PSI/PS II ratio (Vladimir et al., 2016; Schwarz et al.,
2018). Rather, some studies stated that there was a low difference in
chla/b between species under sun and shade because the adjustment
mainly occurs in connectivity alternation between PSI and PSII
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(Wyka et al,, 2008; Zivcak et al., 2014), or due to the differences in
species-specific strategies of shade tolerance and sensitivity (Sekhar
et al,, 2019). Considering the single layer and excessive radiation of
plateau grassland, it may not be necessary to increase the antennae
size to harvest photons for species; thus, other mechanisms,
depending on the species strategy, age, or environmental
threshold, should be taken into account.

Allocation of Leaf N to Chl in Grasslands
Leaf N is acknowledged as a product-related trait for plants and
is used as a proxy for productivity (Angela et al., 2014). It is
believed that higher leaf N implies efficient photosynthesis and
higher productivity (Reich et al., 1994). In addition, a close link
between leaf chl concentration and leaf N content was found.
The reason was thought to be that the majority of leaf N was
contained in chl molecules (Boussadia et al., 2011). However,
during photosynthesis, leaf N may be allocated to one of many
competing mechanisms, specifically, to 1) chl and its associated
proteins in LHC for light harvesting; 2) chl-protein complexes in
RC for electron transport; and 3) the synthesis of photosynthetic
enzymes in the Calvin cycle (such as Rubisco and other soluble
functional proteins). The allocation of leaf N to these different
processes reflects the manner in which the plants implement
functional balance to achieve optimal production. In this sense,
leaf N—chl relationships reflect N allocation to pigments and the
related thylakoid reactions. Owing to the unique role of chla and
chlb in the RC and LHC, respectively, the leaf N-chla/b
relationship roughly reflects N allocation between RC and
LHC, and also reflects how the efficiency of light harvesting
and electron transport is coordinated. In our study, we verified
these relationships in grasslands and found different leaf N
allocation patterns among regions and grassland types.

First, there were significant positive relationships between leaf
N and chl in three plateaus, with higher SMA slopes (0.56 and
0.50) for MP and LP, and a lower slope for TP (Figure 6A),
denoting the lower leaf N allocated to chl in TP. As a result, chl
concentrations in TP were significantly lower than in other
regions (Table 2). The reduction in N allocation to chl should
be cost-effective for plants living in harsh habitats to balance
production and persistence. Protection and resistance proteins
are needed under cold and high-light conditions in order to
sustain survival, and the formation of these functional proteins
indeed competes for large amounts of leaf N (Fajardo and Piper,
2017). Second, in TG (the driest), the leaf N that was invested in
chl was as much as in MD (the wettest) and resulted in the
highest chl total concentration in these grasslands (Figure 6C).
This was also confirmed by the positive relationships between chl
concentration and soil N:P, which reflects a rather efficient
utilization of soil N in the DG (Figures 5C, G, K). In drought-
affected locations, large roots facilitate the exploration of available
water and nutrients. It has been shown that morphological
adjustments (large root-to-leaf ratio) are the major mechanisms
applied for maintaining constant high physiological activities such as
photosynthesis in desert plants (Liu et al., 2010; Xie et al., 2015).

The chla/b ratio can be a useful indicator of N allocation
within the photosynthetic apparatus because it should be

positively correlated to the ratio of RC and LHC. Rather, the PS
core is more costly than the LHC, and plants generally tend to
maintain chla/b as low as possible at the same time to achieve a
high photosynthesis rate (Larkum et al., 2018). However, under
N-limitation and high light, more N will be allocated to RC to
improve the maximum photosynthesis rate at the cost of
reducing Rubisco and LHC (Kitajima and Hogan, 2003). The
increased excitation pressure under high light and N-deficiency
is probably the result of saturation of the electron transport chain
due to the limitation of the use of reductants by the Calvin cycle.
Thus, it is wise to decrease the light-harvesting capacity and
increase the thermal dissipation of absorbed energy (Huang
et al,, 2004). However, we found reductions in chla/b with
decreased leaf N in MP, LP, and MD (Figures 6B, D), which
means that leaf N allocates a higher proportion to light
harvesting compared with RC under decreased leaf N. It was
concluded that LHCII was important for balancing the
distribution of excitation energy between PSI and PS II over a
wide range of photon flux densities (Andrews et al., 1995), and
that chlb-deficient wheat mutants severely impacted the
photoprotective response (Brestic et al., 2015). In plateau
grassland, species must cope with constant excessive radiation
throughout their lives, and an excellent capacity for energy
dissipation and photoprotection will contribute to PS core
efficiency. It is hard to say if these mechanisms are involved in
positive chla/b-leaf N relationships in our study, as many species
living in large environmental gradients. Despite generalities in
the acclimation of the N allocation between photosynthetic
apparatus for some cases, differences may result from the
relative dominance of scaling, environmental, taxonomic, and
phylogenetic influences.

There is no doubt that leaf N plays crucial roles in photosynthesis,
but other non-photosynthetic metabolic activities such as respiration,
defense, and tolerance also compete for leaf N to synthesize
functional proteins, especially for species living in harsh
environments. The decoupling of chla/b-leaf N relationships in
TP (temperature stress), TG, and DG (water stress) may be related
to the intensive competition for leaf N. It was established that
environmental stress intensifies the imbalance between light
harvesting and energy dissipation under high light and results in
excess PSII excitation pressure. Consequently, the species increase
RuBP-regeneration, thus increasing the electron flux through the
Calvin cycle (Ivanov et al, 2012). Moreover, as the central
component in the nonradiative energy dissipation process, whether
carotenoid-related protein complexes also have a high N cost
should be investigated in these stressful grasslands.

In summary, different N allocation patterns to photosynthesis
and non-photosynthesis among plants from different biomes may
cause decoupling of leaf N with productivity, so generalizations
relating leaf N to productivity should be made carefully in some
cases (Croft et al., 2017). Furthermore, although chl is considered a
better predictor of productivity than leaf N in recent years, most of
the energy chl absorbed is actually dissipated, and only a small
amount is used in the Calvin cycle. Consequently, compared with
using a single trait, the allocation of leaf N to photosynthesis or
non-photosynthesis, to thylakoid reactions or to the Calvin cycle,

Frontiers in Plant Science | www.frontiersin.org

August 2020 | Volume 11 | Article 1244


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

Zhang et al.

Chlorophyll in Northern Grasslands

to LHC or RC, will provide informative parameters that indicate
the functional balance, thereby improving the technology of
productivity prediction.

CONCLUSIONS

We reported the distributions, variations, and influencing factors
of chl concentrations and ratio in northern hemisphere grassland
transects that are involved three distinct plateaus and three
grassland types. We concluded that, first, lower distributions
and narrower ranges of Chl in grasslands resulted from the
single canopy structure of grassland and the constant strong
radiation in the plateaus. However, there were differences in the
average chl among regions and grassland types, which were due to
different adaptations of species under distinct stressful
environments. Second, chl varied among life forms, life spans,
and taxonomies, implying different light use strategies shaped by
both environment and phylogeny. Third, chl concentrations and
the chla/b ratio were generally negatively related to PAR and N:P,
but positively related to MAT in these grasslands. Finally, we
found that the allocation patterns of leaf N to chl differed among
regions and grassland types, and non-photosynthetic metabolism
may compete for leaf N and cause these differences. Thus, in these
cases, caution is needed when relating single leaf N or chl to
productivity separately.
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