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Abstract: The carbon, nitrogen and water cycles of terrestrial ecosystems are important biogeochem-
ical cycles. Addressing the relationship of leaf nitrogen (N) and carbon isotope discrimination (A)
will enhance the understanding of the links between these three cycles in plant leaves because A can
reflect time-integrated leaf-level water-use efficiency (WUE) over the period when the leaf material
is produced. Previous studies have paid considerable attention to the relationship. However, these
studies have not effectively eliminated the interference of environmental factors, inter-species, and
inter-individual differences in this relationship, so new research is necessary. To minimize these
interferences, the present work explored the relationship at the three levels of community, popula-
tion, and plant individual. Three patterns of positive, negative and no relationship were observed
across communities, populations, and individuals, which is dependent on environmental conditions,
species, and plant individuals. The results strongly suggested that there is no general pattern for
the relationship between leaf N and A. Furthermore, the results indicated that there is often no
coupling between leaf-level long-term WUE and leaf N in the metabolic process of carbon, N and
water in leaves. The main reason for the lack of this relationship is that most plants do not invest large
amounts of nitrogen into photosynthesis. In addition, the present study also observed that, for most
plant species, leaf N was not related to photosynthetic rate, and that variations in photosynthetic
rates are mainly driven by stomatal conductance.

Keywords: leaf nitrogen; carbon isotope discrimination; relationship; community; population; indi-
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1. Introduction

Carbon-isotope discrimination (A) in plants is associated with photosynthetic rate (A)
and stomatal conductance (gs) [1-4]; photosynthetic rate varies with leaf N concentrations
because most leaf N concentrates in the photosynthetic apparatus [5-7]; hence, a tight
relationship between leaf N and A is expected. Numerous studies have confirmed this
relationship [8-13]. However, lack of this relationship has also been observed in a few
investigations [14,15]. The inconsistent results indicate that there is still a lot of uncertainty
with respect to the relationship between leaf N and A.

Leaf N and A both are affected by many environmental factors and are species-specific
and individual-specific dependent [8,12,16-21], so changes in environmental factors, plant
species and individual may have a great impact on the relationship between leaf N and A.
Spatial investigations along an environmental gradient, such as investigations along an
altitude gradient, often involve changes in multiple environmental factors; furthermore,
vegetation types and species also change with environmental gradients. Thus, this com-
monly used investigation along environmental gradients cannot effectively eliminate the
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interferences of environmental factors, inter-species, and inter-individual differences with
the relationship between leaf N and A, resulting in uncertainty in the relationships between
leaf N and A. New studies that minimize these interferences will therefore better constrain
this relationship.

Carbon-isotope discrimination in plants is a good proxy for time-integrated leaf-level
water-use efficiency (WUE) over the period when the leaf material is produced [1,12,22-26].
WUE is defined as the amount of organic carbon produced by consuming per unit water,
which reflects carbon-water balance and cycles of carbon and water of terrestrial ecosystems.
Leaf N is associated with the absorption and allocation of N by plants, which are key
processes of the N cycle of terrestrial ecosystems. Thus, constraint of this relationship
between leaf A and N could contribute to a better understanding of the connection between
the carbon, nitrogen and water biogeochemical cycles of terrestrial ecosystems [27].

As stated above, there should be a closed link between leaf N and A due to the
key role of leaf N in the synthesis of the photosynthetic apparatus [5-7]. However, the
interference of environmental factors, inter-species and inter-individual differences obscure
the relationship between leaf N and A, resulting in the irrelevance observed by a previous
study [14,15]. Therefore, we hypothesized that A is positively correlated with leaf N when
the effect of environmental factors, inter-species and inter-individual differences upon this
relationship has been minimized. To test our hypothesis, the present study explored the
relationship from the three levels of community, population, and plant individual. Our aim
was to effectively constrain the relationship between leaf N and A and raise awareness of
the biogeochemical cycles of carbon, nitrogen, and water in terrestrial ecosystems.

2. Results

At the community level, the forestry vegetation on Baiwang Mountain showed a
significant positive relationship between N based on leaf mass (Nmass) and A (R? =0.51,
p < 0.001; Figure 1a); in detail, the vegetation on the shaded slope yielded a more strong
positive relationship than that on the sunny slope (Figure 1b,c; R? = 0.36, p < 0.01 for the
sunny slope and R% =0.71, p < 0.001 for the shaded slope). Leaf Npass was not related
to A for both the herbaceous vegetation in Luochuan and the grass-desert vegetation in
Shapotou (p > 0.05 for both; Figure 1d,e).

At the population level, A was negatively correlated with both Nass and N based on
leaf area (Narea) for Broussonetia papyrifera (B. papyrifern, R? = 0.52, p < 0.01 for Npass Vs. A;
R?2 = 0.63, p < 0.001 for Narea vs. A; Figure 2a,e). Acer truncatum (A. truncatum) did not show
any relationship between A and the two N parameters (p > 0.05 for both; Figure 2b,f). A
was positively related to Nmass and negatively to Narea for Ginkgo biloba (G. biloba, R? =0.34,
p < 0.01 for Nmags Vs. A; R2=0.51, p < 0.001 for Narea vs. A; Figure 2¢,g). Cotinus coggygria (C.
coggygria) had a positive relationship between Niass and A (R? = 0.31, p < 0.01; Figure 2d),
but lacked the relationship between Narea and A (p > 0.05; Figure 2h).
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Figure 1. Relationship between leaf N based on mass (Nmass) and carbon-isotopic discrimination
(A) at the community level for plants derived from the first sampling campaign: (a) Baiwangshan
mountain; (b) the sunny slope of Baiwangshan mountain; (c) the shaded slope of Baiwangshan
mountain; and (d) Luochuan, (e) Shapotou.

At the plant individual level, only Syringa oblate (S. oblate) showed a positive correlation
between Nass and A (R? = 0.26, p < 0.05, Figure 3a), and only Viburnum rhytidophyllum
(V. rhytidophyllum) showed a negative correlation between Npass and A (R =0.25, p <0.05,
Figure 3e), while with the other four species, Nmass was not related to A (p > 0.05 for all;
Figure 3b—d,f). For Viburnum sargentii (V. sargentii), V. rhytidophyllum and Clerodendrum
trichotomum (C. trichotomum), there were significantly negative correlations between Narea
and A (R? = 0.32, p < 0.05 for V. sargentii, R? = 0.49, p < 0.01 for V. rhytidophyllum, and
R? =0.23, p < 0.05 for C. trichotomum, Figure 3j-1), while none of the other three species had
that correlation (p > 0.05 for all species, Figure 3g—i).
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Figure 2. Relationships between leaf N and carbon isotopic discrimination (A) at the population level

for plants derived from the second sampling campaign: (a—d) Nmags vs. A; and (e-h) Narea vs. A.
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Figure 3. Relationships between leaf N and carbon isotopic discrimination (A) at plant individual
level for plants derived from the third sampling campaign: (a—f) Nmass vs. A; and (g-1) Narea vs. A.

Although Narea and Nmags both express leaf N concentration and can be interconverted
via the leaf mass per unit area, at population level, only B. papyrifern and A. truncatum
displayed a positive correlation between Narea and Nmass (RZ = 0.70, p < 0.001 for B. pa-
pyrifern; R? = 0.4, p < 0.01 for A. truncatum; Figure Ala,b); at the plant individual level,
only Hovenia dulcis (H. dulcis) and V. sargentii showed a positive relationship (R?=0.21,
p < 0.05 for H. dulcis; R? = 0.82, p < 0.001 for V. sargentii; Figure A2b,d); the others all lacked
the relationship (p > 0.05 for all species, Figures A1 and A2).

Of the six plant species that have undergone gas-exchange measurements, only H. dul-
cis and V. rhytidophyllum had a positive correlation between Ngrea and photosynthetic rate
(A) (Figure 4b,e; R? = 0.65, p < 0.001 for H. dulcis; R* = 0.61, p < 0.001 for V. rhytidophyl-
Ium). The other four species did not show the relationship (Figure 4a,c,d,f; p > 0.05 for
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all). Only V. rhytidophyllum had a positive correlation between Narea and protein con-
centration (Figure 5, R? = 0.29, p < 0.05). The other five plants showed no correlation
(Table A1; p > 0.05 for all). There were three patterns of the relationship between Nrea
and the ratio of intercellular to ambient CO, concentration (c;j/c,), positive relationship
for H. dulcis (Figure 6b; R? = 0.44, p < 0.01) and Aesculus chinensis (A. chinensis, Figure 6¢;
R? = 0.22, p < 0.05), negative relationship for V. sargentii (Figure 6d; R = 0.18, p < 0.05) and
V. rhytidophyllum (Figure 6e; R? = 0.22, p < 0.05), and no relationship for S. oblate and C.
trichotomum (Figure 6a, f; p > 0.05 for both). All six species displayed a small coefficient
of variation in ¢;/c, (Figure 7). They were 0.033, 0.052, 0.065, 0.058, 0.024 and 0.096 for
S. oblate, H. dulcis, A. chinensis, V. sargentii, V. rhytidophyllum and C. trichotomum, respectively.
Compared to c;j/c,, stomatal conductance (gs) varied much more drastically (Figure 7).
The coefficient of variation was 0.18, 0.38, 0.29, 0.15, 0.10 and 0.31 for S. oblate, H. dulcis,
A. chinensis, V. sargentii, V. rhytidophyllum and C. trichotomum, respectively. V. sargentii
lacked a correlation between A and g (Figure 8d, p > 0.05), while the other five species
all showed a highly significant positive relationship (Figure 8a—c,e,f; R? = 0.85, p < 0.001
for S. oblate; R? = 0.95, p < 0.001 for H. dulcis; R? = 0.93, p < 0.001 for A. chinensis; R* = 0.54,
p < 0.01 for V. rhytidophyllum; R? = 0.73, p < 0.001 for C. trichotomum).

- 12 - 20
T [ (@ R T - (b) H. dulcis
g 10 o0 @ % N 16 5 2
£ i < S O £ >
~ 8 - o & ~ i
o r S © 12 |
O 6 |- o % o L
=} o (=]
o 8 |-
E 41  Sobate p>005 g E, R2=0.65, p <0.001
< 2 1 | ) | 1 | 1 | 1 < 4 1 1> I | 1 | 1 | 1
16 2 24 28 32 36 12 14 16 18 2 22
12 16
“ [ () Achinensis ¢  p>005 =OF @ V.sargentii
2 0= N <
¢ - o< I~ O
E 3 ¥ 5 B < = 3
- o0 o
o L N - o o © <
S o S ny 5 S12ikoY o
< ’ N Y <<>><> < I ¢ o o
g L0 g 10 P p>0.05
X L s
Z 2 Sy 1 1 P I A P R 1 N I
1 12 14 16 18 08 12 16 2 24
18 -
= - (e) V. mytidophyilum o <(>f) C. trichotomum p>005
T o X
gt g T MRS
~ ~ [ed <o o
o) 14 = (o) 16 = o &> N
o . o |
ERRE S 3 Rt . <©
R R2=061,p <0.01 E i RS
- 10 L. I 1 I 1 I 1 bl 1 l 1 l 1 I 1 I 1 I 1
< s 12 16 2 24 22 24 26 28 3 32 34

Narea (g m_2)

Narea (g m_z)

Figure 4. Relationships between leaf N based on area (Narea) and photosynthetic rate (A) on plant
individual level for plants derived from the third sampling campaign: (a) S. oblate, (b) H. dulcis,
(c) A. chinensis, (d) V. sargentii, (e) V. rhytidophyllum, (f) C. trichotomum.
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We also assessed the photosynthetic N use efficiency (PNUE) of six plant species
grown in the campus of CAU. PNUE is defined as the ratio of A and leaf Nyrea, and it
also links carbon cycle and nitrogen cycle in plants. The highest PNUE (126.95 pmol CO,
(mol N)~1 s~1) was in V. sargentii; the second highest was in V. rhytidophyllum (115.78 pmol
CO, (mol N)~! s71). The PNUE was 42.86 umol CO, (mol N)~! s~1,95.36 umol CO, (mol
N)~1s1,72.86 umol CO, (mol N)~! s~1 and 81.78 umol CO, (mol N)~1 s~ for S. oblate,
H. dulcis, A. chinensis and C. trichotomum, respectively (Figure A3).

3. Discussion

This study explored the relationship between leaf N and A from the three levels
of community, population, and individual. At the community level, we observed two
patterns of positive correlation and no correlation across three different sites (Figure 1).
Within each study site, the environmental factors were similar for all plants; thus, the
observed relationship between leaf N and A based on the community scale in the same
site was environmentally independent. This relationship varies across different study sites,
indicating that the close correlation between leaf N and A or WUE is not a general pattern at
the community scale when minimizing the interference of environmental conditions. For a
given community, whether A are leaf N-dependent may be related to its plant composition
and local environmental conditions. At the population level, three patterns, positive,
negative and no relationship between leaf N and A, were observed for four plant species
grown in the same environmental conditions (Figure 2). This investigation, based on
the population level, ruled out the effect of environmental factors and the interference
of inter-species difference on the relationship, and thus our observation suggests that
there is no consistent leaf N-A correlation at the population level. It should be pointed
out that the leaf samples presented at the population level were collected in November,
and were in the senescence phase of plants in the northern hemisphere. Previous studies
have shown that leaf-nutrient contents change across growth stages and are lowest in
the senescence stage [28,29]. However, decreasing N contents in the senescence phase
occurred in all samples presented at the population level; thus, leaf N-A relationship may
not be affected by the decreases in N contents. At the individual level, this study also
yielded three different patterns for six species grown at the campus of CAU (Figure 3). For
each plant species selected, we collected leaf samples from only one individual, therefore
this investigation illustrated that the leaf N-A relationship at the individual level is also
not consistent when excluding the interference of environmental factors, inter-species
difference and inter-individual differences. As mentioned above, environmental factors,
species difference and individual differences affect leaf N and A, and thus the relationship
between them. Most previous studies have not effectively eliminated these interferences;
therefore, this study better reveals the relationship between leaf N and A compared with
previous results. Our results contradict our previous hypothesis, and strongly suggest that
there is not a general pattern for the relationship between leaf N and A, which is dependent
of environmental conditions, species, and plant individuals. Since leaf A reflects long-term
leaf-level water-use efficiency (WUE) [1,22], our observation indicates that long-term leaf-
level WUE may be often leaf N-independent in the metabolic process of carbon, N and
water in leaves.

Previous studies [5,30-32] suggested that the photosynthetic apparatus contain most
leaf N, and thus A increases and ¢;/c, decreases with increasing leaf N. However, in the
present study, only H. dulcis and V. rhytidophyllum had a positive correlation between N and
A (Figure 4), and only V. sargentii and V. rhytidophyllum showed a negative correlation be-
tween N and ¢;/c, (Figure 6). The finding indicates that for most plants, the photosynthetic
apparatus is not the largest N sink in plants. Most enzymes involved in photosynthesis
are proteins, so Figure 5 and Table A1 suggested that except V. rhytidophyllum, the leaf N
is not mainly used to synthesize photosynthetic enzymes for the other five plants. This
result further confirms the conclusion that most N is not allocated into the photosynthetic
apparatus for most plants. Large amounts of nitrogen in plants could be used to synthesize
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nitrogenous secondary compounds, such as alkaloid and cyanogenic glycoside, or be stored
in nitrate and organic N, all of which are not associated with photosynthetic capacity. In
addition, leaf N may invest in seed and herbivore defense [11]. Furthermore, N could also
be invested in roots through amino acid biosynthesis, especially in plant-rhizobium and
plant-mycorrhiza symbiotic systems [33,34]. Given that there is always a tight correlation
between A and A and c;/c,, the fact that leaf N does not concentrate in the photosynthetic
apparatus led to the lack of a relationship between leaf N and A in these plants.

In addition to being regulated by leaf N allocation, the relationship between leaf N
and A may also be controlled by mesophyll conductance (gm). High internal resistance
(i.e., low gm) can increase the effect of internal resistance on CO, concentration (c.) at the
sites of carboxylation and reduce the control of the photosynthesis rate on c., which may
eventually cause leaf N unrelated to A [35]. Many plant species were reported to have
small g [36-42]. Thus, we speculate that plants lacking the relationship between N and
A could have small gr,. Unfortunately, we did not perform the g, measurements in this
study. Our future work will add this measurement.

Since A was not related to leaf N for most of the plants we investigated, it raises
a question as to what drives variations in A. This study demonstrated that changes in
A were mainly driven by changes in g5, because the ¢;/c, ratio showed much smaller
changes compared to gs (Figure 7); moreover, except for V. sargentii, the other plants all
had an extremely significant positive relationship between A and g (Figure 8). The strong
correlation between A and gs was also found to hold across large number of species and
life forms [43—45]. Furthermore, g5 was regulated by environmental factors [46—49], which
may also contribute to the lack of the leaf N-A relationship.

Leaf N allocation to the photosynthetic apparatus determines the light-saturated
photosynthetic rate and photosynthetic N use efficiency (PNUE) [29,50,51]. Thus, it is
expected that those plants with a tight association of N and A will have high A and PNUE
because most leaf N of these plants might concentrate in photosynthetic apparatus. This
study confirmed this to some extent. As aforementioned, V. rhytidophyllum and H. dulcis
had a tight coupling between N and A (Figure 4), they therefore showed high A and PNUE
(Figure A3). Strangely, A in C. trichotomum and PNUE in V. sargentii were higher than that
in V. rhytidophyllum and H. dulcis although the two plants did not have a close coupling
between N and A (Figure 4). This could be because although the observed A and c;j/c,
were from eight gas-exchange measurements during the experiment, they might not be
exactly equal to those occurring over the entire growth period, while the observed leaf N
came from measurement of the leaves harvested on the last day of the experiment, which
reflected the long-term N status. As a result, there might be a certain degree of difference
between the observed relationship between leaf N and A and the actual relationship; the
observed PNUE might also differ from the actual value to some extent.

4. Materials and Methods
4.1. Plant Sampling Campaigns

We conducted three campaigns for plant sampling. The first sampling campaign was
conducted in three regions with different climate conditions and vegetation types, Bai-
wangshan mountain, Luochuan and Shapotou. This sampling campaign aimed to explore
the relationship between leaf N and A at the community level. The sampling at Baiwang-
shan mountain was performed on 15 July 2017. Baiwangshan mountain (40°01'27"" N,
116°16'21" E) is located in the Haidian district of Beijing, northern China, about 10 km
away from the center of Beijing (Figure 9). Many kinds of woody species occur in Bai-
wangshan mountain. The highest peak of Baiwangshan mountain is 220 m above sea
level (a.s.l.) and its average altitude is about 150 m. The vegetation type is mixed de-
ciduous forest. The common tree species are Platycladus orientalis, Broussonetia papyrifera,
Quercus aliena, Quercus variabilis, Acer truncatum, Koelreuteria paniculata, Pinus tabuliformis,
Cotinus coggygria and Ginkgo biloba, etc.; the dominant shrub species are Vitex negundo
var. heterophylla and Ziziphus jujuba var. spinosa. The soil type is cinnamon-soil (luvisols).
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Baiwangshan mountain is characterized by a temperate semi-humid monsoon climate with
a mean annual temperature (MAT) of 10 °C and a mean annual precipitation (MAP) of
600 mm. The sampling in Luochuan was conducted on 13 September 2017. The sampling
site (35°42/23"" N, 109°18'20"" E, 1000 m a.s.l.) is on a small barren loess platform (~25 m
x ~100 m) in Luochuan county, northwestern China, and is about 10 km away from the
nearest city, Luochuan (1000 m a.s.l.) (Figure 9). The local vegetation type is temperate
grassland, and a lot of herbaceous plants grow here. Luochuan is also characterized by a
temperate semi-humid monsoon climate with the MAT of 9.2 °C and the MAP of 620 mm.
The dominant plants were Stipa capillata, Artemisia lavandulaefolia, Lespedeza floribunda, Both-
riochloa ischcemum, Potentilla chinensis, and Setaria viridis. The soil type is calcisols. The
sampling at Shapotou was conducted on 15 September 2017. Shapotou (37°27' N, 104°57" E,
1250 m a.s.l.) is located in the Ningxia Hui Autonomous Region, northwestern China, and
is about 20 km away from the nearest city, Zhongwei (Figure 9). Shapotou is characterized
by a temperate dry monsoon climate with the MAT of 8.5 °C and the MAP of 186 mm. The
soil type is xerosols. The sampling site is in the experimental plot (~400 m x ~1000 m) of
the Shapotou Desert Research Experimental Station, Chinese Academy of Sciences, which
has been fenced off since 2001 to prevent human disturbance. The site has a vegetation type
of grass-desert with both shrubs and herbs. The dominant species were Caragana korshinskii,
Sarcozygium xanthoxylo, Ephedra equisetina, Salsola collina, Tamarix chinensis, Corispermum
puberulum, and Reaumuria songarica. There is a small amount of C, plant species in these
three sampling sites, especially in Shapotou, but the proportion of C4 biomass in the local
community is very low, so this study focused on C3 plants. On Baiwangshan mountain, we
set up a plot (100 m x 150 m) on the sunny slope and the shady slope respectively. All C3
plant species within each plot have been sampled. Depending on leaf size, 3~20 mature
and healthy leaves (mostly 8) from different individuals were collected. The leaves from
each species were pooled into one sample. We collected 24 and 20 samples on the sunny
slope and the shady slope, respectively. The 44 plant samples covered all major local C3
plant species. At Luochuan, only one plot (25 m x 50 m) was set up, and 24 plant samples
were collected including all major local C3 herbaceous species. At Shapotou, we set up one
plot (200 m x 200 m) and collected 19 samples covering all major local C3 herbs and shrubs.
The method of sampling is the same for this sampling campaign, and we collected only
plant leaves. For shrubs, we collected leaves from the upper end of the branches of each
individual. For tree, we sampled leaves from positions of full irradiance about 4 m above
the ground.

The second sampling campaign was conducted on 2 November 2018. The purpose
of this sampling was to explore the relationship between leaf N and A at population level.
The sampling was also carried out on Baiwangshan mountain. We set up one plot (25 m x
100 m) on a ridge. The leaves of four tree species, Broussonetia papyrifera, Acer truncatum,
Ginkgo biloba and Cotinus coggygria, were collected. We chose four individuals for each
species to collect samples. 24, 16, 23 and 27 healthy mature leaves were sampled from
B. papyrifera, A. truncatum, G. biloba and C coggygria, respectively. A total of 4-7 leaves of
each plant individual from the positions of full irradiance, about 4-5 m above the ground
were collected. One leaf makes up one sample.

The third sampling campaign was performed on 18 July 2019. The aim of this sampling
was to evaluate the relationship between leaf N and A at individual level. The sampling
site is in the campus of China Agricultural University (CAU, 40 m a.s.l.), which is located
in the Haidian district of Beijing (40°01'27” N, 116°16'22” E). Three tree species, Syringa
oblate, Hovenia dulcis and Aesculus chinensis, and three shrub species, Viburnum sargentii,
Viburnum rhytidophyllum and Clerodendrum trichotomum, were chosen. The leaves of these
six plants are all larger, which is conducive to our gas-exchange measurements. They all
grow in the same environment. Only one plant individual was selected for each species.
After the final measurement of gas-exchange (i.e., 18 July 2019), we harvested 20, 21, 21,
17,17 and 17 leaves from S. oblate, H. dulcis, A. chinensis, V. sargentii, V. rhytidophyllum and
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C. trichotomum, respectively, All leaves were healthy and obtained full irradiance. Each
sample consisted of one leaf.

MAT (°C)
I <20
Bl 20--15
-15--10
B -10--5
] -s-o0
= o-s
B 5-10
Bl 10-15
Bl 15-20
. -0

Figure 9. Plant sampling sites. Sampling sites are indicated with solid circles and numbers, 1, Bai-
wangshan Mountain, northern China; 2, Luochuan, northwestern China; 3, Shapotou, northwestern
China. MAT is the mean annual temperature of the past 50 years.

4.2. Measurements of Leaf Gas-Exchange

We performed gas-exchange measurements on the 6 plant individuals mentioned
above, growing in the campus of CAU. From 11-12 June 2019 to 17-18 July 2019, eight
measurement campaigns of gas-exchange were conducted on the leaflet that we planned to
harvest. Gas-exchange was determined with a portable photosynthesis system (LI-6400; LI-
COR, Inc., Lincoln, NE, USA) between 9:30 am and 11:30 am. The method of gas-exchange
measurements followed Wang et al. (2008) [52]. In detail, before the measurement of
gas-exchange, it takes about 5 s to stabilize after the leaf was inserted in the cuvette. Then
the measurements were carried out under the conditions of a standard 450 mmol mol !
CO, concentration at a flow rate of 500 mmol s~ ! above saturation in photo flux density
of 1600 mmol m~2 s~1. The temperature of the leaf varied from 29.5 to 30.5 °C during the
entire period of gas-exchange measurements.

4.3. Measurements of Leaf Morphology, N Concentrations and Carbon Isotope Ratios

Carbon isotope ratios (8'3C) and N concentration were measured for all leaves col-
lected in this study; but only those plant leaves collected from the second and third sampling
campaigns were determined for leaf morphology. For measurement of leaf morphology, the
leaves were returned to the laboratory as quickly as possible after sampling, kept at 4 °C.
Measurements of Leaf area and thickness were completed within 4 h after samples collec-
tion. Leaf area was measured by a scanner (microtek Phantom v700plus). The methods of
leaf §'3C and leaf N followed Li et al. (2016) [10]. Leaf N was measured using an elemental
analyzer (Flash EA1112, CE Instruments, Wigan, UK), with a combustion temperature of
1020 °C. Urea, obtained from the International Atomic Energy Agency (IAEA), was taken
as the laboratory standard matter. The standard deviation for this N measurement was
less than 0.1%. Leaf §!3C was determined on a Delta Plus XP mass spectrometer (Thermo
Electron GmbH, Bremen, Germany) coupled with an elemental analyzer in continuous
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flow mode. About 250 ug of ground leaf material was included in a tin capsule, which was
placed in the elemental analyzer, where the sample was combusted at a temperature of
1020 °C. Glucose, obtained from the IAEA, was used as the laboratory standard matter. The
standard deviation of §'3C was 0.15%.. 5!>C was reported in the standard notation relative
to the Vienna Pee Dee Belemnite standard.
Carbon-isotope discrimination (A) of plants was obtained by the following formula
(Farquhar et al., 1982) [2]:
ZSlgcair - 613Cplan’t

= 1
1+ 8" Cpjant/1000 @

where 513Cp1am is the measured 5'3C value of leaf, §'3C,;, is the §'3C value of ambient
CO;. The 813C,;, was assumed to be —8.65%., —8.68 %> and —8.77%. for 2017, 2018 and
2019, respectively (http:/ /www.esrl.noaa.gov/gmd/ccgg/globalview /co2c13_intro.html,
accessed on 3 February 2020).

4.4. Quantification of Leaf Protein

Leaf-protein concentration of only the leaves obtained from the third sampling was
quantified by Shanghai Jining bioscience and biotechnology company using BCA kit.
Protein quantification was not performed on H. dulcis because its leaf mass was often small
and not enough for this quantification. In addition, for the small leaves of the other five
species, we did not conduct protein measurements.

4.5. Statistical Analysis

Statistical analyses were conducted using SPSS software (SPSS for Windows, Version
20.0, Chicago, IL, USA). Pearson analysis was used to determine the correlation among
Nmass, Narea, gas exchange and A at a significance level of p < 0.05.

5. Conclusions

This study explored the relationship between leaf N and carbon isotopic discrimi-
nation (A), from the three levels of community, population, and plant individual. At the
community level, a positive correlation, and a no correlation between leaf N and A were
found across the study sites. At the population level and ata the individual level, there
were positive, negative, and no relationships between leaf N and A. The observations
strongly suggest that there is no common pattern in the leaf N-A relationship and this
relationship may be dependent on environmental conditions, species and plant individuals.
Furthermore, this observation indicates that long-term leaf-level water-use efficiency (WUE)
may not often be associated with leaf N in the metabolic process of carbon, N, and water in
leaves. Compared with previous studies, this study effectively revealed the relationship
between leaf N and A because the influences of changing environments, inter-species
difference, and inter-individual difference on the relationship were minimized. One of the
mechanisms accounting for the lack of a relationship was that most plants did not invest
large amounts of nitrogen into photosynthesis. In addition, the present study also observed
that for most species, there was no correlation between leaf N and photosynthetic rate; A,
and the variations in A were mainly driven by stomatal conductance, gs.
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Figure Al. Relationship between leaf N based on area (Narea) and leaf N based on mass (Nmass)
of four species derived from the second sampling campaign: (a) B. papyrifern, (b) A. truncatum,
(c) G. biloba, (d) G. coggygria.
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Figure A2. Relationship between leaf N based on area (Narea) and leaf N based on mass (Nmass)
of six species derived from the third sampling campaign: (a) S. oblate, (b) H. dulcis, (c) A. chinensis,
(d) V. sargentii, (e) V. rhytidophyllum, (f) C. trichotomum.
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Figure A3. The average photosynthetic rate (A) (a) and photosynthetic N use efficiency (PNUE) (b) of
six species derived from the third sampling campaign. Abbreviation: S. oblate (S.0), H. dulcis (H.d),
A. chinensis (A.c), V. sargentii (V.s), V. rhytidophyllum (V.r) and C. trichotomum (C.t).

Table A1. Correlations between leaf Nmass and leaf protein concentration for five plants derived
from the third sampling campaign.

Species Number of Samples p r
S. oblate 16 0.812 1 0.065
A. chinensis 14 0.847 ™8 0.057
V. sargentii 16 1.000 ™8 0.000
V. rhytidophyllum 14 0.048 * 0.536
C. trichotomum 10 0.845 ™ 0.071

Note: H. dulcis had small leaf size, so its protein was not measured; in addition, protein-measurements were
not also conducted on those leaves with small size of the other five plants. * indicates a significant correlation
(p < 0.05), ™ indicates no correlation.

References

1.

Farquhar, G.D.; Richards, R.A. Isotope composition of plant carbon correlates with water-use efficiency of wheat genotypes. Aus.
J. Plant Phys. 1984, 11, 539-552. [CrossRef]

Farquhar, G.D.; O’Leary, M.H.; Berry, ].A. On the relationship between carbon isotope discrimination and the intercellular carbon
dioxide concentration in leaves. Aus. J. Plant Phys. 1982, 9, 121-137. [CrossRef]

Busch, F.A.; Holloway-Phillips, M.; Stuart-Williams, H.; Farquhar, G.D. Revisiting carbon isotope discrimination in C-3 plants
shows respiration rules when photosynthesis is low. Nat. Plant 2020, 6, 245-258. [CrossRef] [PubMed]


http://doi.org/10.1071/PP9840539
http://doi.org/10.1071/PP9820121
http://doi.org/10.1038/s41477-020-0606-6
http://www.ncbi.nlm.nih.gov/pubmed/32170287

Plants 2023, 12, 1551 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Chen, Z; Liu, X.; Cui, X.; Han, Y.; Wang, G.; Li, J. Evaluating the response of '3C in Haloxylon ammodendron, a dominant C,
species in Asian desert ecosystems, to water and nitrogen addition as well as the availability of its §'3C as an indicator of water
use efficiency. Biogeosciences 2021, 18, 2859-2870. [CrossRef]

Evans, J.R.; Sharkey, T.D.; Berry, J.A.; Farquhar, G.D. Carbon isotope discrimination measured concurrently with gas exchange to
investigate CO, diffusion in leaves of higher plants. Funct. Plant Biol. 1986, 13, 281-292. [CrossRef]

Liang, X.; Zhang, T.; Lu, X; Ellsworth, D.S.; BassiriRad, H.; You, C.; Wang, D.; He, P; Deng, Q.; Liu, H.; et al. Global response
patterns of plant photosynthesis to nitrogen addition: A meta-analysis. Glob. Chang. Biol. 2020, 26, 3585-3600. [CrossRef]

Bassi, D.; Menossi, M.; Mattiello, L. Nitrogen supply influences photosynthesis establishment along the sugarcane leaf. Sci. Rep.
2018, 8, 2327. [CrossRef]

Korner, C.H.; Farquhar, G.D.; Wong, S.C. Carbon isotope discrimination by plants follows altitude and altitude trends. Oecologia
1991, 88, 30-40. [CrossRef]

Yuan, Y.; Zhou, Z.; Zhang, S.; Zhao, Y.; Gao, Y.; Hou, F. Increasing reclamation ages drive shifts in carbon and nitrogen
stoichiometry and natural isotopes from leaf-litter-root-soil continuum in a reclamation ecosystem, North China. J. Soils Sediments
2023, 23, 1806-1819. [CrossRef]

Li, J.Z.; Wang, G.A.; Zhang, R.; Li, L. A negative relationship between foliar carbon isotope composition and mass-based nitrogen
concentration on the eastern slope of Mount Gongga, China. PLoS ONE 2016, 11, 0166958. [CrossRef]

Adams, M.A.; Turnbull, T.L.; Sprent, ].I.; Buchmann, N. Legumes are different: Leaf nitrogen, photosynthesis, and water use
efficiency. Proc. Natl. Acad. Sci. USA 2016, 113, 4098-4103. [CrossRef]

Prieto, I.; Querejeta, J.I.; Segrestin, ]J.; Volaire, F.; Roumet, C. Leaf carbon and oxygen isotopes are coordinated with the leaf
economics spectrum in Mediterranean rangeland species. Funct. Ecol. 2018, 32, 612-625. [CrossRef]

Du, B;; Zheng, J.; Ji, H.,; Zhu, Y;; Yuan, J.; Wen, J.; Kang, H.; Liu, C. Stable carbon isotope used to estimate water use efficiency can
effectively indicate seasonal variation in leaf stoichiometry. Ecol. Ind. 2021, 121, 107250. [CrossRef]

Salazar-Tortosa, D.; Castro, J.; Villar-Salvador, P.; Vifiegla, B.; Matias, L.; Michelsen, A.; de Casas, R.R.; Querejeta, J.I. The
“isohydric trap”: A proposed feedback between water shortage, stomatal regulation and nutrient acquisition drives differential
growth and survival of European pines under climatic dryness. Glob. Chang. Biol. 2018, 24, 4069-4083. [CrossRef]

Gouveia, C.S.S.; Gananca, J.E.T.; Slaski, J.; Lebot, V.; de Carvalho, M.A.A P. Stable isotope natural abundances (513C and 5°N.
and carbon-water relations as drought stress mechanism response of taro (Colocasia esculenta L. Schott). ]. Plant Physiol. 2018, 232,
100-106. [CrossRef]

Wang, G.A.; Feng, X.; Han, J.; Zhou, L.; Tan, W.; Su, F. Paleovegetation reconstruction using 513C of soil organic matter.
Biogeosciences 2008, 5, 1325-1337. [CrossRef]

Shi, W.; Wang, G.; Han, W. Altitudinal variation in leaf nitrogen concentration on the eastern slope of Mount Gongga on the
Tibetan Plateau, China. PLoS ONE 2012, 7, e44628. [CrossRef]

Diefendorf, A.F,; Mueller, K.E.; Wing, S.L.; Koch, P.L.; Freeman, K.H. Global patterns in leaf 13C discrimination and implications
for studies of past and future climate. Proc. Natl. Acad. Sci. USA 2010, 107, 5738-5743. [CrossRef]

Kohn, M.]. Carbon isotope compositions of terrestrial C3 plants as indicators of (paleo) ecology and (paleo) climate. Proc. Natl.
Acad. Sci. USA 2010, 107, 19691-19695. [CrossRef]

Chen, Z.X.; Wang, G.A.; Jia, Y.F. Foliar 513C showed no altitudinal trend in an arid region and atmospheric pressure exerted a
negative effect on plant 513C. Front. Plant Sci. 2017, 8, 1070. [CrossRef] [PubMed]

Chen, C.J.; Jia, Y.E; Chen, Y.Z.; Mehmood, I.; Fang, Y.T.; Wang, G.A. Nitrogen isotopic composition of plants and soil in an arid
mountainous terrain: South slope versus north slope. Biogeosciences 2018, 15, 369-377. [CrossRef]

Cernusak, L.A.; Ubierna, N.; Winter, K.; Holtum, J.A.M.; Marshall, ].D.; Farquhar, G.D. Environmental and physiological
determinants of carbon isotope discrimination in terrestrial plants. New Phytol. 2013, 20, 950-965. [CrossRef] [PubMed]

Wang, G.A.; Feng, X. Response of plants’ water use efficiency to increasing atmospheric CO, concentration. Environ. Sci. Technol.
2012, 46, 8610-8620. [CrossRef] [PubMed]

Abraha, M.; Gelfand, I.; Hamilton, S.K.; Shao, C.L.; Su, Y.J.; Robertson, G.P.; Chen, ].Q. Ecosystem water-use efficiency of annual
corn and perennial grasslands: Contributions from land-use history and species composition. Ecosystems 2016, 19, 1001-1012.
[CrossRef]

Ma, W,; Tcherkez, G.; Wang, X.; Schaufele, R.; Schnyder, H.; Yang, Y.; Gong, X. Accounting for mesophyll conductance substantially
improves 13C-based estimates of intrinsic water-use efficiency. New Phytol. 2021, 229, 1326-1338. [CrossRef]

Gong, X.; Ma, W.; Yu, Y.; Fang, K; Yang, Y.; Tcherkez, G.; Adams, M.A. Overestimated gains in water-use efficiency by global
forests. Glob. Chang. Biol. 2022, 28, 4923-4934. [CrossRef]

Kerkhoff, A.J.; Fagan, W.E; Elser, ].J.; Enquist, B.J. Phylogenetic and growth form variation in the scaling of nitrogen and
phosphorus in the seed plants. Am. Nat. 2006, 168, 103-122. [CrossRef]

Fageria, N.K. Dry matter yield and shoot nutrient concentrations of upland rice, common bean, corn, and soybean grown in
rotation on an oxisol. Commun. Soil Sci. Plant Anal. 2004, 35, 961-974. [CrossRef]

Wu, P; Zhou, H.; Cui, Y.; Zhao, W.; Hou, Y.; Zhu, J.; Ding, F. Stoichiometric characteristics of leaf nutrients in Karst plant species
during natural restoration in Maolan national nature reserve, Guizhou, China. J. Sustain. For. 2023, 42, 95-119. [CrossRef]
Field, C.; Merino, J.; Mooney, H. Compromises between water use efficiency and nitrogen-use efficiency in five species of
California evergreens. Oecologia 1983, 60, 384-389. [CrossRef]


http://doi.org/10.5194/bg-18-2859-2021
http://doi.org/10.1071/PP9860281
http://doi.org/10.1111/gcb.15071
http://doi.org/10.1038/s41598-018-20653-1
http://doi.org/10.1007/BF00328400
http://doi.org/10.1007/s11368-023-03449-3
http://doi.org/10.1371/journal.pone.0166958
http://doi.org/10.1073/pnas.1523936113
http://doi.org/10.1111/1365-2435.13025
http://doi.org/10.1016/j.ecolind.2020.107250
http://doi.org/10.1111/gcb.14311
http://doi.org/10.1016/j.jplph.2018.11.024
http://doi.org/10.5194/bg-5-1325-2008
http://doi.org/10.1371/journal.pone.0044628
http://doi.org/10.1073/pnas.0910513107
http://doi.org/10.1073/pnas.1004933107
http://doi.org/10.3389/fpls.2017.01070
http://www.ncbi.nlm.nih.gov/pubmed/28725227
http://doi.org/10.5194/bg-15-369-2018
http://doi.org/10.1111/nph.12423
http://www.ncbi.nlm.nih.gov/pubmed/23902460
http://doi.org/10.1021/es301323m
http://www.ncbi.nlm.nih.gov/pubmed/22747444
http://doi.org/10.1007/s10021-016-9981-2
http://doi.org/10.1111/nph.16958
http://doi.org/10.1111/gcb.16221
http://doi.org/10.1086/507879
http://doi.org/10.1081/CSS-120030572
http://doi.org/10.1080/10549811.2021.1948868
http://doi.org/10.1007/BF00376856

Plants 2023, 12, 1551 17 of 17

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Zhong, C.; Jian, S.; Huang, J.; Jin, Q.; Cao, X. Trade-off of within-leaf nitrogen allocation between photosynthetic nitrogen-use
efficiency and water deficit stress acclimation in rice (Oryza sativa L.). Plant Phys. Biochem. 2019, 135, 41-50. [CrossRef]

Yang, K,; Huang, Y.; Yang, J.; Yu, L.; Hu, Z.; Sun, W.; Zhang, Q. The determiner of photosynthetic acclimation induced by
biochemical limitation under elevated CO; in japonica rice. J. Plant Phys. 2023, 280, 153889. [CrossRef]

Miller, A.].; Fan, X.; Shen, Q.; Smith, S.J. Amino acids and nitrate as signals for the regulation of nitrogen acquisition. J. Exp. Bot.
2008, 59, 111-119. [CrossRef]

Schwember, A.R.; Schulze, J.; del Pozo, A.; Cabeza, R.A. Regulation of symbiotic nitrogen fixation in legume root nodules. Plants
2019, 8, 333. [CrossRef]

Vitousek, PM.; Field, C.B.; Matson, P.A. Variation in foliar §13C in Hawaiian Metrosidero spolymorpha: A case of internal resistance?
Oecologia 1990, 84, 362-370. [CrossRef]

Evans, ].R. Photosynthesis and nitrogen relationships in leaves of C3 plants. Oecologia 1989, 78, 9-19. [CrossRef]

von Caemmerer, S.; Evans, ].R. Determination of the average partial pressure of CO; in chloroplast from leaves of several C3
plants. Funct. Plant Biol. 1991, 18, 287-305. [CrossRef]

Gillon, J.S.; Yakir, D. Internal conductance to CO, diffusion and C'800 discrimination in Cs leaves. Plant Physiol. 2000, 123,
201-213. [CrossRef]

Flexas, J.; Ribas-Carbo, M.; Diaz-Espejo, A.; Galmés, J.; Medrano, H. Mesophyll conductance to CO,: Current knowledge and
future prospects. Plant Cell Environ. 2008, 31, 602-621. [CrossRef]

Gu, L,; Sun, Y. Artefactual responses of mesophyll conductance to CO, and irradiance estimated with the variable ] and online
isotope discrimination methods. Plant Cell Environ. 2013, 37, 1231-1249. [CrossRef]

Barbour, M.M.; Evans, J.R.; Simonin, K.A.; von Caemmerer, S. Online CO, and H,O oxygen isotope fractionation allows estimation
of mesophyll conductance in C4 plants, and reveals that mesophyll conductance decreases as leaves age in both C4 and Cj plants.
New Phytol. 2016, 210, 875-889. [CrossRef] [PubMed]

Xiong, D.; Liu, X.; Liu, L.; Douthe, C.; Li, Y.;; Peng, S.; Huang, J. Rapid responses of mesophyll conductance to changes of
CO; concentration, temperature and irradiance are affected by N supplements in rice. Plant Cell Environ. 2015, 38, 2541-2550.
[CrossRef] [PubMed]

Xiong, D.; Flexas, J.; Yu, T; Peng, S.; Huang, ]. Leaf anatomy mediates coordination of leaf hydraulic conductance and mesophyll
conductance to CO, in Oryza. New Phytol. 2016, 213, 572-583. [CrossRef] [PubMed]

Yamori, W.; Kusumi, K.; Iba, K.; Terashima, I. Increased stomatal conductance induces rapid changes to photosynthetic rate in
response to naturally fluctuating light conditions in rice. Plant Cell Environ. 2020, 43, 1230-1240. [CrossRef]

Han, ].M.; Meng, H.E; Wang, S.Y,; Jiang, C.D.; Liu, E; Zhang, W.F,; Zhang, Y.L. Variability of mesophyll conductance and its
relationship with water use efficiency in cotton leaves under drought pretreatment. J. Plant Phys. 2016, 194, 61-71. [CrossRef]
Voelker, S.L.; Brooks, ].R.; Meinzer, EC.; Anderson, R.; Bader, M.K.E,; Battipaglia, G.; Becklin, K.M.; Beerling, D.; Bert, D.;
Betancourt, J.L.; et al. A dynamic leaf gas-exchange strategy is conserved in woody plants under changing ambient CO5;:
Evidence from carbon isotope discrimination in paleo and CO, enrichment studies. Glob. Chang. Biol. 2016, 22, 889-902.
[CrossRef]

Wang, B.; Cai, W.; Li, J.; Wan, Y.; Li, Y.; Guo, C.; Wilkes, A.; You, S.; Qin, X.; Gao, Q.; et al. Leaf photosynthesis and stomatal
conductance acclimate to elevated [CO,] and temperature thus increasing dry matter productivity in a double rice cropping
system. Field Crops Res. 2020, 248, 107735. [CrossRef]

Roig-Oliver, M.; Fullana-Pericas, M.; Bota, J.; Flexas, J. Adjustments in photosynthesis and leaf water relations are related to
changes in cell wall composition in Hordeum vulgare and Triticum aestivum subjected to water deficit stress. Plant Sci. 2021, 311,
111015. [CrossRef]

Abdalla, M.; Ahmed, M.A; Cai, G.; Wankmuller, F.; Schwartz, N.; Litig, O.; Javaux, M.; Carminati, A. Stomatal closure during
water deficit is controlled by below-ground hydraulics. Ann. Bot. 2022, 129, 161-170. [CrossRef]

Wang, J.; Ouyang, F.; An, S.; Wang, L.; Xu, N.; Ma, J.; Wang, J.; Zhang, H.; Kong, L. Variation, coordination, and trade-offs between
needle structures and photosynthetic-related traits across five Picea species: Consequences on plant growth. BMC Plant Biol. 2022,
22,242, [CrossRef]

Yao, H.S.; Zhang, Y.L.; Yi, X.P,; Hu, Y.Y,; Luo, HH.; Gou, L.; Zhang, W.F. Plant density alters nitrogen partitioning among
photosynthetic components, leaf photosynthetic capacity and photosynthetic nitrogen use efficiency in field-grown cotton. Field
Crops Res. 2015, 184, 39-49. [CrossRef]

Wang, G.A.; Han, G,; Faiia, A.; Tan, W.; Shi, W.Q.; Liu, X. Experimental measurements of leaf carbon isotope discrimination and
gas exchange in the progenies of Plantago depressa and Setaria viridis collected from a wide altitudinal range. Physiol. Plant. 2018,
134, 64-73. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.plaphy.2018.11.021
http://doi.org/10.1016/j.jplph.2022.153889
http://doi.org/10.1093/jxb/erm208
http://doi.org/10.3390/plants8090333
http://doi.org/10.1007/BF00329760
http://doi.org/10.1007/BF00377192
http://doi.org/10.1071/PP9910287
http://doi.org/10.1104/pp.123.1.201
http://doi.org/10.1111/j.1365-3040.2007.01757.x
http://doi.org/10.1111/pce.12232
http://doi.org/10.1111/nph.13830
http://www.ncbi.nlm.nih.gov/pubmed/26778088
http://doi.org/10.1111/pce.12558
http://www.ncbi.nlm.nih.gov/pubmed/25923314
http://doi.org/10.1111/nph.14186
http://www.ncbi.nlm.nih.gov/pubmed/27653809
http://doi.org/10.1111/pce.13725
http://doi.org/10.1016/j.jplph.2016.03.014
http://doi.org/10.1111/gcb.13102
http://doi.org/10.1016/j.fcr.2020.107735
http://doi.org/10.1016/j.plantsci.2021.111015
http://doi.org/10.1093/aob/mcab141
http://doi.org/10.1186/s12870-022-03593-x
http://doi.org/10.1016/j.fcr.2015.09.005
http://doi.org/10.1111/j.1399-3054.2008.01102.x

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Plant Sampling Campaigns 
	Measurements of Leaf Gas-Exchange 
	Measurements of Leaf Morphology, N Concentrations and Carbon Isotope Ratios 
	Quantification of Leaf Protein 
	Statistical Analysis 

	Conclusions 
	Appendix A
	References

