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• Leaf C, N, and P concentrations and their
ratios had scaling relationships in the
mangrove forests.

• Light and competition significantly in-
fluenced the leaf stoichiometry of man-
grove plants.

• There was N limitation in the mangrove
forests.

• Leaf stoichiometry of the mangrove for-
ests supported the growth rate
hypothesis.
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Ecological stoichiometry is the study of the balance of ecosystem energy and nutrient cycling, especially carbon
(C), nitrogen (N), and phosphorus (P). C, N, and P are the key elements for plant growth andmetabolism. System-
atic research on leaf stoichiometry in mangrove forest ecosystems is still lacking. To understand the leaf stoichi-
ometry of introduced species and native species in mangrove forests, we selected four species (one introduced
species, Sonneratia apetala, and three native species, Avicennia marina, Aegiceras corniculatum, and Kandelia ob-
ovate) and measured leaf C, N, and P contents under different light conditions. The results showed that there
were significant negative scaling relationships of leaf C versus N and C versus P but positive scaling relationships
of leaf N versus P in the four mangrove species. Light and competition had significant effects on leaf stoichiome-
try, especially under the full light condition. S. apetala influenced leaf elements in a mixture with native species.
Interspecific competition reduced leaf N and P contents in A. corniculatum and K. obovate but increased leaf N and
P contents in A. marina. Leaf N and P contents of the four species showed similar responses to both intraspecific
and interspecific competition. The ratio of leaf C:N:P (108:11:1) in the mangrove forests was lower than that in
other ecosystems, and species with a higher growth rate had a higher leaf P content and lower N:P ratio,
supporting the growth rate hypothesis. Leaf N:P was 11.04, indicating that there was N limitation in the man-
grove forests. This systematic research of leaf stoichiometry of mangrove forests improves our understanding
of mangrove growth and nutrient use strategies in response to different environmental stresses.

© 2020 Published by Elsevier B.V.
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1. Introduction

Ecological stoichiometry is the study of the composition of multiple
key elements, particularly carbon (C), nitrogen (N), and phosphorus (P),
and ecological interactions in organisms and provides new perspectives
for understanding energy flow and nutrient cycling in ecosystems
(Cross et al., 2007; Elser et al., 2000a, 2000b; Reich et al., 2006; Sistla
and Schimel, 2012). C, N, and P are the key chemical elements for
plant growth and metabolism in terrestrial and aquatic ecosystems
(Aerts and Chapin, 1999; Elser et al., 2007; Michaels, 2003; Vrede
et al., 2004). C, N, and P concentrations and their stoichiometry in
plant organs are linked to ecological processes and the structure and
functions of ecosystems (Elser et al., 2010; Sardans et al., 2012;
Zechmeister-Boltenstern et al., 2015). Compared with roots and shoots,
leaves are considered the most active organ. Leaf C, N, and P are impor-
tant constituents of chlorophyll, and leaf chlorophyll is linked to photo-
synthetic capacity and net primary production (Croft et al., 2017; Elser
et al., 2010; Gitelson et al., 2006). In addition, soil fertility (Achat et al.,
2018) and light availability (Fajardo and Siefert, 2019; Keenan and
Niinemets, 2016; Miatto et al., 2016) may directly affect the contents
of elements in leaves.

C, N, and P stoichiometry reflects the growth of plants, and the
growth rate represents the overall life history strategy of plants. The P
content and C:N:P ratio in organisms depend largely on changes in the
allocation to P-rich ribosomal RNA (rRNA) at different growth rates,
which is the basis of growth rate hypothesis (GRH, Elser et al., 2003;
Makino et al., 2003). The GRH proposes that fast-growing organisms
often have a higher P content and lower N:P ratios than the slow-
growing organisms due to elevated demand for P for the synthesis of
P-rich rRNA under rapid growth (Elser et al., 2000a, 2000b; Karpinets
et al., 2006). TheN:P ratio is an indicator used to assess assessing the nu-
trient efficiency and limitation of plants in different ecosystems
(Cernusak et al., 2010; Güsewell, 2004; Herbert et al., 2003;
Koerselman and Meuleman, 1996; Mao et al., 2016). The C:N ratio is
an important parameter of C and N cycling in ecosystems (Zaehle
et al., 2014). Many studies have been conducted to investigate the stoi-
chiometry of plants in aquatic and terrestrial ecosystems (Du et al.,
2019; Guiz et al., 2017; Li et al., 2018; Mayor et al., 2014; Xia et al.,
2014; Zhang et al., 2018a). Previous studies have supported the GRH
for plants (Lovelock et al., 2007a; Niklas and Cobb, 2005; Yan et al.,
2015; Zechmeister-Boltenstern et al., 2015). However, very few studies
have assessed leaf stoichiometry in mangrove ecosystems (Lovelock
et al., 2007a; Feller et al., 2007; Feller et al., 2003a, 2003b; Reef et al.,
2010). Reef et al. (2010) reported that the mean C:N:P ratio was
1062:31:1 in the leaves of two mangrove species, that is, Avicennia ma-
rina and Ceriops australis; this value is significantly higher than that
measured in aquatic vascular plants and other terrestrial forests
(Demars and Edwards, 2007; McGroddy et al., 2004). Mangrove leaf
stoichiometry needs to be further investigated. Previous studies also
found that C:N:P stoichiometry differs among different ecosystems,
and environmental factors such as light may have direct effects on the
stoichiometry. Under different light conditions, plants may allocate dif-
ferent amounts of C and nutrients to leaves to meet the requirements
for their growth and development (Xie et al., 2018). Our understanding
of leaf C:N:P stoichiometry in response to different light conditions in
mangrove forests is not well developed. Homeostasis of the elements
in plankton (Andersen and Hessen, 1991), herbaceous (Yu et al.,
2015), and natural forest (Zhang et al., 2018b) ecosystems has been re-
ported. However, it is still not clear whether homeostasis exists inman-
grove forest ecosystems.

Mangrove forests consist of shrubs and trees that grow along tropi-
cal and subtropical coastlines, and they are the most diverse and pro-
ductive intertidal ecosystems (Alongi, 2002; Giri et al., 2011).
However, mangrove forests are degrading due to the development of
aquaculture, pasture, rapid urbanization, and climate change (Richards
and Friess, 2016). Afforestation is proposed to reduce C emissions and
mitigate climate change in many countries. In mainland China, man-
grove afforestation has been conducted for more than two decades
(Chen et al., 2009; Ren et al., 2009). The common tree species used in
mangrove afforestation in China include two native species, Kandelia
obovate and Sonneratia caseolaris, and one introduced species,
Sonneratia apetala. S. apetala is a shade-intolerant, fast-growing, and
highly adaptable tree that originated from Bangladesh, Myanmar, and
India (Jayatissa et al., 2002; Peng et al., 2016). The effect of S. apetala is
of wide concern (He et al., 2018; Lunstrum and Chen, 2014; Peng
et al., 2016; Wu et al., 2020), especially its impact on the growth of
the native species (e.g., K. obovata, A. marina, Aegiceras corniculatum).
No previous study has provided information on the stoichiometry of
S. apetala and the native species. In addition, how species competition
influences plant stoichiometry remains poorly understood in the man-
grove forests, especially the impacts of S. apetala on the stoichiometry
of the native species in a mixed planting system. Studies on ecological
stoichiometry in mangrove forests will improve our understanding of
mangrove growth, nutrient use strategies, and responses to different
environmental stresses, whichwill provide a scientific basis for the con-
servation and management of mangrove forests.

In this study, we conducted a manipulative field experiment to
determine the effects of specific competition (different planting
systems-monoculture ormixed specieswith introduced species and na-
tive species) and light intensity on leaf C, N, and P contents and their
stoichiometry in a mangrove forest. We proposed four hypotheses:
(1) S. apetala and native species will have different scaling relationships
between leaf C versus N, C versus P, and N versus P; (2) the light condi-
tion will significantly affect leaf stoichiometry; (3) compared to mono-
culture, species in the mixture will have different C:N:P ratios as
intraspecific competition and S. apetala will change nutrient uptake
and influence leaf stoichiometry of native species; and (4) there will
be a positive relationship between the growth rate and the N:P ratio,
as suggested by the growth rate hypothesis.

2. Materials and methods

2.1. Study sites

The field experiment was conducted in the Futian National Nature
Reserve (22°32′N, 113°45′E) located on the north of Shenzhen Bay,
Guangdong Province, China. The reserve is the smallest mangrove re-
serve (368 ha) in China. The mean annual temperature is 22.6 °C, the
total annual precipitation is 1794 mm, and mean annual evaporation
is 1500–1800 mm in this reserve (Lunstrum and Chen, 2014; Yang
et al., 2014). Themain tidal characteristics in the study area are irregular
semidiurnal tides that are often affected by typhoons from summer to
autumn. In Shenzhen Bay, species richness of themangrove community
is poor (Ren et al. 2011). The dominant species are K. obovata, A.marina,
and A. corniculatum, and some exotic species such as S. apetala and
S. caseolaris. Four species (A. marina, K. obovata, A. corniculatum and
S. apetala) account for N80% of the mangrove community area in
Shenzhen Bay, and their populations are decreasing (Polidoro et al.,
2010). Therefore, we selected these four species in this study.

2.2. Experimental design

In July 2017, we set u plots consisting of two age classes (14 and
26 years) in S. apetala plantations. Each plot was 10 m × 10 m. Five
plots were established in the 14-year-old plantation compares with
four plots for 26-year-old plantation, that is, a total of nine plots. The
seedling experiment was conducted in a bare mudflat in the reserve.
We manipulated the light environment to represent light intensity
under the canopy of the 14-year-old and 26-year-old plantations of
S. apetala. Each light condition plot was 10 m × 10 m, and there was a
5 m gap between two adjacent plots. The average heights of the
S. apetala plantation in the 14-year-old and 26-year-old plantations
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were 9.45m and 14.5 m. Light intensity wasmeasured 10 times using a
digital illumination photometer in the mudflat and in the 14-year-old
and 26-year-old plantations of S. apetala. The light intensity in 14-
year-old and 26-year-old S. apetala plantation canopies were 22.81%
and 8.62% of the mudflat, respectively. One-year seedlings of four spe-
cies (S. apetala, K. obovata, A. marina, and A. corniculatum) were selected
for the experiment. At the beginning of the experiment, the mean seed-
ling height was 75 ± 13.45 cm, 39 ± 3.56 cm, 51.11 ± 5.76 cm, and
37.29±5.46 cm for S. apetala, K. obovata, A.marina, and A. corniculatum,
respectively.

We used a split plot design with light condition (including full light,
medium light, and low light) as themain plot factor and planting system
(including monoculture each with one of the four individual species,
mixture with three different species combinations, and mixture with
four species combinations for a total of eleven planting types) as the
spilt plot factor. Three blocks were used for the light condition treat-
ments. The three light treatments were implemented using black poly-
propylene shade netting (no shading, 25% shading, and 10% shading) to
simulate light environment in the mudflat, and under the 14-year-old
and 26-year-old of S. apetala plantation canopies. The shade nets were
mounted 200 cm above the ground for the mangrove growth. At each
light level, bothmonoculture andmixed planting systemswere applied.
In the monoculture planting system, 15 seedlings of each of the four
mangrove species were planted in the plots as the control in May
2018. In the mixed planting system, two individuals of S. apetala or na-
tive species for the intraspecific treatment were planted together; this
was repeated 15 times; one individual of S. apetala and one individual
of the three native species (e.g., one individual of S. apetala and one in-
dividual of K. obovata) for the interspecific treatment were planted to-
gether; this was repeated 15 times. In total, 810 plant seedlings (3
light levels × [4 species in the monoculture +8 species in the mixture
for the intraspecific treatment +6 species in the mixture for the inter-
specific treatment =18 species] × 15 replicates) were used in this
study. The experiment lasted for a total of 310 days.
2.3. Sampling and elemental analysis

In April 2019, all of the mangrove plants were harvested. Each har-
vested tree was separated into leaves, shoots, and roots. Each compo-
nent was transported to the laboratory and oven-dried at 80 °C for
72 h for biomass measurement. The above- and below-ground biomass
were calculated. The relative growth rate (RGR) of total biomass was
calculated as RGR = (logW2 − logW1) / (t2 − t1), where W2 and t2 are
final biomass and time, andW1 and t1 are original biomass and time, re-
spectively. Five seedlings were randomly selected in each treatment,
and one healthy and fully expanded leaf was selected from each seed-
ling to measure leaf C, N, and P concentrations. Specific leaf area
(SLA), the leaf dry-mass content (LDMC), and leaf thickness (LT) were
measured using five leaves from one plant. SLA was estimated using
the fresh leaf area divided by the oven-dried mass (Pérez-
Harguindeguy et al., 2013). LDMC was calculated as leaf oven-dried
mass divided by the water-saturated fresh mass (Pérez-Harguindeguy
et al., 2013). Leaf thickness (LT) was measured at the widest point of
the main vein of each leaf using a micrometer, avoiding important sec-
ondary veins (Pérez-Harguindeguy et al., 2013). The chlorophyll con-
tent (Chl) and total carotenoid content (Caroten) were calculated.
Absorption of the extraction solution was determined at 663 nm and
646 nm for chlorophyll a (Chl a) and chlorophyll b (Chl b) and at
470 nm for total carotenoids content (Caroten) using a spectrophotom-
eter (Wellburn, 1994). All of the leaf samples were ground to a fine
powder using a ball mill (200T, WTFER, China) and an agate mortar
grinder (RM200, Retsch, Haan, Germany). Total leaf nitrogen was ana-
lyzed with the semi−Kjeldahl method (Parkinson and Allen, 1975);
total leaf phosphorus was determined by digestion with H2SO4–H2O2

solution (Parkinson and Allen, 1975); and leaf carbon was measured
with the potassium dichromate (KCr2O7) method (Kalembasa and
Jenkinson, 1973).

2.4. Statistical analysis

To determine the law of C:N:P ratios in the four species, we used al-
lometric functions with Standardized Major Axis (SMA) regression
analysis (Legendre and Legendre, 2012):

Log Y ¼ log aþ b � log X; ð1Þ

where Y and X are C, N，and P concentrations or their ratios; parameter
b represents the allometric exponent; and parameter a reflects the allo-
metric constant. Parameters a and b were estimated using the package
“smatr” in R 3.5.1(Warton et al., 2012).

To evaluate the effect of S. apetala on the leaf stoichiometry of native
species, we used one-wayANOVA. The interactions of light and planting
system on the stoichiometry were detected using two-way ANOVA.We
quantified the leaf elements (C, N and P) and stoichiometry of S. apetala
and native species in response to intraspecific and interspecific compe-
tition using response ratios (lnRR):

ln
Xt

Xc
¼ lnXt− lnXc; ð2Þ

where Xt and Xc represent the values of the leaf elements or stoichiom-
etry in the experimental treatment and the control, respectively, at the
same light level.

Correlation analysis was applied to develop relationships between
functional traits and leaf stoichiometry in the different species. The var-
iables were log- or Box-Cox transformed tomeet the normality require-
ment. All of the data analyses were performed using R 3.5.0 (R Core
Team, 2018).

3. Results

3.1. Allometric relationships of leaf elements

Three elements (i.e., C, N, and P) in leaves showed allometric rela-
tionships for the all tree species (Table 1). For instance, the scaling expo-
nents (i.e., the slope for the reduced major axis regression curve) for C
versus N, C versus P, and N versus P significantly differed from 1.0
(i.e., −0.11, −0.14, and 0.60, respectively), whereas the scaling expo-
nents of C versus N and C versus P were similar for the all species. The
scaling exponents of leaf N versus P was 0.60 (95% CI = 0.55–0.64,
p b 0.001), which was close to 2/3 (Fig. 1).

For each plant species, the scaling exponents of C versus N and C ver-
sus Pwere negative,whereas the scaling exponent of leaf N versus Pwas
positive (Table 1). However, there were no significant differences in al-
lometric exponents and allometric constants of C versus N in A.
corniculatum and C versus P in A. marina.

3.2. Effects of light and competition on leaf ecological stoichiometry

For all of the plant species, light condition had significant effects on
leaf stoichiometry (Table 2). With the exception of the leaf C and N:P
ratio, competition also had significant impacts on the leaf ecological
stoichiometry. However, the interaction between light and competition
had no effects on the leaf stoichiometry.

For each plant species, leaf stoichiometry of A. marina was affected
by light but was not affected by competition and interaction between
light and competition (Table A1). With the exception of leaf N:P ratio,
competition and the interaction between light and competition had sig-
nificant impacts on the leaf stoichiometry of A. corniculatum. For
S. apetala, only leaf P andN:P ratiowere significantly influencedby com-
petition and the interaction between light and competition. Light had



Table 1
Summary of reducedmajor axis regression analyses (slope and y-intercepts, log ɑ and b, respectively) of leaf carbon (C), nitrogen (N), andphosphorus (P) stoichiometry for fourmangrove
species.

Species n log ɑ (95%CI) b (95%CI) r2 p

C versus N Am 60 3.00 (2.87, 3.14) −0.33 (−0.43, −0.23) 0.44 b0.001
Ac 60 2.53 (2.43, 2.64) 0.02 (−0.07, 0.11) 0.01 0.612
Ko 58 2.65 (2.63, 2.69) −0.05 (−0.07, −0.02) 0.22 b0.001
Sa 83 2.74 (2.68, 2.80) −0.13 (−0.17, −0.09) 0.31 b0.001
All 261 2.70 (2.67, 2.75) −0.11 (−0.14, −0.08) 0.19 b0.001

C versus P Am 60 2.49 (2.42, 2.56) 0.13 (−0.06, 0.33) 0.03 0.176
Ac 60 2.59 (2.57, 2.62) −0.14 (−−0.25, −0.03) 0.09 0.016
Ko 58 2.61 (2.60, 2.62) −0.07 (−0.12, −0.04) 0.22 b0.001
Sa 83 2.58 (2.56, 2.60) −0.08 (−0.14, −0.02) 0.08 0.009
All 261 2.60 (2.59, 2.62) −0.14 (−0.18, −0.11) 0.17 b0.001

N versus P Am 60 1.56 (1.42, 1.70) −0.40 (−0.79, −0.02) 0.07 0.041
Ac 60 0.96 (0.91, 1.01) 1.13 (0.93, 1.33) 0.69 b0.001
Ko 58 0.93 (0.89, 0.96) 1.50 (1.35, 1.65) 0.87 b0.001
Sa 83 1.08 (1.00, 1.15) 0.91 (0.72, 1.10) 0.54 b0.001
All 261 −0.50 (−0.56, −0.43) 0.60 (0.55, 0.64) 0.69 b0.001

Note: Am: Avicennia marina, Ac: Aegiceras corniculatum, Ko: Kandelia obovata, Sa: Sonneratia apetala, All: all of the plant species. Bold values indicate significant difference (P b 0.05).

Fig. 1. Bivariate plots among the leaf carbon (C), nitrogen (N), and phosphorus (P) in the mangrove forests. Major axis regression for significance of R2.

Table 2
F-values and significance levels for two-way ANOVAs testing the effects of light (3 levels)
and competition (2 levels) and their interactions on leaf stoichiometry for mangrove
species.

Light Competition Light × Competition

F p F p F p

Leaf C 8.97 b0.001 1.34 0.256 1.12 0.354
Leaf N 74.48 b0.001 6.15 b0.001 0.59 0.788
Leaf P 23.39 b0.001 9.35 b0.001 0.90 0.517
C:N 71.86 b0.001 5.68 b0.001 0.79 0.615
C:P 25.23 b0.001 7.57 b0.001 0.95 0.475
N:P 65.06 b0.001 1.51 0.201 0.81 0.593

Note: Bold values indicate significant difference (P b 0.05).
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significant impacts on the leaf stoichiometry of A. corniculatum, K. ob-
ovate, and S. apetala (Table A1).

For each plant species, the response ratios of the leaf N and P con-
tents (ln RRLN and ln RRLP) of A. marina and S. apetalawere mainly neg-
ative under all light conditions, whereas A. corniculatum and K. obovata
showed theopposite tendency (Figs. 2 and 3). The response ratios of leaf
C (ln RRLc) of A. marina, K. obovate, and S. apetala were mainly positive
under all light conditions, whereas negative effects were observed for
A. corniculatum (Fig. A1). Both intraspecific and interspecific competi-
tion had basically the same effects on leaf C, N, and P for all species.
The ln RRLN and RRLP of A. corniculatum and K. obovate under medium
and low light were significantly higher than those under the full light
condition. A. marina and S. apetala showed the opposite results. The



Fig. 2. Response ratios of leaf nitrogen content (ln RRLN) of four mangrove species under all light conditions and each light level (Full, Medium, Low). (a) Am: Avicennia marina, (b) Ac:
Aegiceras corniculatum, (c) Ko: Kandelia obovata, (d) Sa: Sonneratia apetala. Different letters represent the significant differences of each species under the same light environment at
P b 0.05.

5D. Zhu et al. / Science of the Total Environment 738 (2020) 140301
response ratios of the leaf C of A. marina, K. obovate and S. apetala under
the full light condition were significantly lower than those under me-
dium and low light, and the ln RRLc of A. corniculatum was higher in
the full light than that under medium and low light (Fig. A1).

3.3. Relationships between functional traits and leaf stoichiometry

There were significantly positive correlations between RGR and leaf
stoichiometry; with the correlation coefficient ranged from 0.35 to 0.85.
With the exception of leaf P and N:P ratio, and leaf C:P and N:P ratios,
the correlations of all functional traits were positive for all of the plants
(Table 3). Specifically, the correlation coefficient between RGR and N:P
ratio was significantly positive 0.36. Leaf elements and their ratios also
had significant correlationswith other functional traits such as biomass,
R:S ratio, SLA, and the chlorophyll content (Table A2). Leaf N, P, C:N and
C:P ratios showed strong correlations with the total biomass and R:S;
the correlation coefficients ranged from −0.85 to 0.83. Therefore, leaf
stoichiometry responded to the regulation of functional traits in man-
grove species. The RGR of S. apetala was higher than that of the native
species, and the RGR of A. corniculatum was also higher than that of
A. marina or K. obovate (Fig. A2). Nevertheless, A. corniculatum and
S. apetala had higher RGRs but significantly lower ratios of leaf N:P
than A. marina or K. obovate under themedium and low light conditions
(Fig. 4).

4. Discussion

4.1. Allometric relationship of leaf stoichiometry

Different species have different leaf stoichiometric scaling relation-
ships. For all of the species, leaf C, N, and P showed allometric scaling re-
lationships in this study. Specifically, the scaling exponents of leaf C
versus N and leaf C versus P were negative, indicating that less leaf N
and P contents were allocated to the production of proteins and P-rich
cellular components when more C was allocated to leaves for growth
(Vrede et al., 2004). Interestingly, the scaling exponent of leaf N versus
P was approximately 2/3, supporting the elastic self-similarity model
(McMahon, 1973; Niklas and Enquist, 2002a; Niklas and Enquist,
2002b). For each species, the scaling exponents of leaf C versus N and
leaf C versus P were also negative, whereas that of leaf N versus P was
positive. It is noteworthy that N typically scaled approximately isomet-
rically with P in A. corniculatum and S. apetala according to the



Fig. 3. Response ratios of leaf phosphorus content (ln RRLP) of fourmangrove species under all light conditions and each light level (Full, Medium, Low). (a) Am: Avicennia marina, (b) Ac:
Aegiceras corniculatum, (c) Ko: Kandelia obovata, (d) Sa: Sonneratia apetala. Different letters represent the significant differences of each species under the same light environment at
P b 0.05.

Table 3
Correlation coefficient of relative growth rate (RGR) and leaf C:N:P stoichiometry of man-
grove species.

RGR Leaf C Leaf N Leaf P C:N C:P N:P

RGR 1.00
Leaf C 0.35⁎⁎ 1.00
Leaf N 0.85⁎⁎⁎ 0.55⁎⁎⁎ 1.00
Leaf P 0.73⁎⁎⁎ 0.27⁎ 0.74⁎⁎⁎ 1.00
C:N 0.80⁎⁎⁎ 0.69⁎⁎⁎ 0.95⁎⁎⁎ 0.65⁎⁎⁎ 1.00
C:P 0.75⁎⁎⁎ 0.51⁎⁎⁎ 0.79⁎⁎⁎ 0.94⁎⁎⁎ 0.76⁎⁎⁎ 1.00
N:P 0.36⁎⁎⁎ 0.46⁎⁎⁎ 0.57⁎⁎⁎ 0.12 0.62⁎⁎⁎ 0.01 1.00

Note.
⁎ Indicates a significant correlation at the 0.05 level.
⁎⁎ Indicates a significant correlation at the 0.01 level.
⁎⁎⁎ Indicates a significant correlation at the 0.001 level.
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proportional termN ∝ P, which differed fromN ∝ P3/4 for leaves reported
by Reich and Oleksyn (2004). A. corniculatum and S. apetala allocated
more N and P to leaves, resulting in isometric relationships for leaf N
versus P. In brief, the scaling exponents of C versus N and C versus P
were negative across all species except A. corniculatum (C versus
N) and A. marina (C versus P), whereas that of N versus P were positive
for the four mangrove species except A. marina. The above findings
seemed to partially support our first hypothesis.

The leaf stoichiometry of plants also responds to environmental
changes. In this study, the coefficient of variation (CV) of leaf C, N, and
P concentrations and their ratios showed large differences among of
four species (Table A3). In general, leaf stoichiometry of S. apetala had
smaller CV than the native species, indicating that S. apetala has greater
adaptation to a changing environment. Compared to leaf N, P, C:N, C:P,
and N:P, the variation of leaf C was smaller. This indicated that plants
fix C through photosynthesis and maintain a relatively stable C level.
The CV of the leaf N:P of A. corniculatum and K. obovate was lower
than that of A. marina, indicating that the nutrient efficiency of
A. marina is susceptible to light and competition. Overall, the leaf stoi-
chiometry of the mangrove species had less variation, indicating the
mangrove forests may have evolved over the long term and adapted
to the changing biological (e.g., neighbor competition) and abiotic
(e.g., light) conditions (Frost et al., 2005; Jeyasingh et al., 2009). Indeed,
viviparousmangrove species have strong adaptability to intertidal envi-
ronments, which might result in low variation of leaf stoichiometry
(Kadoya and Inoue, 2015).



Fig. 4.Ratios of leaf nitrogen (N): leaf phosphorus (P) of fourmangrove species under each
light level (Full, Medium, Low). (a) Am: Avicennia marina, (b) Ac: Aegiceras corniculatum,
(c) Ko: Kandelia obovata, (d) Sa: Sonneratia apetala. Different letters combinations
represent the significant differences between S. apetala and native species under the
same light environment at P b 0.05.
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4.2. Response of leaf stoichiometry to light and competition

Light is one of the most important resources for plant growth
and regulates plant photosynthesis (Niinemets and Valladares,
2004; Valladares and Niinemets, 2008). Leaf C, N and P are the
major elements in chlorophyll and enzymes and play critical roles
in leaf photosynthesis and respiration. In turn, different photosyn-
thetic rates will influence leaf C contents and leaf stoichiometry.
In this study, we found that light had significant impacts on leaf
stoichiometry in the mangrove ecosystem as light influenced leaf
photosynthesis, supporting our second hypothesis. The lnRR of
each species showed significant differences under different light
conditions. This provides further evidence that light mediates leaf
trait variation (Sack et al., 2006; Williams et al., 2020).

Competition also influenced leaf stoichiometry. Regardless of in-
traspecific competition (monoculture with one species) or inter-
specific competition (a mixture with different species), the
responses of leaf C, N, and P were similar. For A. corniculatum and
K. obovata, there were negative responses of leaf N and P to compe-
tition, indicating less allocation of leaf N and P to photosynthesis
(Chen et al., 2013), whereas leaf C showed positive responses
(lnRR N 0) for A. corniculatum. However, S. apetala and A. marina
showed the opposite trend for leaf N, P, and C. The responses of
leaf C, N and P in each species were significantly affected by light
and competition. In interspecific treatments, the responses of leaf
N and P of A. corniculatum and K. obovata were mostly negative.
This finding indicated that S. apetala reduced the accumulation of
N and P of A. corniculatum and K. obovata, which subsequently de-
creased the photosynthesis of the native species, and might eventu-
ally inhibit the growth of native species (Jiang et al., 2019).
Conversely, the responses of leaf N and P of A. marina mixed with
S. apetala were mostly positive, likely because A. marina is shade-
intolerant (Chen and Ye, 2014; Jiang et al., 2019; Minchinton,
2001). The leaf stoichiometry of A. corniculatum and K. obovata
was also affected by the interaction of light and competition
(Table A1). In addition, we found that the total biomass and RGR
of native species were significantly lower in the mixture with
S. apetala than in the monoculture. Overall, S. apetala regulated
the growth of the native species by changing leaf stoichiometry.
Our results supported our third hypothesis.
4.3. Relationships between functional traits and leaf stoichiometry

Leaf stoichiometry reflected the growth and nutrition of plants. In
this study, functional traits had strong relationships with the leaf stoi-
chiometry of mangrove species (Table 3, Table A2). Therewas a positive
correlation between the total biomass of mangrove species and leaf C
but negative correlations with leaf N and P. This occurred because
with greater C investment in biomass, leaf C contents was increased,
but leaf N and P contentswere diluted anddecreased. R:S had a negative
relationship with total biomass. Compared to total biomass, R:S had
contrary correlations with leaf stoichiometry. We also found that thin-
ner leaves had a higher SLA in this study, indicating that less C was allo-
cated to leaves for plant growth (Abrams andMostoller, 1995). Leaf C, N,
and P had significant relationshipswith leaf chlorophyll as they are con-
stituents of chlorophyll. Carotenoids also had strong positive correla-
tions with leaf N and P, indicating higher leaf N and P would produce
more carotenoids for light-harvesting and photoprotective functions
(Young, 1991).

Across all the species, RGR had significant positive correlations with
leaf stoichiometry (Table A2). The introduced species S. apetala had
higher RGR than the native species. Nevertheless, the ratios of leaf N:P
of K. obovate and A. marina were higher than those of S. apetala and
A. corniculatum under medium and low light conditions, which sup-
ported the GRH (Elser et al., 2003; Elser et al., 1996; Makino et al.,
2003). Our results are consistent with those obtained in previous man-
grove studies (Lovelock et al., 2007a). Different ecosystems have differ-
ent plant C:N:P ratios. In this study, the mean leaf C:N:P ratio was
108:11:1 in the mangrove forest, lower than in previous studies con-
ducted in aquatic ecosystems, for example, mean ratios of 700:35:1
for marine plants (Atkinson and Smith, 1983) and 291:17:1 for aquatic
macrophytes (Xia et al., 2014). Our result was also lower than that in
studies conducted in a Queensland mangrove forest and central Red
Sea mangroves (Reef et al., 2010; Alongi, 2011; Almahasheer et al.,
2016). The availability of nutrients to themangrove forests is controlled
by biotic and abiotic factors such as tidal levels, elevation, soil nutrients,
plant species, and different stages of development. Leaf N:P is consid-
ered an indicator of the nutrient limitation of plants (Güsewell, 2004;
Koerselman and Meuleman, 1996). Leaf N:P b 14 generally indicates N
limitation and leaf N:P N 16 suggests P limitation, whereas leaf 14 b N:
P b 16 represents N and P co-limitation in wetland plants
(Koerselman and Meuleman, 1996). In previous studies, mangrove
stands were limited by P (Lovelock et al., 2006; Almahasheer et al.,
2016), and others were limited by N (Feller et al., 2003b; Lovelock
et al., 2007b; Naidoo, 2009). BothN and P limitation have been observed
in the mangrove forests in Belize and Panama (Feller et al., 2003a;
Lovelock et al., 2004). The mean leaf N:P of 11.04 in this study is lower
than that of terrestrial plant species in China (Han et al., 2005) and
global plants (Reich and Oleksyn, 2004) but higher than that of wetland
plants in Germany (Minden and Kleyer, 2014). This result indicated that
there was N limitation exists in the mangrove forests, consistent with
previous studies (Feller et al., 2003b; Naidoo, 2009). The higher leaf P
in mangrove plants was related to the low-lying stagnant water envi-
ronment enriched with P.

5. Conclusions

Knowledge of the leaf stoichiometry of mangroves will help us un-
derstand the leaf nutrient status and growth of mangrove trees. In this
study, there were significant negative scaling exponents of leaf C versus
N, C versus P, but positive scaling exponents for leaf N vs. P in the four
mangrove species. The scaling exponent of leaf N versus P was approx-
imately 2/3 for all the species, and leaf N typically scaled approximately
isometricallywith P ofA. corniculatum and S. apetala. Compared to leaf N
and P, leaf C was relatively stable. Leaf nutrients (C, N, and P) were sig-
nificantly affected by light. Both intraspecific and interspecific competi-
tion reduced the leaf N and P contents of A. corniculatum and K. obovate



8 D. Zhu et al. / Science of the Total Environment 738 (2020) 140301
but increased the leaf N and P contents of A. marina and S. apetala. In
particular, S. apetala had a significant impact on the growth of native
species and further affected their leaf stoichiometry. In addition, there
were significant correlations between the functional traits and leaf stoi-
chiometry. In themangrove ecosystem, species with a higher RGR had a
higher leaf P content and lower N:P, supporting the GRH hypothesis.
The leaf C:N:P ratio was 108:11:1 in this study, which is lower than
that in wetlands and other terrestrial ecosystems. Leaf N:P was 11.04,
indicating N limitation in the mangrove forests. The results generated
in this systematic study improved our understanding of C, N, and P stoi-
chiometry of themangrove species and the impact of introduced species
on the growth of native species, thus providing useful information for
the restoration and management of mangrove forest ecosystems.

CRediT authorship contribution statement

Dehuang Zhu:Formal analysis, Writing - review & editing.Dafeng
Hui:Writing - review & editing.Mengqi Wang:Project administration,
Resources.Qiong Yang:Project administration, Resources.Shixiao Yu:
Writing - review & editing.

Declaration of competing interest

The authors declare no competing interests.

Acknowledgements

We thank numerous individuals for their help in the field work. This
study was financially supported by Science, Technology and Innovation
Commission of Shenzhen Municipality (Project no.
JCYJ20180504170040910), UrbanAdministration and LawEnforcement
Bureau of ShenzhenMunicipality (201802), and the Zhang-Hongda Sci-
ence Foundation at Sun Yat-sen University. DH is supported by the NSF
projects. The authors declare no conflict of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.140301.

References

Abrams, M.D., Mostoller, S.A., 1995. Gas exchange, leaf structure and nitrogen in contrast-
ing successional tree species growing in open and understory sites during a drought.
Tree Physiol. 115, 361–370. https://doi.org/10.1093/treephys/15.6.361.

Achat, D.L., Pousse, N., Nicolas, M., Augusto, L., 2018. Nutrient remobilization in tree fo-
liage as affected by soil nutrients and leaf life span. Ecol. Monogr. 88, 408–428.
https://doi.org/10.1002/ecm.1300.

Aerts, R., Chapin, F.S., 1999. The mineral nutrition of wild plants revisited: a re-evaluation
of processes and patterns. Adv. Ecol. Res. 30, 1–67. https://doi.org/10.1016/s0065-
2504(08)60016-1.

Almahasheer, H., Duarte, C.M., Irigoien, X., 2016. Nutrient limitation in Central Red Sea
mangroves. Front. Mar. Sci. 3, 271. https://doi.org/10.3389/fmars.2016.00271.

Alongi, D.M., 2002. Present state and future of the world’s mangrove forests. Environ.
Conserv. 29, 331–349. https://doi.org/10.1017/s0376892902000231.

Alongi, D.M., 2011. Early growth responses of mangroves to different rates of nitrogen
and phosphorus supply. J. Exp. Mar. Biol. Ecol. 397, 85–93. https://doi.org/10.1016/j.
jembe.2010.11.021.

Andersen, T., Hessen, D.O., 1991. Carbon, nitrogen, and phosphorus content of freshwater
zooplankton. Limnol. Oceanogr. 36, 807–814. https://doi.org/10.4319/lo.1991.36.4.0807.

Atkinson, M.J., Smith, S.V., 1983. C:N:P ratios of benthic marine plants 1. Limnol.
Oceanogr. 28, 568–574. https://doi.org/10.4319/lo.1983.28.3.0568.

Cernusak, L.A., Winter, K., Turner, B.L., 2010. Leaf nitrogen to phosphorus ratios of tropical
trees: experimental assessment of physiological and environmental controls. New
Phytol. 185, 770–779. https://doi.org/10.1111/j.1469-8137.2009.03106.x.

Chen, Y.P., Ye, Y., 2014. Early responses of Avicennia marina (Forsk.) Vierh. to intertidal el-
evation and light level. Aquat. Bot. 112, 33–40. https://doi.org/10.1016/j.
aquabot.2013.07.006.

Chen, L., Wang, W., Zhang, Y., Lin, G., 2009. Recent progresses in mangrove conservation,
restoration and research in China. J. Plant Ecol. 2, 45–54. https://doi.org/10.1093/jpe/
rtp009.
Chen, L., Peng, S., Li, J., Lin, Z., Zeng, Y., 2013. Competitive control of an exotic mangrove
species: restoration of native mangrove forests by altering light availability. Restor.
Ecol. 21, 215–223. https://doi.org/10.1111/j.1526-100X.2012.00892.x.

Croft, H., Chen, J., Luo, X., Bartlett, P., Chen, B., Staebler, R.M., 2017. Leaf chlorophyll con-
tent as a proxy for leaf photosynthetic capacity. Glob. Chang. Biol. 23, 3513–3524.
https://doi.org/10.1111/gcb.13599.

Cross, W.F., Wallace, J.B., Rosemond, A.D., 2007. Nutrient enrichment reduces constraints
on material flows in a detritus-based food web. Ecology 88, 2563–2575. https://doi.
org/10.1890/06-1348.1.

Demars, B.O.L., Edwards, A.C., 2007. Tissue nutrient concentrations in freshwater aquatic
macrophytes: high inter-taxon differences and low phenotypic response to nutrient
supply. Freshw. Biol. 52, 2073–2086. https://doi.org/10.1111/j.1365-2427.2007.01817.x.

Du, C., Wang, X., Zhang, M., Jing, J., Gao, Y., 2019. Effects of elevated CO2 on plant C-N-P
stoichiometry in terrestrial ecosystems: a meta-analysis. Sci. Total Environ. 650,
697–708. https://doi.org/10.1016/j.scitotenv.2018.09.051.

Elser, J.J., Dobberfuhl, D.R., Mackay, N.A., Schampel, J.H., 1996. Organism size, life history,
and N:P stoichiometry. BioScience 46, 674–684. https://doi.org/10.2307/1312897.

Elser, J.J., Sterner, R.W., Galford, A.E., Chrzanowski, T.H., Findlay, D.L., Mills, K.H., Paterson,
M.J., Stainton, M.P., Schindler, D.W., 2000a. Pelagic C:N:P stoichiometry in a
eutrophied lake: responses to a whole-lake food-web manipulation. Ecosystems 3,
293–307. https://doi.org/10.1007/s100210000027.

Elser, J.J., Sterner, R.W., Gorokhova, E., Fagan, W.F., Markow, T.A., Cotner, J.B.,
Harrison, J.F., Hobbie, S.E., Odell, G.M., Weider, L.J., 2000b. Biological stoichiom-
etry from genes to ecosystems. Ecol. Lett. 3, 540–550. https://doi.org/10.1111/
j.1461-0248.2000.00185.x.

Elser, J.J., Acharya, K., Kyle, M., Cotner, J., Makino, W., Markow, T., Watts, T., Hobbie, S.,
Fagan, W., Schade, J., Hood, J., Sterner, R.W., 2003. Growth rate-stoichiometry cou-
plings in diverse biota. Ecol. Lett. 6, 936–943. https://doi.org/10.1046/j.1461-
0248.2003.00518.x.

Elser, J.J., Bracken, M.E., Cleland, E.E., Gruner, D.S., Harpole, W.S., Hillebrand, H., Ngai, J.T.,
Seabloom, E.W., Shurin, J.B., Smith, J.E., 2007. Global analysis of nitrogen and phos-
phorus limitation of primary producers in freshwater, marine and terrestrial ecosys-
tems. Ecol. Lett. 10, 1135–1142. https://doi.org/10.1111/j.1461-0248.2007.01113.x.

Elser, J.J., Fagan, W.F., Kerkhoff, A.J., Swenson, N.G., Enquist, B.J., 2010. Biological stoichi-
ometry of plant production: metabolism, scaling and ecological response to global
change. New Phytol. 186, 593–608. https://doi.org/10.1111/j.1469-
8137.2010.03214.x.

Fajardo, A., Siefert, A., 2019. The interplay among intraspecific leaf trait variation, niche
breadth and species abundance along light and soil nutrient gradients. Oikos 128,
881–891. https://doi.org/10.1111/oik.05849.

Feller, I.C., McKee, K.L., Whigham, D.F., O'neill, J.P., 2003a. Nitrogen vs. phosphorus limita-
tion across an ecotonal gradient in a mangrove forest. Biogeochemistry 62, 145–175.
https://doi.org/10.1023/A:1021166010892.

Feller, I.C., Whigham, D.F., McKee, K.L., Lovelock, C.E., 2003b. Nitrogen limitation of
growth and nutrient dynamics in a disturbed mangrove forest, Indian River Lagoon,
Florida. Oecologia 134, 405–414. https://doi.org/10.1007/s00442-002-1117-z.

Feller, I.C., Lovelock, C.E., McKee, K.L., 2007. Nutrient addition differentially affects
ecological processes of Avicennia germinans in nitrogen versus phosphorus lim-
ited mangrove ecosystems. Ecosystems 10, 347–359. https://doi.org/10.1007/
s10021-007-9025-z.

Frost, P.C., Evans-White, M.A., Finkel, Z.V., Jensen, T.C., Matzek, V., 2005. Are you what you
eat? Physiological constraints on organismal stoichiometry in an elementally imbal-
anced world. Oikos 109, 18–28. https://doi.org/10.1111/j.0030-1299.2005.14049.x.

Giri, C., Ochieng, E., Tieszen, L.L., Zhu, Z., Singh, A., Loveland, T., Masek, J., Duke, N., 2011.
Status and distribution of mangrove forests of the world using earth observation sat-
ellite data. Glob. Ecol. Biogeogr. 20, 154–159. https://doi.org/10.1111/j.1466-
8238.2010.00584.x.

Gitelson, A.A., Viña, A., Verma, S.B., Rundquist, D.C., Arkebauer, T.J., Keydan, G., Leavitt, B.,
Ciganda, V., Burba, G.G., Suyker, A.E., 2006. Relationship between gross primary pro-
duction and chlorophyll content in crops: implications for the synoptic monitoring of
vegetation productivity. J. Geophys. Res. 111, D08S11. https://doi.org/10.1029/
2005JD006017.

Guiz, J., Ebeling, A., Eisenhauer, N., Hacker, N., Hertzog, L., Oelmann, Y., Roscher, C., Wagg,
C., Hillebrand, H., 2017. Interspecific competition alters leaf stoichiometry in 20 grass-
land species. Oikos 127, 903–914. https://doi.org/10.1111/oik.04907.

Güsewell, S., 2004. N:P ratios in terrestrial plants: variation and functional significance.
New Phytol. 164, 243–266. https://doi.org/10.1111/j.1469-8137.2004.01192.x.

Han, W., Fang, J., Guo, D., Zhang, Y., 2005. Leaf nitrogen and phosphorus stoichiometry
across 753 terrestrial plant species in China. New Phytol. 168, 377–385. https://doi.
org/10.1111/j.1469-8137.2005.01530.x.

He, Z., Peng, Y., Guan, D., Hu, Z., Chen, Y., Lee, S.Y., 2018. Appearance can be deceptive:
shrubby native mangrove species contributes more to soil carbon sequestration
than fast-growing exotic species. Plant Soil 432, 425–436. https://doi.org/10.1007/
s11104-018-3821-4.

Herbert, D.A., Williams, M., Rastetter, E.B., 2003. A model analysis of N and P limitation on
carbon accumulation in Amazonian secondary forest after alternate land-use aban-
donment. Biogeochemistry 65, 121–150. https://doi.org/10.2307/1469731.

Jayatissa, L.P., Dahdouh-Guebas, F., Koedam, N., 2002. A review of the floral composition
and distribution of mangroves in Sri Lanka. Bot. J. Linn. Soc. 138, 29–43. https://doi.
org/10.1046/j.1095-8339.2002.00002.x.

Jeyasingh, P.D., Weider, L.J., Sterner, R.W., 2009. Genetically-based trade-offs in response
to stoichiometric food quality influence competition in a keystone aquatic herbivore.
Ecol. Lett. 12, 1229–1237. https://doi.org/10.1111/j.1461-0248.2009.01368.x.

Jiang, Z., Guan, W., Xiong, Y., Li, M., Chen, Y., Liao, B., 2019. Interactive effects of intertidal
elevation and light level on early growth of five mangrove species under Sonneratia



9D. Zhu et al. / Science of the Total Environment 738 (2020) 140301
apetala Buch. Ham plantation canopy: turning monocultures to mixed forests. Forests
10, 83. https://doi.org/10.3390/f10020083.

Kadoya, T., Inoue, T., 2015. Spatio-temporal pattern of specific gravity of mangrove dia-
spore: implications for upstream dispersal. Ecography 38, 472–479. https://doi.org/
10.1111/ecog.01074.

Kalembasa, S.J., Jenkinson, D.S., 1973. A comparative study of titrimetric and gravimetric
methods for the determination of organic carbon in soil. J. Sci. Food Agr. 24,
1085–1090. https://doi.org/10.1002/jsfa.2740240910.

Karpinets, T.V., Greenwood, D.J., Sams, C.E., Ammons, J.T., 2006. RNA: protein ratio of the
unicellular organism as a characteristic of phosphorous and nitrogen stoichiometry
and of the cellular requirement of ribosomes for protein synthesis. BMC Biol. 4, 30.
https://doi.org/10.1186/1741-7007-4-30.

Keenan, T.F., Niinemets, U., 2016. Global leaf trait estimates biased due to plasticity in the
shade. Nat. Plants. 3, 16201. https://doi.org/10.1038/nplants.2016.201.

Koerselman, W., Meuleman, A.F., 1996. The vegetation N:P ratio: a new tool to detect the
nature of nutrient limitation. J. Appl. Ecol. 33, 1441–1450. https://doi.org/10.2307/
2404783.

Legendre, P., Legendre, L.F., 2012. Numerical Ecology.
Li, F., Hu, J., Xie, Y., Yang, G., Hu, C., Chen, X., Deng, Z., 2018. Foliar carbon, nitrogen and

phosphorus stoichiometry of Carex brevicuspis along a small-scale elevation gradient.
Ecol. Indic. 92, 322–329. https://doi.org/10.1016/j.ecolind.2017.04.059.

Lovelock, C.E., Feller, I.C., McKee, K., Engelbrecht, B., Ball, M., 2004. The effect of nutrient
enrichment on growth, photosynthesis and hydraulic conductance of dwarf man-
groves in Panama. Funct. Ecol. 18, 25–33. https://doi.org/10.1046/j.0269-
8463.2004.00805.x.

Lovelock, C.E., Feller, I.C., Ball, M.C., Engelbrecht, B.M., Ewe, M.L., 2006. Differences in plant
function in phosphorus- and nitrogen-limited mangrove ecosystems. New Phytol.
172, 514–522. https://doi.org/10.1111/j.1469-8137.2006.01851.x.

Lovelock, C.E., Feller, I.C., Ball, M.C., Ellis, J., Sorrell, B., 2007a. Testing the growth rate vs.
geochemical hypothesis for latitudinal variation in plant nutrients. Ecol. Lett. 10,
1154–1163. https://doi.org/10.1111/j.1461-0248.2007.01112.x.

Lovelock, C.E., Feller, I.C., Ellis, J., Schwarz, A., Hancock, N., Nichols, P., Sorrell, B., 2007b.
Mangrove growth in New Zealand estuaries: the role of nutrient enrichment at
sites with contrasting rates of sedimentation. Oecologia 153, 633–641. https://doi.
org/10.1007/s00442-007-0750-y.

Lunstrum, A., Chen, L., 2014. Soil carbon stocks and accumulation in young mangrove for-
ests. Soil Biol. Biochem. 75, 223–232. https://doi.org/10.1016/j.soilbio.2014.04.008.

Makino, W., Cotner, J.B., Sterner, R.W., Elser, J.J., 2003. Are bacteria more like plants or an-
imals? Growth rate and resource dependence of bacterial C: N: P stoichiometry.
Funct. Ecol. 17, 121–130. https://doi.org/10.2307/3599036.

Mao, R., Chen, H., Zhang, X., Shi, F., Song, C., 2016. Effects of P addition on plant C:N:P stoi-
chiometry in an N-limited temperate wetland of Northeast China. Sci. Total Environ.
559, 1–6. https://doi.org/10.1016/j.scitotenv.2016.03.158.

Mayor, J.R., Wright, S.J., Turner, B.L., 2014. Species-specific responses of foliar nutrients to
long-term nitrogen and phosphorus additions in a lowland tropical forest. J. Ecol. 102,
36–44. https://doi.org/10.1111/1365-2745.12190.

McGroddy, M.E., Daufresne, T., Hedin, L.O., 2004. Scaling of C: N: P stoichiometry in forests
worldwide: implications of terrestrial redfield-type ratios. Ecology 85, 2390–2401.
https://doi.org/10.1890/03-0351.

McMahon, T., 1973. Size and shape in biology: elastic criteria impose limits on biological
proportions, and consequently on metabolic rates. Science 179, 1201–1204. https://
doi.org/10.1126/science.179.4079.1201.

Miatto, R.C., Wright, I.J., Batalha, M.A., 2016. Relationships between soil nutrient status
and nutrient-related leaf traits in Brazilian cerrado and seasonal forest communities.
Plant Soil 404, 13–33. https://doi.org/10.1007/s11104-016-2796-2.

Michaels, A.F., 2003. The ratios of life. Science 300, 906–907. https://doi.org/10.1126/
science.1083140.

Minchinton, T.E., 2001. Canopy and substratum heterogeneity influence recruitment of
the mangrove Avicennia marina. J. Ecol. 89, 888–902. https://doi.org/10.1046/
j.0022-0477.2001.00599.x.

Minden, V., Kleyer, M., 2014. Internal and external regulation of plant organ stoichiome-
try. Plant Biol. 16, 897–907. https://doi.org/10.1111/plb.12155.

Naidoo, G., 2009. Differential effects of nitrogen and phosphorus enrichment on growth of
dwarf Avicennia marinamangroves. Aquat. Bot. 90, 184–190. https://doi.org/10.1016/
j.aquabot.2008.10.001.

Niinemets, U., Valladares, F., 2004. Photosynthetic acclimation to simultaneous and
interacting environmental stresses along natural light gradients: optimality and con-
straints. Plant Biol. 6, 254–268. https://doi.org/10.1055/s-2004-817881.

Niklas, K.J., Cobb, E.D., 2005. N, P, and C stoichiometry of Eranthis hyemalis
(Ranunculaceae) and the allometry of plant growth. Am. J. Bot. 92, 1256–1263.
https://doi.org/10.3732/ajb.92.8.1256.

Niklas, K.J., Enquist, B.J., 2002a. Canonical rules for plant organ biomass partitioning and
annual allocation. Am. J. Bot. 89, 812–819. https://doi.org/10.3732/ajb.89.5.812.

Niklas, K.J., Enquist, B.J., 2002b. On the vegetative biomass partitioning of seed plant
leaves, stems, and roots. Am. Nat. 159, 482–497. https://doi.org/10.1086/339459.

Parkinson, J.A., Allen, S.E., 1975. A wet oxidation procedure suitable for the determination
of nitrogen and mineral nutrients in biological material. Commun. Soil Sci. Plan. 6,
1–11. https://doi.org/10.1080/00103627509366539.

Peng, Y., Diao, J., Zheng, M., Guan, D., Zhang, R., Chen, G., Lee, S.Y., 2016. Early growth
adaptability of four mangrove species under the canopy of an introduced mangrove
plantation: implications for restoration. For. Ecol. Manag. 373, 179–188. https://doi.
org/10.1016/j.foreco.2016.04.044.

Pérez-Harguindeguy, N., Díaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P., Bret-
Harte, M.S., Cornwell, W.K., Craine, J.M., Gurvich, D.E., Urcelay, C., Veneklaas, E.J.,
Reich, P.B., Poorter, L., Wright, I.J., Ray, P., Enrico, L., Pausas, J.G., De Vos, A.C.,
Buchmann, N., Funes, G., Quétier, F., Hodgson, J.G., Thompson, K., Morgan, H.D., Ter
Steege, H., Sack, L., Blonder, B., Poschlod, P., Vaieretti, M.V., Conti, G., Staver, A.C.,
Aquino, S., Cornelissen, J.H.C., 2013. New handbook for standardised measurement
of plant functional traits worldwide. Aust. J. Bot. 61, 167–234. https://doi.org/
10.1071/bt12225.

Polidoro, B.A., Carpenter, K.E., Collins, L., Duke, N.C., Ellison, A.M., Ellison, J.C., Farnsworth,
E.J., Fernando, E.S., Kathiresan, K., Koedam, N.E., Livingstone, S.R., Miyagi, T., Moore,
G.E., Ngoc Nam, V., Ong, J.E., Primavera, J.H., Salmo, S.G., Sanciangco, J.C., Sukardjo,
S., Wang, Y., Yong, J.W., 2010. The loss of species: mangrove extinction risk and geo-
graphic areas of global concern. PLoS One 5, e10095. https://doi.org/10.1371/journal.
pone.0010095.

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna, Austria https://www.R-project.org/.

Reef, R., Ball, M.C., Feller, I.C., Lovelock, C.E., 2010. Relationships among RNA:DNA ratio,
growth and elemental stoichiometry in mangrove trees. Funct. Ecol. 24, 1064–1072.
https://doi.org/10.1111/j.1365-2435.2010.01722.x.

Reich, P.B., Oleksyn, J., 2004. Global patterns of plant leaf N and P in relation to tempera-
ture and latitude. Proc. Natl. Acad. Sci. U. S. A. 101, 11001–11006. https://doi.org/
10.1073/pnas.0403588101.

Reich, P.B., Tjoelker, M.G., Machado, J.L., Oleksyn, J., 2006. Universal scaling of respiratory
metabolism, size and nitrogen in plants. Nature 439, 457–461. https://doi.org/
10.1038/nature04282.

Ren, H., Lu, H., Shen, W., Huang, C., Guo, Q., Li, Z., Jian, S., 2009. Sonneratia apetala Buch.
Ham in the mangrove ecosystems of China: an invasive species or restoration spe-
cies? Ecol. Eng. 35, 1243–1248. https://doi.org/10.1016/j.ecoleng.2009.05.008.

Ren, H., Wu, X., Ning, T., Huang, G., Wang, J., Jian, S., Lu, H., 2011. Wetland changes and
mangrove restoration planning in Shenzhen Bay, Southern China. Landsc. Ecol. Eng.
7, 241–250. https://doi.org/10.1007/s11355-010-0126-z.

Richards, D.R., Friess, D.A., 2016. Rates and drivers of mangrove deforestation in Southeast
Asia, 2000-2012. Proc. Natl. Acad. Sci. U. S. A. 113, 344–349. https://doi.org/10.1073/
pnas.1510272113.

Sack, L., Melcher, P.J., Liu, W., Middleton, E., Pardee, T., 2006. How strong is intracanopy
leaf plasticity in temperate deciduous trees? Am. J. Bot. 93, 829–839. https://doi.
org/10.3732/ajb.93.6.829.

Sardans, J., Rivas-Ubach, A., Peñuelas, J., 2012. The C:N:P stoichiometry of organisms and
ecosystems in a changingworld: a review and perspectives. Perspect. Plant Ecol. Evol.
Syst. 14, 33–47. https://doi.org/10.1016/j.ppees.2011.08.002.

Sistla, S.A., Schimel, J.P., 2012. Stoichiometric flexibility as a regulator of carbon and nutri-
ent cycling in terrestrial ecosystems under change. New Phytol. 196, 68–78. https://
doi.org/10.1111/j.1469-8137.2012.04234.x.

Valladares, F., Niinemets, U., 2008. Shade tolerance, a key plant feature of complex nature
and consequences. Annu. Rev. Ecol. Evol. Syst. 39, 237–257. https://doi.org/10.1146/
annurev.ecolsys.39.110707.173506.

Vrede, T., Dobberfuhl, D.R., Kooljman, S.A.L.M., Elser, J.J., 2004. Fundamental connections
among organism C: N: P stoichiometry, macromolecular composition, and growth.
Ecology 85, 1217–1229. https://doi.org/10.1890/02-0249.

Warton, D.I., Duursma, R.A., Falster, D.S., Taskinen, S., 2012. Smatr 3-an R package for es-
timation and inference about allometric lines. Methods Ecol. Evol. 3, 257–259.
https://doi.org/10.1111/j.2041-210X.2011.00153.x.

Wellburn, A.R., 1994. The spectral determination of chlorophylls a and b, as well as
total carotenoids, using various solvents with spectrophotometers of different
resolution. J. Plant Physiol. 144, 307–313. https://doi.org/10.1016/s0176-1617
(11)81192-2.

Williams, L.J., Cavender-Bares, J., Paquette, A., Messier, C., Reich, P.B., 2020. Light mediates
the relationship between community diversity and trait plasticity in functionally and
phylogenetically diverse tree mixtures. J. Ecol. https://doi.org/10.1111/1365-
2745.13346 online.

Wu, M., He, Z., Fung, S., Cao, Y., Guan, D., Peng, Y., Lee, S.Y., 2020. Species choice in man-
grove reforestation may influence the quantity and quality of long-term carbon se-
questration and storage. Sci. Total Environ. 714, 136742. https://doi.org/10.1016/j.
scitotenv.2020.136742.

Xia, C., Yu, D., Wang, Z., Xie, D., 2014. Stoichiometry patterns of leaf carbon, nitrogen and
phosphorous in aquatic macrophytes in eastern China. Ecol. Eng. 70, 406–413.
https://doi.org/10.1016/j.ecoleng.2014.06.018.

Xie, H., Yu, M., Cheng, X., 2018. Leaf non-structural carbohydrate allocation and C:N:P
stoichiometry in response to light acclimation in seedlings of two subtropical
shade-tolerant tree species. Plant Physiol. Biochem. 124, 146–154. https://doi.org/
10.1016/j.plaphy.2018.01.013.

Yan, Z., Kim, Han, N.W., Guo, Y., Han, T., Du, E., Fang, J., 2015. Effects of nitrogen and phos-
phorus supply on growth rate, leaf stoichiometry, and nutrient resorption of
Arabidopsis thaliana. Plant Soil 388, 147–155. https://doi.org/10.1007/s11104-014-
2316-1.

Yang, Q., Lei, A., Li, F., Liu, L., Zan, Q., Shin, P.K.S., Cheung, S.G., Tam, N.F.Y., 2014. Structure
and function of soil microbial community in artificially planted Sonneratia apetala and
S. caseolaris forests at different stand ages in Shenzhen Bay, China. Mar. Pollut. Bull.
85, 754–763. https://doi.org/10.1016/j.marpolbul.2014.02.024.

Young, A.J., 1991. The photoprotective role of carotenoids in higher plants. Physiol.
Plantarum. 83, 702–708. https://doi.org/10.1111/j.1399-3054.1991.tb02490.x.

Yu, Q., Wilcox, K., Pierre, K.L., Knapp, A.K., Han, X., Smith, M.D., 2015. Stoichiometric
homeostasis predicts plant species dominance, temporal stability, and re-
sponses to global change. Ecology 96, 2328–2335. https://doi.org/10.1890/14-
1897.1.

Zaehle, S., Medlyn, B.E., De Kauwe, M.G., Walker, A.P., Dietze, M.C., Hickler, T., Luo, Y.,
Wang, Y.P., El-Masri, B., Thornton, P., Jain, A., Wang, S., Warlind, D., Weng, E.,
Parton, W., Iversen, C.M., Gallet-Budynek, A., McCarthy, H., Finzi, A., Hanson, P.J.,
Prentice, I.C., Oren, R., Norby, R.J., 2014. Evaluation of 11 terrestrial carbon-nitrogen



10 D. Zhu et al. / Science of the Total Environment 738 (2020) 140301
cycle models against observations from two temperate free-air CO2 enrichment stud-
ies. New Phytol. 202, 803–822. https://doi.org/10.1111/nph.12697.

Zechmeister-Boltenstern, S., Keiblinger, K.M., Mooshammer, M., Peñuelas, J., Richter, A.,
Sardans, J., Wanek, W., 2015. The application of ecological stoichiometry to plant–
microbial–soil organic matter transformations. Ecol. Monogr. 85, 133–155. https://
doi.org/10.1890/14-0777.1.
Zhang, J., He, N., Liu, C., Xu, L., Yu, Q., Yu, G., 2018a. Allocation strategies for nitrogen and
phosphorus in forest plants. Oikos 127, 1506–1514. https://doi.org/10.1111/
oik.05517.

Zhang, J., Zhao, N., Liu, C., Yang, H., Li, M., Yu, G., Wilcox, K., Yu, Q., He, N., Niu, S., 2018b. C:
N:P stoichiometry in China’s forests: from organs to ecosystems. Funct. Ecol. 32,
50–60. https://doi.org/10.1111/1365-2435.12979.


	Light and competition alter leaf stoichiometry of introduced species and native mangrove species
	1. Introduction
	2. Materials and methods
	2.1. Study sites
	2.2. Experimental design
	2.3. Sampling and elemental analysis
	2.4. Statistical analysis

	3. Results
	3.1. Allometric relationships of leaf elements
	3.2. Effects of light and competition on leaf ecological stoichiometry
	3.3. Relationships between functional traits and leaf stoichiometry

	4. Discussion
	4.1. Allometric relationship of leaf stoichiometry
	4.2. Response of leaf stoichiometry to light and competition
	4.3. Relationships between functional traits and leaf stoichiometry

	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




