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Summary

1. Ecological stoichiometry connects different levels of biology, from the gene to the globe,
by scaling up elemental ratios (e.g., carbon [C], nitrogen [N], and phosphorus [P]). Thus,
ecological stoichiometry could be a powerful tool for revealing certain physiological
processes of plants. However, C:N:P stoichiometry remains unclear at the community and
ecosystem level, despite it being potentially important for primary productivity.

2. In this study, we measured the C, N, and P content of different plant organs, litter, and soil
in 9 natural forest ecosystems (cold-temperate to tropical forests along a 3700-km transect
in China) to explore C:N:P stoichiometry and the main influencing factors. C:N:P
stoichiometry was evaluated for different components in the forest ecosystems (plant
community, soil, litter, and ecosystem) and, at the community level, for different organs
(leaves, branches, trunks, and roots) from 803 plant species.

3. The ratios of C:P and N:P decreased with increasing latitude, with spatial patterns being
primarily regulated by climate. Interestingly, the homeostasis of N, P, and N:P was

highest in leaves, followed by branches, roots, and trunk, supporting the hypothesis that
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more active organs have a higher capacity to maintain relatively stable element content
and ratios. At the community level, the leaf N:P ratio indicated increasing P limitation in
forests of lower latitude (i.e., more southerly) in China’s forests.

4. Our findings demonstrate the spatial patterns of C:N:P stoichiometry and the strategies of
element distribution among different organs in a plant community, providing important
data on C:N:P to improve the parameterization of future ecological models.

Keywords: ecological stoichiometry, C:N:P, community, latitudinal pattern, homeostasis,

limiting element

Introduction

All plants are composed of more than 16 elements that are essential for growth and
development (Marschner 2011), of which carbon (C), nitrogen (N), and phosphorus (P) are
considered primary elements. The C:N:P ratio can be used to estimate the growth rate of
some organisms (Elser et al. 2000b), determine limiting elements (Koerselman & Meuleman
1996), and demonstrate the allometric growth and distribution of mineral elements (Yang et
al. 2014; Zhao et al. 2016b). In fact, these three items represent the main research focus of
ecological stoichiometry. Ecological stoichiometry refers to the balance of energy and
multiple chemical elements by element ratios (Sterner & Elser 2002). It has been considered
a major progress in ecology over the last two decades, with many ecologists being devoted to
this field of research. As shown in Figure 1, most of studies on C, N, and P stoichiometry in
terrestrial ecosystems have focused on the organ level, and only a few have been conducted at

the plant community and ecosystem levels. Previous studies have focused on averaging the
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element content of dominant species (through randomly collected data of some species in
practice), which directly promoted the research process of ecological stoichiometry. However,
this method of data processing is open to discussion. First, there are no standards for selecting
dominant species, such as the number. Second, the different roles of different species or
functional types were overlooked in the methods originally used. In nature, communities and
ecosystems are formed as a result of the adaptation of species to a specific environment and
mutual competition between species. Thus, structure and functioning of terrestrial ecosystems
should be explored at this important community/ecosystem level. Therefore, investigations at
the community level which including more species and functional types as well as
community structure, rather than the organ level, might better reflect the characteristics of an
ecosystem and provide a better foundation for improving ecological models.

The C, N, and P content of plants is closely related to the environment; therefore, their
stoichiometry might vary with changing environments (Zhang et al. 2012; Li, Niu & Yu
2015). Chapin III et al. (2011) observed that plants obtain more than 90% of their N and P
from the nutrients that plants returned to soil the previous year. Plants principally acquire N
and P from the soil, with soil nutrient content representing an important factor regulating
plant C:N:P stoichiometry (Gusewell 2004). Reich and Oleksyn (2004) presented the Soil
Substrate Age hypothesis to explain this process, whereby tropical soils that are considered to
be older than temperate soils and to be more leached lead to increased C:N and C:P in leaves.
In addition, climate (i.e., mean annual temperature (MAT) and mean annual precipitation
(MAP)) vary dramatically with changing latitude and longitude. The mechanisms underlying

the influence of climate on the spatial patterns of plant C:N:P stoichiometry remain unclear.
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However, several hypotheses have been proposed, including the Temperature—Plant
Physiological hypothesis and the opposing Temperature—Biogeochemistry hypothesis (Reich
and Oleksyn 2004). In the former, leaves have higher N and P in colder climates to
compensate for reduced efficiency and rate of biochemical reactions. In the latter, low
temperatures suppress the mineralization and decomposition of organic matter, and then
restrain plant N and P uptake (Reich & Oleksyn 2004). However, these hypotheses have not
been verified using data from the plant community level.

Organisms with homeostasis can keep the content of different elements, and their ratios,
relatively stable in changing environments (Sterner & Elser 2002). This phenomena reflect
the adaptation of organisms to their environment in long-term evolution (Yu et al. 2011).
Homeostasis has been confirmed in plankton (Andersen & Hessen 1991), algae (Rhee 1978),
and herbaceous plants (Yu ef al. 2010; Yu et al. 2015). However, to date, the homeostasis of
forest communities has not been reported. In fact, different plant organs play different roles to
keep a plant alive. For example, leaves are mainly responsible for photosynthesis,
transpiration, and gas exchange, roots are responsible for nutrient absorption and support, and
trunks are responsible for support and storage. Typically, the most active organ has the
highest requirements for requisite elements (e.g., N and P). Therefore, we hypothesized that
more active organs would have higher N:P stoichiometry homeostasis to achieve optimal
material and energy efficiency (the homeostasis hypothesis).

According to the law of the minimum (Liebig 1840), the limiting element is the one
whose content is below the minimum requirement of plants, because its supply cannot meet

the need of plant growth and development, resulting in low forest productivity. Previous
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research has identified such element limitations at regional (Han et al. 2005) and global
(Elser et al. 2007) scales. Furthermore, based on leaf element content for several species,
these studies have noted that the limiting element has higher homeostasis (Avolio et al. 2014;
Yu et al. 2015). Because the characteristics of the community can reflect nature better, the
limiting element required to be investigated at the community level (considering most plant
species and community structure).

The north-south transect of eastern China (NSTEC) is 4700 km long, and includes almost
all forest types in the northern hemisphere and mainly influence by a thermal gradient. This
transect provides a unique natural laboratory to investigate C:N:P stoichiometry in forest
ecosystems and, in particular, to verify the suggested homeostasis hypothesis at the
community level. The main objectives of this study were to: 1) reveal the C:N:P
stoichiometry of ecosystem components and plant organs at the community level, and 2)
explore their latitudinal patterns and influencing factors (climate and soil), and 3) determine
the limiting element of the forest community. Our results are expected to help improve the

parameterization of future ecological models.

Materials and Methods

Study Site
Nine typical forest ecosystems along the NSTEC (cold-temperate to tropical zones) were
included in the study (Fig. 1). From north to the south, the sites spanned latitudes from 51.8

to 18.7 °N, MAT from —4 to 23 °C, and MAP from 470 to 2270 mm, respectively. The soil
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types included podzol, greyzem, luvisol, ferralsol, and acrisol (Table S1). The vegetation
types correspondingly varied from cold temperate coniferous forest to tropical monsoon

forest (Fig. 1).

Field Sampling

In this study, we investigated the C, N, and P content of the different organs (leaves,
branches, trunks, and roots) in different plant species (total of 803 tree, shrub, and herb
species), as well as litter and soil. In 2013, field sampling was conducted during the period of
peak growth (July and August). Each forest contained 4 experimental plots (30 x 40 m), with
plant species, number, and community structure being investigated in each plot. For trees and
shrubs, we measured height and diameter at breast height (DBH) to calculate biomass (Wang
et al. 2015). For herbs, we measured biomass by removing plants at ground level.

For all trees and shrubs in each plot, the leaves (only those sun-exposed and fully
expanded), end branches (diameter < 1 cm, collected randomly), cores (gathered using
increment borer at breast height), and fine roots (diameter < 2 mm) were collected (in JF, we
only collected leaf samples due to the disturbance of typhoon in 2013). When we collected
root samples, we removed the surrounding soil along certain main root until we found the
fine roots to distinguish different species. For herbs, the whole plant was removed for
subsequent processing. Soil samples were also collected using a soil sampler (40-50 random
points in each plot) in the 0—10 cm and 10-30 cm layers.

The leaf, branch, trunk (or core), fine root, and litter samples were carefully cleaned and

oven-dried at 60 °C. Soil samples were air-dried after being sieved (2-mm mesh), and visible
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roots and organic debris were separated by hand. All samples were ground to fine powder,
using a ball mill (MM400 ball mill, Retsch, Germany) and an agate mortar grinder (RM200,

Retsch, Haan, Germany), for element analysis (Zhao et al. 2016a).

Measurement of Element Content

The C and N content of the plant and soil samples were determined with an elemental
analyzer (Vario MAX CN Elemental Analyzer, Elementar, Hanau, Germany). Before
measuring P, plant samples were acidified with 68% HNOs, while soil samples were acidified
with HNOs and HF, all night (Zhao et al. 2016a). Samples were then digested with a
microwave digestion system (Mars X press Microwave Digestion system, CEM, Matthews,
USA). All samples were analyzed for P with an inductively coupled plasma optical emission

spectrometer (ICP-OES, Optima 5300 DV, Perkin Elmer, Waltham, USA).

Historical Data

We extracted climatic data (MAT and MAP) from the meteorological database, which
was generated by the ANUSPLIN interpolation software, based on the data from 740 China
Meteorological Administration climate stations during 1961-2007 (Li et al. 2016; Tian et al.
2016). The P content of litter were extracted from the published literature for experimental
sites that were similar to our sites. A mini-meta analysis, using the search term “ecological
stoichiometry” in Web of Science, was conducted to determine the number of stoichiometric

studies in terrestrial ecosystems (Fig. 2).
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Calculations and Data Analysis

To better reflect relative contribution of each species in the community, the C, N, and P
content of the individual, community, and ecosystem was calculated using the biomass
weighted mean method. Species-specific allometric equations were used to calculate the
biomass of leaves, branches, trunks, and roots for each studied species in the community.
However, some species’ specific organ biomass was unavailable. Therefore, allometric
equations from the same genera or mixed-species equations of a forest were used to deal with
the problem (see equations from Supplementary Dataset). C:N, C:P, and N:P were used as the
mass ratios in this study. We derived element content for the plant species, community, and

ecosystem using Eq. 1, Eq. 2, and Eq. 3, respectively.

For the plant species:

BB

E  =FE

BL BT BR
X——+E, X +E, X +E, X (1)

Spe Spe Spe Spe

Spe L

where Ej), is the element (C, N or P) content (g kg_l) of the plant species. E;, Ep, Er, and Eg
are the element (C, N or P) content (g kg_l) of the leaves, branches, trunks, and roots of the
species, respectively. By, B, Br, and By are the biomass (t ha™") of the leaves, branches,
trunks, and roots of the species, respectively. Bs, is the biomass (t ha™) of the species.

For the plant community:

B,

E., = Z E; X 2)

Com
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where Ec,, is the element (C, N or P) content (g kg_l) of the plant community, E; is the
element (C, N or P) content (g kg’l) of the plant species j, B; is the biomass (t ha™) of species
J, and B, is the biomass (t ha’l) of the community.

For the ecosystem:

100X E,xB,+Y E, xBD, XT,

3
100x > B, + > BD, XT, ®

Eco

where Eg, is the element (C, N or P) content (g kg’l) of the ecosystem, E; and B; are as
defined for Eq. 2, Ey is the soil element (C, N or P) content (g kg’l) of soil layer k, BDy is the
soil bulk density (g cm™) of soil layer k, Ty is the thickness (cm) of soil layer k, and 100 is the
unit conversion factor.

Furthermore, to explore the C:N:P stoichiometry of the different organs, we also used the

biomass weighted mean method (Eq. 4).

Bi
B,

EOrg zinX (4)

rg

where E¢,, is the element (C, N or P) content (g kg_l) of the organ in a plot, E; and B; are the
element (C, N or P) content (g kg_l) and biomass (t ha™") of the organ of plant species i,
respectively, and Bo,, is the organ biomass (t ha™) of all species in the plot.

We used homoeostatic regulation coefficient (H) to depict the homoeostatic regulation

capacity of different organs for different elements (Sterner & Elser 2002) (Eq. 5).

where y is N or P content (g kg™') or the N:P ratio of plant organs at the community level

calculated by Eq. 4, x is N or P content (g kg_l) or the N:P ratio of soil, and c is a constant.

One-way ANOVA with Duncan post hoc multiple comparisons was used to compare
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differences in the C:N:P ratio among ecosystem components and plant organs.
Paired-samples t-tests were used to test the differences between the 2 scaling-up methods;
namely, the biomass weighted mean and arithmetic mean (averaging species element content
directly). Linear regressions were performed to describe the relationships among C:N, C:P,
N:P, latitude, MAT, MAP, and soil N and P content. Redundancy analysis was used to
determine influencing factors for the latitudinal pattern of N:P. All analyses were conducted
by SPSS (version 19.0) statistic software or R (3.1.2) software. The significance level for all

tests was P = 0.05.

Results
Changes in C:N:P Stoichiometry in Different Components of Forest Ecosystems

The estimated C:N:P ratios in China’s forest ecosystem, plant community, litter, and soil
were 186:5:1, 1359:13:1, 714:21:1, and 73:5:1, respectively (Fig. 3A). The variable
coefficient (CV) of C:N was highest in the plant community, followed by litter and soil;
however, the opposite trend was obtained for C:P and N:P (Table S2). Significant differences
(P < 0.05) were observed for the C:N, C:P, and N:P ratios of each component (ecosystem,
plant community, litter, and soil) among the 9 forest ecosystems (Table S3).

In general, the C:P and N:P ratios for each ecosystem component were correlated with
latitude, MAT, MAP, and soil N and P content. These 2 ratios were negatively correlated
with latitude and soil N and P content, but were positively correlated with MAT and MAP
(Table 1). Redundancy analysis showed that climate (MAT and MAP) was the dominant

factor regulating the spatial patterns of these 2 ratios, followed by soil (soil N and P content).
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Together, climate and soil explained 97.2%, 62.9%, 86.8%, and 90.1% of spatial variation of

the N:P ratio for the plant community, litter, soil, and forest ecosystem, respectively (Fig. 4).

Changes in C:N:P Stoichiometry in Different Plant Organs

The estimated leaf, branch, trunk, and root C:N:P ratios were 447:19:1, 633:11:1,
5394:14:1, and 706:15:1, respectively (Fig. 3B). The C:N, C:P, and N:P ratios were
significantly different among the different organs (P < 0.05), with the highest C:N and C:P
occurring in the trunks, the highest N:P occurring in the leaves, and the lowest N:P occurring
in the branches. The CV of C:N and C:P was lowest in the branches and highest in the trunks.
In contrast, the CV of N:P was lowest in the leaves and highest in the roots (Table S4).
Furthermore, the C:N:P stoichiometry in each organ was significantly different among the 9
forests (Table S5).

C:P and N:P ratios decreased with increasing latitude and soil N and P content, and
increased with increasing MAT and MAP, irrespective of plant organ (Table 2; Fig. 5).
However, no clear relationship was observed for C:N. Together, climate and soil explained
95.8%, 95.4%, 76.8%, and 98.5% of N:P spatial variation in the leaves, branches, trunks, and

roots (Fig. 4).

Changes in Homeostasis among Different Plant Organs
Different plant organs showed different homeostasis for N, P, and N:P. Overall, leaves
showed strong homeostasis for N, P, and N:P. The branches and roots showed relatively

strong homeostasis for P or N:P. In contrast, the trunks showed no homeostasis for any
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element (Table 3).

Discussion
C:N:P Stoichiometry in Forest Ecosystems

Our study is the first to report the C:N:P stoichiometry of several ecosystem components
and plant organs at a large scale (Table S6). In general, our results differed from those
obtained by a previous global-scale study. For example, root C:N:P was 706:15:1 in our study,
whereas it was 522:12:1 in the previous global-scale study (Gordon & Jackson 2000).
However, due to the use of different scaling-up methods, some results reported here were not
able to compare with those of previous studies. In this study, the biomass weighted mean
method was used for scaling-up, whereas most previous studies only collected data on the
dominant species, and used the arithmetic mean method for scaling-up. In general, the
biomass weighted mean method should better reflect reality, because it considers the relative
contribution of each species in the community. To determine if there were any differences
between the 2 scaling-up methods, we used our data to calculate means using both methods.
As a result, we confirmed that there are significant differences (P < 0.05) between the two
methods, especially for C:N and C:P. For instance, most of the means were higher using the
biomass weighted mean method compared to the arithmetic mean method (Fig. S1 and S2).
These results suggest that calculating C:N:P stoichiometry without considering plant
community structure might underestimate the elemental ratios, with this issue requiring future

consideration in ecological models.
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We only found one previous study using the biomass weighted mean method (Jackson et
al. 1997). However, our study obtained higher root C:N:P (706:15:1) compared to that
obtained by in Jackson et al. (1997) (450:11:1). This difference might be attributed to
systematic sampling and investigation in this study rather than collecting data from other
studies. In general, the data of species’ traits collected from published literature can well only
explain the characteristics of dominant species. However, C:N:P ratios of non-dominant
species were also shown in this study, which is significantly different from the dominant
species. In addition, we only focused on forest ecosystems in China rather than all kinds of
ecosystems, including tundra, desert and grassland globally, in which N and P content of fine
root were high (Yuan, Chen & Reich 2011).

Significant differences in C:N:P stoichiometry were detected among the different organs
(Table S4). The ratios of C:N and C:P were higher in trunks than in the other organs. This
difference is likely due to more N and P being allocated to active organs (e.g., leaves and
branches) to meet the requirements of plant growth and development (Sterner & Elser 2002).
Trunks are primarily responsible for support; consequently, trunks contain more
carbohydrates (i.e., carbon) than other organs. In contrast, leaves are responsible for
photosynthesis, and need sufficient N and P to synthesize various enzymes for biochemical
reactions. In comparison, branches contain abundant N and P, because they are responsible
for the development of new shoots and nutrient exchange. Because fine roots connect the
plant to the soil, they are important for absorbing water and mineral nutrients (Taiz & Zeiger
2002) and exchanging materials. Consequently, roots require adequate N and P to support

metabolism and transfer excess N and P to leaves and branches. In general, the activity of

This article is protected by copyright. All rights reserved.



organs determines the level of the element ratios.

Climate is the Main Factor Influencing Spatial Patterns in C:N:P Stoichiometry

The ratios of C:P and N:P in different ecosystem components and plant organs showed
decreasing trends with increasing latitude (Table 1 and 2). These results are consistent with
the Temperature—Plant Physiological hypothesis and the Soil Substrate Age hypothesis (Reich
& Oleksyn 2004). In high-latitude areas, the growing season is short, and accompanied by
lower temperature. Therefore, plants might increase their absorption of nutrient elements to
compensate for lower enzyme efficiency and RNA. In contrast, low-latitude regions with a
tropical climate (i.e., higher MAP and MAT) have no decrease in enzyme efficiency or RNA,
but do have a larger loss in soil nutrients through leaching than in high-latitude regions.
Consequently, P content is lower in low-latitude regions. In addition, plants mainly absorb P
from the soil, whereas they obtain N from several sources, i.e., the soil, biological N fixation,
and significantly increasing atmospheric N deposition (Jia et al. 2014; Zhu et al. 2015; Zhu et
al. 2016). Thus, the source of elements might explain N:P spatial pattern. Previous studies on
the spatial patterns of C:N:P stoichiometry were mostly conducted using leaf (Elser et al.
2000a; Han ef al. 2005; Kerkhoff ef al. 2005) and root (Yuan, Chen & Reich 2011) data
collected from published literature, resulting in it being fragmentary and biased. The results
from our comprehensive study provide important information on different ecosystem
components and plant organs and therefore help to fill the knowledge gap on C:N:P
stoichiometry, as we provide the first results on this subject for forest ecosystem and

community.
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The latitudinal patterns of C:N:P stoichiometry in forest ecosystems are controlled by
many factors. Using redundancy analysis, we found that climate factors (MAT and MAP) and
edaphic factors (soil N and P content) explain most of the variation in the N:P ratio in forests
at a large scale (Fig. 4). In general, more of the variation was explained by climate (a + ¢)
than by edaphic factors (b + ¢). This difference might occur because the studied plant species
had different tolerances to climatic conditions, which resulted in regular changes in
community structure along the NSTEC. However, whether climate influences these patterns
by regulating plant species composition or phylogenic properties remains unclear and
requires further investigation. Furthermore, changes in climate altered the hydrothermal
conditions along the NSTEC, which might have resulted in different nutrient allocation
among different plants, and even among different plant organs. Soils provide the main
nutrient elements (including trace elements) to maintain plant growth, but have weak capacity
to alter species composition or vegetation types. Therefore, for N:P spatial patterns, climate

was the dominant influencing factor.

Element Allocation in Different Organs Represents the Adaptation Strategy of Plants

At the community level, the N, P, and N:P levels in leaves were well regulated, which
showed a high homeostasis that was not observed in other organs (Table 3). This
phenomenon might occur because leaves are responsible for supplying energy (through
photosynthesis) to support plant growth; therefore, leaves need to be able to maintain a
suitable nutrient level (i.e., homeostasis). These findings support the hypothesis that active

organs are able to maintain nutrient levels to ensure optimal material and energy use

This article is protected by copyright. All rights reserved.



efficiency. This mechanism is unique, allowing plants to adapt to changing environments.

In general, better constraint was exhibited for P compared to N in the different plant
organs (Table 3). Based on the theory stating that limiting elements are better regulated in
homeostasis (Avolio et al. 2014; Yu et al. 2015), our results suggest that P was the more
restricted element in the plant community. Under low phosphorus stress, plants form a
self-regulating mechanism, through strengthening P absorption from the soil or re-absorption
from the senescent organs (Aerts 1996; Yuan et al. 2005), which keeps the element at a

relatively stable state to ensure a variety of plant biochemical reactions.

Forests in Low-latitude Regions are More Restricted by P Limitation

At the community level, the ratio of leaf N:P ranged from 9.6 in HZ (Cold-temperate
forest) to 24.8 in JF (Tropical forest), which were logarithmic decreases with increasing
latitude (Table S5 and Fig. 5). Based on the standard (Koerselman & Meuleman 1996), N:P <
14 indicates N limitation, N:P > 16 indicates P limitation, and 14 < N:P < 16 indicates that
the plant is co-limited by N and P. Therefore, we concluded that high-latitude forests are not
subject to P limitation, whereas low-latitude forests are restricted by P supply, with this
limitation effect strengthening with decreasing latitude.

In natural forests, P mainly originates from the soil, through rock weathering (Tiessen,
Stewart & Cole 1984; Walbridge, Richardson & Swank 1991). In the short term, available P
mainly exists in soil organic matter and organisms. In tropical soil, P is the main limiting
element, whereas N is the limiting element in high-latitude soil (Reich & Oleksyn 2004).

Soils in low-latitude areas, such as red soil and laterite in this study, have lower available P
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because of the tropical climate, with faster mineralization and stronger eluviation (Reich &
Oleksyn 2004). In addition, higher N deposition in south China (Zhu et al. 2015) accelerates
plant growth. This phenomenon increases plant demand for P, resulting in higher P limitation
in the future (Elser et al. 2009; Li, Niu & Yu 2015). Furthermore, P limitation of plant growth
also results from limiting microbial growth in tropical forests (Cleveland, Townsend &
Schmidt 2002). Considering the inhibition of limiting element for forest development, these
results suggest that further consideration should be given to element limitations in forest

management strategies in China and in other forest systems globally.

Conclusions

This study was the first comprehensive field investigation (cold-temperate to tropical
ecosystems) of C:N:P stoichiometry in different organs, plant species, and soils. Our results
provided important information on ecological stoichiometry at the natural
community/ecosystem level. The C:P and N:P ratios of different components and organs
decreased with increasing latitude. Variation in the spatial patterns of N:P were better
explained by climate than by soil factors. However, the influencing mechanisms require
further investigation. The findings of the study supported the homeostasis hypothesis, with
this unique mechanism allowing plants to adapt to their environment. Furthermore, at the
community level, leaf N:P ratio decreased (logarithmic) with increasing latitude, indicating
that the limiting effect of P supply increases with decreasing latitude. This finding has

important implications on forest management practices. In particular, our study provides
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valuable data for improving and establishing new forest ecosystem models, as well as

providing a basis for future research on global C, N, and P coupling cycles.
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Table 1 Correlation coefficients of C:N, C:P, and N:P of different components with respect to

latitude, MAT, MAP, soil N, and soil P content in forest ecosystems

Ratio Latitude MAT’ MAP Soil N content  Soil P content
Ecosystem C:N -0.58 0.66 0.69 —0.73* —-0.75*
C:P -0.64 0.76* 0.71%* -0.63 —0.80*
N:P -0.59 0.72% 0.63 -0.55 —0.83*
Plant community C:N 0.45 -0.36 -0.19 -0.11 0.08
C:P -0.37 0.53 0.38 -0.79* -0.59
N:P —0.66 0.76* 0.44 -0.74* -0.67
Litter C:N 0.07 -0.07 -0.17 -0.07 -0.16
C:P —0.80%* 0.83** 0.79* —0.82%%* —-0.66
N:P —0.73%% 0.75% 0.77% -0.68* -0.50
Soil C:N 0.28 -0.21 -0.29 -0.28 -0.32
C:P -0.53 0.62 0.61 -0.59 —0.85%*
N:P -0.64 0.71%* 0.72% -0.56 -0.76*

t MAT, mean annual temperature; MAP, mean annual precipitation.

* P<0.05; **, P<0.01.

Table 2 Correlation coefficients of C:N, C:P, and N:P of plant organs with respect to latitude,

MAT, MAP, soil N, and soil P content in forest ecosystems

Ratio Latitude MAT’ MAP Soil N content  Soil P content
Leaf C:N -0.53 0.52 0.54 -0.76* -0.53
C:P —0.93%* 0.96** 0.86%* —0.81%* -0.77*
N:P —0.90%** 0.94 %% 0.80* -0.67 —-0.72%*
Branch C:N 0.40 -0.29 -0.23 -0.18 -0.25
C:P —0.72% 0.82% 0.56 -0.81* -0.83*
N:P -0.78* 0.85%* 0.58 -0.73* -0.72%*
Trunk C:N 0.35 -0.25 -0.24 -0.25 0.08
C:P 0.03 0.12 0.04 -0.45 -0.15
N:P -0.61 0.76* 0.52 -0.61 -0.52
Root C:N -0.30 0.20 0.58 -0.09 —-0.05
C:P —0.77* 0.84 %% 0.63 -0.86** -0.67
N:P -0.51 0.59 0.23 -0.70 —0.56

t MAT, mean annual temperature; MAP, mean annual precipitation.

* P<0.05; **, P<0.01.
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Table 3 Homoeostatic regulation coefficient (H) of different plant organs, which was

calculated using y = cx' ¥
Organ N P N:P
Hy' R? Hp R? Hy.p R?
Leaf 3.14 0.45 2.05 0.63 2.08 0.35
Branch — 2.29 0.71 2.14 0.29
Trunk — — — — —
Root — — 2.02 0.45 — —

t Hy, Hp, and Hy.p were homoeostatic regulation coefficient for N, P, and N:P, respectively; R’ ,

coefficient of determination; —, no significant difference at P < 0.05.

Figure legends:

Fig. 1 Locations of the selected forest ecosystems.

HZ, Huzhong; LS, Liangshui; CB, Changbai; DL, Dongling; TY, Taiyue; SN,
Shennongjia; JL, Jiulian; DH, Dinghu; JF, Jianfengling.

Fig. 2 Theoretical framework of ecological stoichiometry and the key scientific issues at a
terrestrial ecosystem scale. The small panel shows the number of stoichiometric
studies in terrestrial ecosystems (meta-analysis).

Fig. 3 Changes in C:N:P ratios at the community level among different components (A) and
different organs (B) in China’s forests, which were calculated using the biomass
weighted method.

Fig. 4 Variance in the latitudinal pattern of N:P in different ecosystem components and

different plant organs might be explained by climate (MAT and MAP), as well as soil
N and P content using redundancy analysis. a and b are the single effects; c is the

interaction effect.
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Fig.5 Latidudinal patterns of C:N, C:P, and N:P of different plant organs.

R’ is the coefficient of determination; P is the significance level at P = 0.05 level.

Supplementary information

Table S1 The selected information for nine forests from tropical to cold-temperate region in
eastern China

Table S2 Changes in the ratios of C:N, C:P, and N:P in different ecosystem components

Table S3 Changes in the ratios of C:N, C:P, and N:P in different ecosystem components in
the nine forests

Table S4 Changes in the ratios of C:N, C:P, and N:P for different plant organs

Table S5 Changes in the ratios of C:N, C:P, and N:P for different plant organs in the nine
forests

Table S6 Comparisons of C:N:P stoichiometry between this study and others

Fig. S1 Comparisons of elemental ratios of different ecosystem components between the
method of arithmetic mean (AM) and biomass-weighted mean (WM).
* P <0.05; **, P <0.01; ns, no significant difference at P = 0.05 level.
Fig. S2 Comparisons of elemental ratios of different plant organs between the method of
arithmetic mean (AM) and biomass-weighted mean (WM).
* P <0.05; **, P <0.01; ns, no significant difference at P = 0.05 level.
Supplementary Dataset

Allometric equations for biomass calculation

This article is protected by copyright. All rights reserved.



Fig. 1

Altitude (m)
B806
6961
5152
3342
1533
0
Vegetation types
Cold temperate coniferous forest
Temperate conifer broadleal mixed forest

Warm temperate deciduous broad-leaved forest
North subtropical deciduous evergreen mixed forest

NanSha Islands !

Subtropical evergreen broad-leaved forest

South subtropical monsoon evergreen broad-leaved forest

eedO@CCe

Tropical monsoon forest 0 500 1,000

iz

This article is protected by copyright. All rights reserved.



Fig. 2

190
185

180 I
175 Yy y

v
15
10

Number of studies

Cell

C:N:P ratio
Scaling up

CNP stoichiometry

Homeostasis in
different organs

Limiting element

This article is protected by copyright. All rights reserved.




A Ecosystem B

C:MN: P = 186:5:1

Plant Community

SNP=1359:13:1

Trunks

SN = 53940140
Litter C:N:P - G 33914

Roots C:N:P = To:15:1

C:N:P

CN: P

Leaves

447:19:1

Branches

633:11:1

This article is protected by copyright. All rights reserved.




Fig. 4
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