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Abstract
Aims Elemental stoichiometry of soil is a useful indicator
of nutrient constraints. The aim of this study is to assess the
relative contributions of local-scale determinants to the soil
carbon/nitrogen ratio (C:N) and nitrogen/phosphorus ratio
(N:P) in a 25 ha temperate forest plot.
Methods Leaf litter biomass at 967 soil sampling points
was predicted using mapped tree distribution and leaf litter
data (150 traps) for seven tree species. Boosted regression
trees (BRT) were used to examine the relative contribution
of local-scale variables to key elemental stoichiometry of
soil. These variables included leaf litter input, neighbor
species composition, soil pH andmoisture, and topography.
Results Both biotic and abiotic variables influenced soil
C:N and N:P ratios, but abiotic factors had a greater
influence. Soil pH was the most important predictor of
soil C:N and N:P with a strong positive correlation.
Topography and soil moisture explained more of the

local-scale variability of soil C:N and N:P ratios than
tree composition and leaf litter inputs.
Conclusions Our results suggest soil pH was a better
predictor of local-scale spatial variability of soil elemen-
tal stoichiometry than tree composition and leaf litter
inputs in temperate forests. These results improve our
understanding of the mechanisms underlying the hetero-
geneity of soil nutrients.

Keywords Soil elemental stoichiometry . Local-scale
factors . Leaf litter input . Plant-soil feedback . BRT
models . Temperate forest

Abbreviations
BA Basal area
BRT Boosted Regression Tree analysis
CBS Changbaishan (Forest area)
DBH Diameter at breast height
LLF Leaf litterfall mass
RAC Residual autocovariate
SAC Spatial autocorrelation

Introduction

Carbon (C), nitrogen (N) and phosphorus (P) are key
elements to living organisms, and their stoichiometry
(C:N and N:P ratio) is a useful indicators of nutrient
limitation in both terrestrial and aquatic ecosystems (Elser
et al. 2007; Gundersen et al. 2009; Bui and Henderson
2013; Cools et al. 2014), and ecosystem functioning. The
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influence of plant-soil feedback on soil biogeochemical
heterogeneity is well documented (Finzi et al. 1998;
Augusto et al. 2002; Aponte et al. 2013; Vesterdal et al.
2013). In forest ecosystems, the dominant nutrient fluxes,
including litter inputs, nutrient leaching, and nutrient up-
take by trees, depends largely on species composition and
the size of canopy trees. These factors drive local hetero-
geneity of soil biogeochemistry (Finzi et al. 1998; Gomez-
Aparicio and Canham 2008; Keller et al. 2013; Morhart
et al. 2016). However, much of the previous research has
focused on isolating effects of one or a few tree species on
soil biogeochemistry properties. Consequently, the effects
of plant diversity and composition on ecosystem biogeo-
chemistry are largely unknown. This information would
provide insight into potential mechanisms of species coex-
istence and serve as a guide for forest management in the
face of climate change.

Leaf litter is a key linkage between tree diversity, forest
biomass, and belowground biogeochemical processes.
Differences in the quantity, quality (decomposability and
nutrient content), and diversity of leaf litter inputs have
shown to significantly affect the spatial variation in soil
physical properties and nutrient availability (Finzi et al.
1998; Gomez-Aparicio and Canham 2008; Xu et al. 2013;
Uriarte et al. 2015; Xia et al. 2015). A recent meta-analysis
on 70 litter-manipulation experiments found that greater
litter inputs increases soil C storage, but did not affect total
N, extractable inorganic N or extractable P in mineral soil,
and consequently, increases C:N ratios (Xu et al. 2013).
However, field litter-manipulation experiments usually fo-
cus on very few species and little is known about how
changes in aboveground litter inputs of multi-species affect
soil C and nutrient heterogeneity at the local scale (20–
50 ha). Togetherwith data on inter-specific variation of leaf
nutrients, plot-based studies on the distribution of leaf
litterfall provide a powerful tool for understanding plant-
soil feedbacks (Gomez-Aparicio and Canham 2008;
Uriarte et al. 2015; Xia et al. 2015). Recently, in tropical
and subtropical forests, fine-scale (<1 ha) and local-scale
spatial variability of soil nutrients ratios have been found to
be positively associated with leaf litter production and
nutrient fluxes using inverse modeling methods (Qiao
et al. 2014; Uriarte et al. 2015; Xia et al. 2015). A recent
study byUriarte et al. (2015) indicated that leaf litter inputs
had varying effects soil chemical properties (e.g. soil C:N
and N:P ratios) and soil physical characteristics (such as
topography and rock contents). In temperate forests, lower
leaf biomass allocation and higher root biomass allocation
have been found compared to tropical forests (Jackson

et al. 1996; Mokany et al. 2006; Poorter et al. 2012). The
differences in foliar nutrient content among species in
temperate forests are smaller than in tropical forests
(Townsend et al. 2008; Yuan and Chen 2009). How these
differences influence biogeochemical properties remain
largely unknown. Therefore, there is a need to understand
the importance of leaf litter inputs on the heterogeneity of
soil nutrient ratios, especially in mixed temperate forests.

The heterogeneity of soil C, N and P content and their
stoichiometry are also affected by abiotic factors, such as
topography, soil pH, and soil moisture (Seibert et al. 2007;
Wang et al. 2007; Yuan et al. 2013; Uriarte et al. 2015).
Many previous studies have been demonstrated the impor-
tance of topographic position (Yoo et al. 2006; Riveros-
Iregui and McGlynn 2009). For instance, soil N:P ratios
were greater in steeper (slopes >15 % slope) than in flat
areas (slopes <15% slope) in a tropical forest (Uriarte et al.
2015). An additional study found that the C:N ratio de-
creased in upslope areas (Seibert et al. 2007). While in a
temperate grassland slope-bottoms had higher soil C, and
N contents than adjacent up-slope areas (Frank 2008). Soil
pH and moisture have direct and indirect effects on soil C,
N, P content and their stoichiometry by regulating organic
matter decomposition and nutrient loss. Increasing soil pH
has been shown to enhance microbial activity, soil respi-
ration and denitrification rates, resulting in effluxes of C
and N (Kemmitt et al. 2006; Pietri and Brookes 2008;
Weslien et al. 2009; Cuhel et al. 2010). In contrast, at
steady state, soil pH had no significant effect on total soil
C andN content, and soil C:N ratios (Kemmitt et al. 2006).
Increasing soil moisture has also been shown to increase
C:N ratios, but not N:P ratios (Uriarte et al. 2015). There is
substantial evidence suggesting that the heterogeneity of
soil nutrient ratios is influenced by local abiotic and above-
ground biotic factors, the relative importance of these
factors (especially leaf litter inputs) is still unclear due to
their complex interactions.

Korean pine–broadleaf mixed forests located in north-
eastern China have high species richness and unique spe-
cies composition among temperate forests (Yang and Xu
2003; Stone 2006; Hao et al. 2007). Understanding multi-
species effects on the key belowground biogeochemical
properties in this particular mixed temperate forest remains
poor. In this study, we aim to investigate factors determin-
ing soil C:N and N:P ratios at a local scale using mapped
trees and leaf litterfall data of seven dominant tree species,
and soil chemical data in an old-growth temperate forest.
We attempt to answer the following questions: 1. How
does the leaf litterfall of dominant tree species vary in
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biomass, C, N, P content, stoichiometric ratios, and spatial
deposition patterns? 2. To what extent and how is the
heterogeneity of soil stoichiometry influenced by local
biotic (leaf litter inputs and tree composition) and abiotic
factors (topography, soil moisture and pH)?

Methods

Study site

This study was conducted in a 25 ha (500 m × 500 m)
permanent forest dynamics plot in theChangbaishan (CBS)
Nature Reserve in northeastern China (42°23′N, 128°05′E).
The reserve is one of the largest biosphere reserves in
China, located near the border with North Korea and has
not experienced logging or other human disturbance for at
least 300 years. The mean elevation of the CBS temperate
forest plot is 801.5 m ranging from 791.8 to 809.5 m. The
mean annual temperature is 3.6 °C, and the mean annual
precipitation is approximately 700 mm. The forest type is a
mixed broad-leaved and conifer temperate forest. The soil
is classified as dark brown forest soil (Mollisol according to
U.S. soil Taxonomy Series, 1999), for which the parent
material is granite and basalt.

The CBS plot was established in 2004. Censuses are
conducted every five years following protocols of Center
for Tropical Forest Science (CTFS). Data from the 2009
tree census was used in this study. All free-standing trees at
least 1 cm in diameter at breast height (DBH ≥ 1) from the
ground were tagged, measured and identified to species,
and their geographic coordinates were recorded following
a standard field protocol (Condit 1998). The second census
of 2009 recorded 34,926 individuals belonging to 51
species, 31 genera and 18 families (Wang et al. 2011).
Seven dominant tree species were selected in this study:
Pinus koraiensis, Tilla amurensis, Quercus mongolica,
Fraxinus mandshurica, Ulmus japonica, Acer mono, and
Acer pseudo-sieboldianum. These seven species accounted
for nearly 88%of adult stems (DBH ≥ 10 cm) and 91%of
leaf litter that fell into leaf litter traps.

Leaf litter collection and chemical analyses

This work was conducted based on Forestry Standards
BObservation Methodology for Long-term Forest
Ecosystem Research^ of People’s Republic of China
(LY/T 1952-2011). To assess the spatial variation of leaf
litterfall in the CBS plot, 150 litterfall traps were installed

in June 2005 (Fig. 1). The traps were relatively evenly
distributed throughout the plot. The traps were arranged
using a combination of typical grids and circular plots,
which limited the maximum distance (31m) between trees
and the nearest litter trap (Li et al. 2012). The average
distance of adjacent traps was 38.3 m with a range of 28.3
to 44.7 m. Each trap had a surface area of 0.56 m2

(0.75 m × 0.75 m) and was constructed using fine-
flexible 1 mm mesh and supported by four PVC tubes of
1 m above the ground. Litterfall was collected from the
traps twice a month from May to Dec and once a month
from Jan. toApr each year. Leaf litter was sorted to species,
oven dried and weighed. Leaf litter constituted 71.3 % of
total litter mass. We used leaf litter collection data from
2009 for our study. From September to October in 2009,
leaf litter from at least 10 traps for each of the seven study
species was dried, weighed and ground using a mixer mill
(Retsch MM400) for chemical analysis. For the analyses
of C andN, 80mg of the dried sampleswasweighed to the
nearest 0.1 mg, and total C and N concentrations were
determined using an elemental analyzer (vario MACRO
cube, Elementar Corporation, Hanau, Germany). Total P
was determined by acid digestion using HNO3-HClO4

solution and measured using an inductively coupled plas-
ma mass spectrometer (ICP-MS) (Agilent 7500a, Agilent
Technologies, Melbourne, Australia).

Soil sample collection and chemical analyses

From 1st to the 4th of October 2007, during a dry fall
growing season, soil samples were collected based on a
regular grid of points every 30 m (John et al. 2007). Two
sample points were selected from 2, 5, or 15 m in a
randomly assigned compass point direction from the grid
point. Obstructions including fallen trees (logs) or big tree
roots were avoided or discarded, resulting in 967 samples
(Fig. 1) (Yuan et al. 2013). Within 0.2 m of each sample
point, three topsoil (0–10 cm) subsamples were collected
using a 5 cm diameter soil corer after removing large
debris. The sub-samples were then mixed to give a repre-
sentative sample for that grid point. Soil moisture had a
clear gradient pattern with higher values occurring in the
west of the CBS plot (Yuan et al. 2013). The volumetric
water content (%) of the 0–20 cm soil layer was measured
at sample locations using a time domain reflectometer
probe (FieldScout TDR200, Spectrum Technologies, Inc.
Aurora, IL). All soil samples were air-dried under shade,
then ground and sieved. For each soil sample, one half was
sieved through 2-mmmesh (for pH measurement) and the
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other half though 0.149 mm mesh (for total N, total P and
total C analyses). Soil pH and total C, N and P were
analyzed according to Sparks (Sparks et al. 1996). Soil
pH was measured in the slurry (soil: water =2.5:1) using a
pHmeter (FE20-K,Mettler-Toledo Instruments, Shanghai,
China). Total C was measured by the acidified dichromate
(K2Cr2O7-H2SO4) oxidation method. Total N was deter-
mined by digesting samples in H2SO4-HClO4 acid and
then measured using the Kjeldahl method. Total P was
determined by molybdenum antimony blue colorimetry
after digestion using a H2SO4-HClO4 acid solution.

Species composition data

The size and identity of the canopy trees strongly affects
ecosystem processes at the 0–25 m scale (Finzi et al.
1998; Gomez-Aparicio and Canham 2008; Xia et al.
2015). In our study, P. koraiensis (a coniferous species)
was one of the seven dominant species. Thereby, we
used the relative basal area (BA) ofPinus koraiensis, the
total BA, stem density, and species richness of all stems
≥1 cm DBH within 25 m radius of each soil sample
location to represent species composition.

Topographical data

The elevation of each 20 m × 20 m quadrat was taken as
the mean of the elevation at the four corners. Convexity
and slope values were calculated for each quadrat. Three

habitat types were classified from this data: low plateau
(slopes <7° and elevation <804.0 m), slope (slopes >7°)
and high plateau (slopes <7°and elevation >804.0 m).

Data analyses

The model of Ferrari and Sugita (1996) was used to predict
leaf litterfall mass (LLF) as a function of the DBH of the
seven dominant tree species and their distance from the
litter traps. For each the seven species, we ran pairwise
correlations between the leaf litter biomass of any two years
from 2008 to 2013. We found there were high correlations
between any two-year combinations for all seven species
(Supplementary Table 3), indicating the collection by leaf
litterfall in traps was very similar each year. We used the
CBS census data and litterfall data collected in 2009 to
estimate parameters of leaf litter dispersal. Specifically, we
used the number, tree size (DBH) and distance of all DBH
equal to or exceeding 2.5 cm of source trees within a 25 m
radius of a given litterfall trap to estimate species-specific
litterfall mass. The LLF in traps was estimated using the
following model (Ferrari and Sugita 1996):

LLFi ¼ a
η

Xn

j¼1

DBHb
ijexp −c0rij

� �h i
ð1Þ

Where LLFi (g) is the total leaf litterfall mass collect-
ed in trap i, DBHij (cm) is the diameter at breast height
of tree j associated with trap i, rij (m) is the distance of

Fig. 1 Distribution pattern of soil sampling points, litterfall traps
and contour map of the 25 ha Changbai temperate plot. (a) Black
dots represent litterfall traps; (b) red triangles represent soil sample

points; green, blue and yellow colors represent low-plateau
(slope < 7°, elevation <804.0 m), slope (slope < 7°), and high-
plateau (slope < 7°, elevation >804.0 m), respectively
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tree j from the litterfall trap i, parameters a and b specify
the increase of leaf biomass with increasing tree
diameter. c0 is a parameter determining the shape
of the leaf fall shadow, and η is a normalization
constant.

The traps within 30 m of the plot edge were omitted to
avoid edge effects and to optimize model parameters. Data
from a total of 126 traps were used in the analyses. Data
were divided into a calibration (n = 76) and a validation set
(n = 50). Predicted leaf litterfall biomass was calculated for
the validation set using parameter estimates from the cal-
ibration data only. Then, leaf litter dispersal models were
optimized using the whole data set (n = 126). Parameters
of the litterfall models were estimated for the seven species
using the maximum likelihood method. Residual errors
between observed and predicted leaf litter weights approx-
imated a normal distribution. Interval estimation was used
to measure the significance of the parameters. Model
quality was evaluated by Pearson correlation coefficient
(r), mean error of prediction (ME), and root mean square
error of prediction (RMSE). The parametric paired t-test
was used to examine whether means of measured and
predicted data were significantly different. Leaf litter dis-
tribution was simulated across the whole plot for each of
the seven target species based on the estimated species-
specific parameters together with mapped tree data in
2009, and C, N, and P data in species-specific leaf litter.
C:N and N:P ratios at a given location were calculated as
the sum of C orN contributions from seven the tree species
over the sum of all N or P contributions. For example N:P
ratio at location i was calculated as:

Leaf Litterfall N : Pi ¼
X 7

j¼1
N j � Leaf litter massij

X 7

j¼1
P j � Leaf litter massij

ð2Þ

Where Nj and Pj are the N and P content of the tree
species j. leaf litter massij is leaf litter biomass of the
species j at the location i.

All above data analyses were conducted in the R-
package ‘base’ (R Development Core Team 2014).

All predictor variables were used in the boosted regres-
sion tree (BRT) models to estimate the C:N and N:P ratios
in the soil (Table 1). First, we ran simple Pearson correla-
tions to examine covariation among predictor variables
(Supplementary Table 4). Variables were removed if the
correlation coefficient exceeded a threshold of 0.7
(Dormann et al. 2013). Then, we used BRT models to
examine the relative influence of biotic and abiotic

variables on soil C:N and N:P ratios. The BRT models
were built using the R- package ‘gbm’ (Version 2.1.1
Ridgeway 2010) and the custom functions developed by
Elith et al. (2008). Models were fitted using the gbm. Step
function and a Gaussian response type (aimed at minimiz-
ing squared error). The most effective settings for learning
rate were in the range of 0.001–0.005 and the bag fraction
was set at 0.75 (which specifies the proportion of data
randomly drawn at each iteration). Tree complexity (the
number of nodes in a tree) was set to 5, according to
recommendations by Elith et al. (2008) for large datasets.

To assess the structure of spatial autocorrelation
(SAC) in the data we calculated Moran’s I values of
BRT model residuals. The residual correlograms of
BRT models were plotted using the package spdep
(Bivand 2015). Moran’s I ranges from 1 to −1,
with zero indicating a random pattern with no
SAC. If BRT models residuals had strong SAC,
we adopted a residual autocovariate (RAC) model
(Crase et al. 2012). We calculated a RAC layer for
each model to get SAC for a first-order neighbor-
hood size (3 × 3 cells). This RAC layer was then
used as a predictor in the corresponding BRT
model. To assess the reduction in residual SAC,
the correlograms of RAC-BRT residuals were also
plotted.

The spatial distribution of soil C:N, N:P ratio, soil pH
and soil moisture within an area of 470 m × 470 m were
interpolated using ordinary kriging in the geoR package
and mapped (Ribeiro and Diggle 2001). First, the Box-
Cox transformation was used to improve data normality.
Second, the spatial trends of variables were checked and
removed to make data stationary. Third, the semi-
variogram models and the parameters of semi-
variogram models were fitted. Finally, values for the
grids that were constituted by the coordinates of soil
sampling points were predicted for all variables using
krige. Conv function. All analyses were conducted
using the R statistical software version 3.1.2 (R Core
Team 2014).

Results

Tree species and leaf litter properties

Population structure, the quantity and the quality of leaf
litter varied substantially among the seven dominant tree
species. The abundance, maximumDBH, and mean DBH
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of the seven target species had significant differences
(Table 2). P. koraiensis had the highest proportion of adult
stems in this plot. Leaf litter of each species was measured
in at least 90 % of the litterfall traps, but leaf litter
mass by species varied substantially among 150
litterfall traps, with coefficient of variations (CVs)
ranging from 67.7 to 145.9 %. Among the seven
species, the P. koraiensis leaf litter had the highest
C concentration and lowest N concentration, and con-
sequently, highest C:N and lowest N:P ratios. In con-
trast, T. amurensis had the lowest C:N ratios, the highest
N and P concentrations (Table 2).

Prediction and spatial distribution patterns of leaf litter
and soil

The leaf litterfall model parameters derived from our plot
were species dependent (Supplementary Table 5). P.
koraiensis and A. pseudo-sieboldianum have the highest
c0, indicating that dispersal of leaf litter away from source
trees is not far for these two species. For each of the seven
species, the leaf litter dispersal models exhibited a good fit
to the data. The model predictions of leaf litter are highly
correlated with actual leaf litterfall measured in the valida-
tion set data (Supplementary Fig. 4, r = 0.79–0.89). The
best predictions were for P. koraiensis accounting for up to
79 % of the observed variation in leaf litter. The least
accurate predictions were for A. mono, which accounted
for 62 % of the observed variation. RMSE and ME were
low for all species models, and measured and predicted
total LLF were not significantly different (P < 0.05)

(Supplementary Table 5). Composite C:N ratios of leaf
litter inputs across the plot ranged from 31.4 to 59.4
(mean = 40.3 ± 5.3 SD) and N:P ratios from 15.1 to 29.5
(mean = 20.7 ± 2.6 SD).

The nugget/sill (C0/C) for C:N ratio, N:P ratio, pH
values and moisture in soil were 43.5%, 68.7%, 61.9%
and 62.8 %, respectively (Supplementary Fig. 5a-d).
The kriged maps of C:N ratio, N:P ratio, pH values
and moisture in soil across the whole plot are given in
Fig. 2. Predicted C:N ratios (Fig. 2a) and N:P ratios
(Fig. 2b) in leaf litter were higher than soil C:N ratios
(Fig. 2c) and N:P ratios (Fig. 2d), respectively, and their
spatial distributions were non-synchronous. The maps
of soil pH had a similar distribution to soil N:P ratios.
Soil C:N and N:P ratios exhibited smaller variation than
leaf litter, with an averages of 14.8 ± 2.1 and 5.1 ± 0.7,
respectively (Fig. 2).

Spatial variation associations in soil C:N and N:P ratios

The residual correlograms from the BRT models and the
RAC-BRT models showed that inclusion of RAC as a
predictor in the model substantially reduced first-order spa-
tial autocorrelation in the model residuals (Supplementary
Fig. 6). All of the predictor variables in our BRT models
explained 18.1 % and 23.5 % of the spatial variation in soil
C:N (Fig. 3a) and N:P ratios (Fig. 3b) respectively, after
accounting for spatial autocorrelation effects. The relative
contribution of biotic and abiotic factors to soil C:N ratio
was 8.4 % and 9.7 %, respectively. The relative contribu-
tion of biotic and abiotic factors to soil N:P ratio was 4.7 %

Table 1 Explanatory variables
used in the boosted regression tree
(BRT) models to estimate the soil
nutrient ratio (C:N ratio and N:P
ratio)

Variables Description Mean and range

Abiotic factors at the soil sampling locations

Soil pH pH values 5.44, 4.13–7.13

Soil moisture Water content (%) 39.9, 10.9–74.3

Topography Low, high, slope NA

Factors related to species composition within 25 m radius of the soil sampling locations

BA Species basal area (BA) (cm2) 44.0, 27.3–61.7

Pinus BA ratio Relative basal area of P. koraiensis (g m−2 yr.−1) 10.0, 1.4–20.0

Stem density Numbers of tree stems per m2 275.3, 182–451

Richness Species richness 18.4, 11.0–28.0

Factors related to Leaf litter inputs at the soil sampling locations

LLF Total leaf litterfall mass (g m−2 yr.−1) 133.7,45.0–273.3

LCN Leaf litterfall C:N ratio 37.28, 31.11–55.16

LNP Leaf litterfall N:P ratio 19.54, 14.99–28.70
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and 18.8 %, respectively. Among all predictors, soil pH
was the most important predictor, explaining 4.4 % and
12.1 % of the variation in soil C:N ratio and N:P ratios,
respectively. Positive relationship between C:N and N:P
ratios and soil pHwere observed when pH ranged from 5.5
to 6.5. For soil C:N ratios, topography was the second
most important predictor, explaining about 4 % of the
variation in soil C:N ratios. Soil C:N ratios were high in
low plateau areas, intermediate on slopes, and low soil C:N
ratios in high plateau areas. For soil N:P ratios, soil mois-
ture was the second most important explanatory factor.
Soil moisture had a negative effect on soil N:P ratio and
contributed to 6.6 % of the variation. The soil C:N ratio
increased with increasing Pinus BA ratio, but there were
only weak relationships between soil C:N and N:P ratios
and variables related to leaf litter inputs and species com-
position within a radius of 25 m of the soil sampling
locations.

Discussion

Variations in the stoichiometry of leaf litter

The seven dominant tree species varied substantially in
population structure and the quantity and quality of leaf
litter (Table 1). The spatial distribution of dominant

species varied with different DBH and height classes
(Hao et al. 2007), which contributed to spatial heteroge-
neity of leaf litter biomass inputs across the 150 leaf
litter collection traps (Table 1). Consistent with the
findings in previous studies (Augusto et al. 2002;
Yang and Luo 2011; Cools et al. 2014), we found that
leaf litter of P. koraiensis (the coniferous species) had
higher C:N and lower N:P ratios than other broadleaf
species. As coniferous P. koraiensis was the dominant
species in this study, the average values of leaf litter C:N
(40.3) and N:P ratios (20.7) in our study area were lower
and higher, respectively, compared to C:N (55.9) and
N:P (17.6) ratios of leaf litter in temperate forests from a
global analysis (Yuan and Chen 2009). Leaf litter C:N
and N:P ratios exhibited little difference among broad-
leaf species.

Spatial patterns of stoichiometry of leaf litter and soil

Nutrient ratios maps of soil and leaf litter are used to
visualize nutrient distribution and limitations. As leaf
litter is one of most important source of soil C and
nutrients, soil nutrient ratios maps should correspond
with leaf litter maps. However, the C:N:P stoichiometric
ratios in leaf litter and soil showed little correspondence
in our study (Fig. 2). This could be because litter C:N:P
ratios converged towards relatively stable stoichiometric

Table 2 The characteristics of seven dominant tree species and leaf litter in the 25 ha Changbaishan (CBS) temperate plot

Variables%Species U.
japonica

P.
koraiensis

A. pseudo-
sieboldianum

Q.
mongolica

A.
mono

F.
mandshurica

T.
amurensis

Abundance 1065 2351 4690 905 6479 667 2504

% adult stems 4.12 22.61 10.23 7.40 15.99 6.24 21.17

Maximum DBH (cm) 105.0 98.0 48.2 109.0 62.3 101.8 111.0

Mean DBH (cm) 15.17 33.66 6.92 42.61 7.66 49.36 35.16

Number of associated traps 138 150 135 150 150 138 150

Leaf litter mass (g.m−2.yr.−1) 8.44 33.18 6.68 18.17 10.38 27.55 49.25

% Leaf litterfall 4.70 20.12 3.64 11.01 6.29 15.36 29.85

Leaf litter mass max. (g) 72.6 124. 60.9 97.8 36.8 124.2 147.4

Leaf litter mass min. (g) 0 0.07 0 0.13 0.09 0 1.9

Leaf litter CV (%) 67.7 113.7 78.2 120.9 125.4 94.8 145.9

Leaf litter C content (mg.g−1) 360.3 443.7 398.7 393.8 394.8 361.2 402.0

Leaf litter N content (mg.g−1) 11.2 6.5 10.1 11.8 11.2 10.5 13.4

Leaf litter P content (mg.g−1) 0.47 0.53 0.33 0.46 0.45 0.33 0.78

Leaf litter C:N 32.06 67.97 39.66 33.32 35.12 34.48 29.94

Leaf litter N:P 24.10 12.33 30.79 25.65 24.95 31.57 17.18
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ratios during decomposition (Manzoni et al. 2010). This
suggests that local environmental factors (e.g. soil pH
and moisture) that determine organic matter decompo-
sition rates may contribute to little correspondence of
nutrient ratios between soil and leaf litter. Although
Ferrari and Sugita’s model was powerful in the CBS
temperate forest (Supplementary Fig. 4), and has been
used successfully in other temperate forests (Ferrari and
Sugita 1996; Staelens et al. 2004), the leaf litter dispersal
model could not reproduce observed leaf litter deposi-
tion patterns (Staelens et al. 2004; Jonard et al. 2006).
This may also lead to little correspondence in stoichio-
metric ratios between soil and leaf litter.

Effects of biotic and abiotic factors on soil C:N and N:P
ratios

Soil pH is an important determinant of microbial commu-
nity composition and activity in forest ecosystems
(Hogberg et al. 2007; Li et al. 2014; Shen et al. 2014;
Tripathi et al. 2015), which in turn affects many ecological
processes such as microbial carbon-use efficiency, soil
respiration and N mineralization (Curtin et al. 1998;
Kemmitt et al. 2006; Weslien et al. 2009; Cuhel et al.
2010; Manzoni et al. 2012). Among all the variables
examined, soil pH was strongly positively correlated with
and was the most important predictor of soil C:N and N:P
ratios (Fig. 3). This result is different from what has been
found in agriculture soils (Kemmitt et al. 2006), soil pH
had no significant effect on soil C:N ratios. Previous
studies in the CBS temperate forest have indicated that soil
pHwas themain factor shapingmicrobial composition and
activity and was positively correlated with soil organic C
content (Yuan et al. 2013; Li et al. 2014; Shen et al. 2014),
which is in support of our results. Our results also suggest
that the spatial variation of soil C:N and N:P ratios may be
controlled directly and indirectly by soil pH influencing
belowground processes. Soil pH can be affected by plant
types. Generally, coniferous litter tend to lower pH, be-
cause they generate chemical compounds that contain
polyphenols and carboxylic acids during their

decomposition (Zinke 1962; Augusto et al. 2002).
P. koraiensis was abundant in our study plot, however,
Pinus BA ratio was not correlated with soil pH
(Supplementary, Table 4), suggesting that in addition to leaf
litter input other factors such as topography and soil mois-
ture may also influence the soil pH. A previous study in a
tropical rainforest found that soil pH was strongly correlat-
ed with topography at the scale of 25 m (Xia et al. 2015).
Though variation in topography was small in our study
plot, microhabitats also were important for nutrient cycling
(Fig. 3a). The topography and special plant may influence
the spatial pattern of soil acidity and nutrient cycling.

Litter inputs are important pathways of C and N to the
soil. In this study litter inputs were less important to soil
C:N and N:P ratio than soil pH at the local-scale. No
correlation between soil C:N ratios and leaf litter C:N
ratios was found (Fig. 3). This is in contrast to previous
studies in tropical forests (Xu et al. 2013; Uriarte et al.
2015), where soil C:N ratios were positively correlated
with litter C:N ratios and contributed significantly to the
heterogeneity of soil. Limited leaf litter effects on soil
C:N and N:P ratio may be attributed to several biotic
factors (Powers et al. 2004). First, boreal and temperate
forests have higher root biomass allocation than tropical
forests because plant functions are constrained by low
temperature (photosynthesis, nutrient and water uptake,
growth) (Jackson et al. 1996;Mokany et al. 2006; Poorter
et al. 2012). In CBS and other temperate regions, the
contribution of root litter to the soil C and nutrients pools
can be equal to or more than that of leaf litter (Vogt et al.
1986; Finer et al. 2007; Wang et al. 2015). Preferential
retention of root-derived carbon can make up a larger
fraction of new carbon in soil organic matter than leaf
litter inputs (Schmidt et al. 2011). Second, variability of
litter nutrient fluxes among tree species have been shown
to be larger in a given tropical forest site than across all
temperate forests (Townsend et al. 2008; Mueller et al.
2015). An increasing proportion of depolymerized litter
that is subsequently mineralized or leached from the soil
could also explain the lack of correlation (Mueller et al.
2015). Additionally, soil freeze-thaw events may increase
rates of N and P loss (Fitzhugh et al. 2001; Campbell et al.
2014). In the CBS region, the climate is characterized by
a mountain climate with a short and rainy summer, and a
long harsh winter. There are many freeze-thaw cycles in
late autumn and early spring (Zhou et al. 2011), resulting
in higher loss through leaching and denitrification for N
and surface runoff for P in this region. Finally, a change in
the strength of priming effects is another possible reason.

�Fig. 2 Predicted spatial distribution of (a) leaf litter C:N ratio, (b)
soil C:N ratio, (c) leaf litter N:P ratio, (d) soil N:P ratio, (e) soil pH
and (f) soil moisture in the 25 ha CBS plot based on the 2009 tree
census data and estimated dispersal kernels (Supplementary
Table 5). White indicates values higher than the median, and
green color means values less than the median
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High litter inputs could cause greater priming effects, and
the increase in new soil C derived from the litter may be

offset by the decomposition of older soil C (Sayer et al.
2011; Cheng et al. 2014).

Fig. 3 Partial dependence plots of the influential variables in the
BRT model of (a) soil C:N and (b) N:P ratio. RAC = residuals
autocovariate. For other explanation of variables and their units see
Table 1. Y axes are on a logarithmic scale and are centred to have

zero mean over the data distribution. The values (%) in brackets
are the relative contribution of each predictor variable. Rug plots at
inside bottom of plots show the distribution of a value from a
sample site across that variable, in deciles
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In addition to soil pH and leaf litter inputs effects,
topography and soil moisture also influenced the spatial
variations of soil C:N and N:P ratios. We observed that
spatial variation of soil C:N ratio was strongly affected
by topography relative to soil moisture (Fig. 3a).
Generally, soils in topographic trough locations trend
to have higher soil moisture. Soil C, N and nitrate
leaching are positively associated with soil moisture
(Johnson et al. 2000; Seibert et al. 2007; Yuan
et al.2013), possibly accounting for the topograph-
ic effects on soil C:N ratio. In contrast, spatial
variation of soil N:P was more strongly affected
by soil moisture than by topography (Fig. 3b).
Two reasons may contribute to this phenomenon.
First, there is higher risk of nitrate leaching due to
higher mobility of nitrate (NO3

−) than phosphate
(HPO4

2−, H2PO4
−). Second, where sites tend to be

N- and P-rich, topography has a similar impact on
N and P concentrations (Güsewell 2004).

The above-ground species composition plays a less
important role in determining the variation of soil C:N
and N:P ratios compared to abiotic factors (Fig. 3a, b).
Many previous studies suggest that a single plant can
modify soil nutrients (Finzi et al. 1998; Keller et al.
2013; Qiao et al. 2014). Indeed, we found that the
Pinus BA ratio was positively correlated with soil C:N
ratio and explained more variation of soil C:N ratio than
other biotic factors (leaf litter inputs, stem density, spe-
cies richness and total BA) (Fig. 3a). This is due to
three mechanisms: first, leaf litter of coniferous spe-
cies have higher C:N ratios compared with broadleaf
species (Augusto et al. 2002; Yang and Luo 2011);
second, coniferous species suppress biomass and
activity of soil microflora and soil fauna (Augusto
et al. 2002; Li et al. 2014), resulting in lower soil
organic matter decomposition rate and higher C:N
ratio; third, the canopies of coniferous species can
intercept more elements (eg. sulphur and nitrogen)
from the atmosphere compared to broadleaf species,
decreasing nitrogen inputs (Augusto et al. 2002).
Overall, our results demonstrated that P. koraiensis
could be considered as a useful indicator of soil
nutrient status.

Limitations of the analysis

Our study presented comprehensive analyses on the
relative effects of soil properties, topography, above-
ground litter inputs, and species composition on soil

C:N and N:P ratios in a relatively diverse temper-
ate forest. Multiple factors collectively determine
soil C, N and P stoichiometry. However, the fac-
tors included in our study only explained 18.1 %
and 23.5 % of the spatial variation in soil C:N and
N:P ratios, respectively, which are insufficient to
fully understand and interpret the variability of soil
stoichiometry. Several limitations may affect our
results. First, some potentially important factors
were not considered here, such as belowground
litter inputs (e.g. fine roots) (Freschet et al.
2013), soil biota (Bever et al. 2013), and other
soil physical and chemical properties (Manzoni
et al. 2012; Plaza et al. 2013) and their interac-
tions (Mueller et al. 2015). Second, the litterfall
traps had lower spatial resolution than the soil
samples. Individual-tree leaf litter dispersal models
were powerful and were successfully applied to
predict leaf litter mass at soil sampling sites.
However, there were still some sources of vari-
ances, which may contribute to inaccurate predic-
tions: (i) the location of the tree crowns did not
necessarily correspond to map coordinate of the
focal trees. (ii) Wind or tree height influences on
dispersal were not considered, although the latter
would correlate with DBH. To better understand
the underlying mechanisms of soil nutrient hetero-
geneity, future works need to focus on the influ-
ence of root litter and soil microorganisms.

Conclusions

Our results suggest that biotic and abiotic determi-
nants contribute to the spatial variation of soil
elemental stoichiometry, but abiotic factors tended
to be more important. Specifically, soil pH rather
than leaf litter inputs and species composition was
the major factor explaining the spatial variation of
soil C:N and N:P stoichiometry. This implies that
belowground processes in this temperate forest
drive heterogeneity of soil elemental stoichiometry.
This result offers important insights into nutrient
cycling under climate change. Among the included
biotic variables, the dominant coniferous species, Pinus
koraiensis, played an important role and had a positive
effect on the variability of soil C:N ratio. Thus, man-
agement decisions should be designed with particular
species distribution in mind.
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