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Abstract
Plant functional traits have been shown to vary with environmental conditions. However, 
we lack empirical data on how plant functional traits of different plant life forms respond to 
environmental factors. We studied the influence of environmental conditions on the distri-
bution of plant functional traits in a Quercus wutaishanica forest with the aim of exploring 
the patterns of functional traits across different life forms and determining the driving fac-
tors of functional trait variation at fine spatial scales. We collected data on environmental 
factors (soil nutrients and soil moisture, canopy variables, topography) of 70 20 m × 20 m 
plots. Leaves were harvested from 26 species (4 tree species, 7 shrub species and 15 herba-
ceous species), and community-weighted mean (CWM) trait values for leaf area (LA), leaf 
mass per unit area (LMA), leaf carbon content (LCC), leaf nitrogen content (LNC), leaf 
phosphorus content (LPC), and leaf potassium content (LKC) were calculated. We also 
measured the height (H) of plants. The importance of biotic and abiotic factors in control-
ling plant functional traits was quantitatively assessed using redundancy analysis (RCA). 
Regression was used to determine relationships between CWM trait values and environ-
ment variables. We found that plant functional traits varied with life forms of plants. LA, 
LMA and LCC of trees were greater than those of the understory, whereas LNC, LPC and 
LKC of herbaceous were greater than those of trees. Responses of plant functional traits 
to environmental factors varied with different life forms. The combined effect of canopy, 
topography and soil factors had a greater impact on plant functional traits in understory 
layer than tree layer. General linear models showed that openness is the main factor affect-
ing various functional traits of undergrowth plants, and the relationship between the ele-
ment content in leaves of herbaceous plants and environmental factors is greater than that 
of shrub plants. The strong correlation of plant functional traits and environmental fac-
tors at fine spatial scales indicates that Q. wutaishanica forests have high spatial variabil-
ity. Considering the variation of traits in different life form of plants and their interactions 
with biotic factors, it provides further insights into ecological mechanisms of shaping plant 
communities and driving plant community dynamics.
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wutaishanica forest
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Introduction

Plant functional traits considered as reflecting adaptations to variation in the abiotic and 
biotic environment (de Bello et al. 2010), can predict the response of important ecosystems 
to environmental change, and have a significant impact on the ecosystem processes (Cor-
nelissen et al. 2003). In forest ecosystems, variations in plant functional traits along with 
abiotic and biotic factors determine the function of forest ecosystems (i.e., productivity or 
biomass) (Prado-Junior et al. 2016). Life forms of plants are very important for determin-
ing the gradients of plant functional traits, such as leaf size (Barboni et al. 2004). Different 
plant life forms have different plant functional traits, thus maximizing the utilization of 
resources and reducing adverse environmental impacts (Barboni et al. 2004; McIntyre et al. 
1999). As a means to maximize the utilization of resources in specific environment, plants 
in forest communities present obvious vertical stratification. The tree layer is the domi-
nant feature of forests, which controls the appearance of the forest community, affecting 
the micro-environment of forest and the distribution of understory vegetation (e.g., shrubs 
and herbs) (Lhotka and Loewenstein 2008; Parker and Dey 2008; Rodriguez-Calcerrada 
et  al. 2008). Understory vegetation can restrict forest tree regeneration (Kobayashi et  al. 
2004), affect soil temperature and soil processes (e.g., the decomposition of organic matter 
and nitrogen mineralization) (Matsushima and Chang 2007), and influence forest soil prop-
erties and soil microbial biomass (Zhao et al. 2013, 2011). A deep understanding of the 
potential ecological mechanisms of the relationship between plant functional traits across 
forest strata (i.e., overstorey and understory) is crucial to understanding the importance of 
vertical stratification on ecosystem function in natural forests. Recent work has been paid 
to the relationships between functional traits of overstorey plant traits and environmental 
factors at large spatial scales (Kraft et  al. 2008; Kunstler et  al. 2016). The relationships 
between understory plant traits and environments have received less attention, especially 
the neglect of herbaceous species, which may have a great impact on forest dynamics 
(George and Bazzaz 2003).

Plant functional traits lie at the core of plant-environment interactions. Plants can 
improve the adaptability of population by regulating the utilization of individual resources 
(Kraft et al. 2008; Violle et al. 2007), thus affecting the function of ecosystem (Dı́az and 
Cabido 2001). For instance, plants preferentially assign new photosynthetic products to 
their aboveground parts in order to adapt to light environment (Wilsey 1996). Species with 
high leaf mass per unit area (LMA) appear in habitats with limited water and/or nutrients 
(Poorter et  al. 2009). Some studies have shown that plant functional traits are related to 
physical and chemical properties of the soil (Hinsinger 2001; Ding et al. 2011; Laughlin 
et al. 2015; Coelho et al. 2018). Plant functional traits can also be strongly influenced by 
water (Chaves et  al. 2003; Poorter et  al. 2009) and light (Onoda et  al. 2008; Valladares 
et  al. 2000). Topography controls the spatial redistribution of light, heat, water and soil 
nutrients through geomorphic processes and morphological changes, and can greatly affect 
plant functional traits in forests (Bennie et al. 2008; Zhu et al. 2016). In addition, canopy 
influences the microclimate under the forest and changes the growth conditions of vegeta-
tion, thus affecting the growth, regeneration and species composition of understory vegeta-
tion (Barbier et al. 2008; Ellsworth and Reich 1993). The distribution, size, and orientation 
of leaves determines the pattern of light availability within the canopy and has an impor-
tant influence on the understory, due to canopy trees competing with the understory for 
resources, both above- (e.g., light) and belowground (e.g., water and nutrients) (Ellsworth 
and Reich 1993; Yu and Sun 2013). Therefore, plant functional traits are related to canopy 
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structure. The relationship between plant functional traits and the environment provides a 
foundation for studying plant growth strategies and ecosystem functions, under existing 
changing environmental conditions (Koide et al. 2014; Meng and Wang 2007; Schweiger 
et al. 2017).

Quercus wutaishanica is a dominant tree species in warm temperate deciduous broad-
leaved forest area in China (Chen et  al. 1999). Taiyue Mountain is a typical habitat for 
Q. wutaishanica, which is of great significance for maintaining the stability of the eco-
system in Shanxi Province (Yu and Sun 2013). To consider the functional strategies, it is 
therefore essential to gain insights into the relationship between plant functional traits and 
environment across forest strata (i.e. overstorey and understory). We postulated that plant 
functional traits differ among plant life forms. In addition, understanding the relationship 
between plant functional traits and environmental factors in different plant life forms is of 
great significance for forest management under heterogeneous vegetation. To address this 
need, we explored the variations on plant functional traits across different plant life forms 
and its relationships with environmental factors at fine spatial scales in a temperate decidu-
ous forest. Specially, the objectives of this study were to: (1) what are the characteristics of 
plant functional traits in Q. wutaishanica forest? How did the plant functional traits vary, 
and how did it change across different plant life forms? (2) How did soil properties and 
canopy variables change along the spatial heterogeneity? (3) How do soil properties, can-
opy variables, and topographic factors affect the variations of plant functional traits at fine 
spatial scales?

Materials and methods

Study site

The study area was located in the Lingkong Mountain Nature Reserve (112°5′38″E, 
36°39′24″N) of Taiyue Mountain, Shanxi Province, China. The Q. wutaishanica forest 
in the Reserve is typical of forests ranging from northeast to southwest China, with Q. 
wutaishanica occurring in most of its natural range (Yu and Sun 2013). Elevation ranges 
from 1450 to 1928 m. Mean annual temperature is 6.2 °C, and mean total annual precipita-
tion is about 700 mm, with 60%—70% occurring in the summer (from July to September) 
(Cheng et al. 2014). The soil is identified as Cinnamon, which matches the alfisol type in 
the U.S. soil classification system (Lin et al. 2002; Yu and Sun 2013). The predominant 
tree species in the Reserve are Q. wutaishanica and Pinus tabuliformis, which are typical 
and frequently occurring temperate tree species of northern China. Typical shrub species 
include Lespedeza bicolor, Rosa xanthina, Corylus heterophylla, Spiraea trilobata. The 
most common herbaceous species are Echinochloa crusgalli, Melampyrum roseum, Carex 
duriuscula and Phlomis umbrosa.

Vegetation surveys

In August 2010, a permanent plot covering an area of 2.8 ha (200 m × 140 m) was estab-
lished on a hillside in a secondary forest (Fig. 1). According to historical records, local for-
ests have been frequently disturbed since the 1950s, including small-scale logging, which 
promoted the regeneration of P. tabuliformis and Larix principis-rupprechtii, and periodic 
fires. Since 1998, these forests have been protected as part of the National Natural Forest 
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protection Project, but since then, no forest management measures have been taken for 
forests in this region. The existing forests are composed of Q. wutaishanica, Pinus tabu-
liformis and L. principis-rupprechtii with a certain proportion of pioneer species (Betula 
platyphylla).

Filed surveys and measurements were carried out following the plot established. The 
plot was subdivided into 70 quadrats of 20 m × 20 m. Topographic attributes of each quad-
rats, including slope and aspect, were measured according to the method described in Liu 
et al. (2014). Position on slope was converted to numerical value of 1, 2, 3, and 4 for ridge 
top, upper-, mid-, and down-slope, respectively. All trees with a diameter at breast height 
(DBH; measured at 1.3 m above the soil) at least 1 cm and height were measured, mapped, 
and identified to species (Cheng et al. 2014). In August 2015, the DBH and height of trees 
(DBH > 1  cm) were re-measured. Additionally, five 5  m × 5  m shrub quadrats and five 
1 m × 1 m herbaceous quadrats were set up within each quadrat of 20 m × 20 m. Within 
each quadrat, we recorded the height, occurrence, richness and coverage of each shrub and 
herbaceous plant.

Soil sampling and abiotic variables

In each quadrat, five independent soil samples with a depth of 0–20  cm were collected 
by using a circular soil auger with a diameter of 4.8 cm. Then, these samples were mixed 
within the same depth to analyze soil moisture, pH and soil nutrients. To measure soil 
moisture (M), 50 g of the soil was weighed and dried at 105℃ for 24 h, after removing 
stones, plant roots and litter. The remaining soil was air-dried and then sieved with a 1-mm 
mesh screen. 20 g of the 1 mm filtered soil was used to estimate pH with an acidity meter, 
and 50 g was filtered again with a 0.25 mm sieve to analyze soil organic carbon (SOC), soil 
total nitrogen (STN), soil total potassium (STK), and soil total phosphorus (STP). Samples 
were weighed and acidified by 25% HCl to remove inorganic carbon from the soil (Nieu-
wenhuize et al. 1994). SOC and STN were measured using an elemental analyzer (Thermo 
Fisher Flash 2000, the United States). STP was determined by digestion with perchloric 
acid and then measured by colorimetry (Sommers and Nelson 1972). STK was measured 
by digestion with hydrofluoric acid and perchloric acid (Pratt 1965).

Canopy variables measurements

In August 2015, samples were collected by using a canopy analyzer (WinCANOPY 2010a, 
Regent Instrument Inc., Quebec, Canada) for measuring canopy variables. Nine photos 

Fig. 1  Location and topography of the study site. DEM: Digital elevation model; The right on the right is 
a permanent plot, covering an area of 2.8 ha (200 m × 140 m) and divided into 70 quadrats of 20 m × 20 m
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were taken randomly in each quadrat of 20 m × 20 m. We set the instrument at a height of 
1.3 m. In order to avoid the influence of direct sunlight and scattering on canopy imaging, 
the photos were taken in cloudy weather between 8:00 to 10:00 am and 2:00 to 4:00 pm. 
The leaf area index (LAI), mean leaf angle (MLA), photosynthetic photon flux density 
above and below canopy (PPFD Over and PPFD Under), and openness were calculated by 
the canopy analyzer.

Plant functional traits

We sampled all individuals belonging to 97 species and 34 families. Based on results of 
the importance value (IV) index, 26 species within the 70 quadrats of 20 m × 20 m were 
chosen for measuring various functional traits to get community-weighted means of trait 
values (CWM), including 4 tree species, 7 shrub species and 15 herbaceous species (IV 
index ≥ 0.05) (Table  S1). The species selected accounted for 79% (ranging from 68%—
91%) individuals on average in a plot. The traits were calculated from field measurements 
of fully expanded fresh young and undamaged leaves of adult plants (Lebrija-Trejos et al. 
2010). At least five individuals of comparable size per species were selected (tree ≥ 5 indi-
viduals; shrub ≥ 5 individuals; herbaceous ≥ 10 individuals), and five leaves per individual 
were sampled. Sampled tree leaves came from the outer layer of the crown, in the middle 
of the vertical length (Lebrija-Trejos et al. 2010). To prevent leaf wilting and the closing 
of compound leaves after collection, leaves were collected with their branches and imme-
diately transported to the laboratory in plastic bags. The branches were put in water, and 
the leaves were detached individually to record their fresh mass and dimensions. Leaf traits 
were measured on entire leaves (without petioles). We measured leaf area (LA), leaf mass 
per unit area (LMA), leaf carbon content (LCC), leaf nitrogen content (LNC), leaf phos-
phorous content (LPC), and leaf potassium content (LKC) for each species in each plot. 
LA was calculated using a leaf area meter (LI-3000C Area Meter, Li-COR, Lincoln, USA). 
Leaves were oven dried for 48 h at 85 °C to obtain dry mass. After milling and sieving 
(through a 0.25 mm sieve), dry leaf samples were analyzed for leaf stoichiometric traits at 
the Key Laboratory for Silviculture and Conservation. LCC and LNC were measured by 
using an elemental analyzer (Thermo Fisher Flash 2000, USA). LPC and LKC were ana-
lyzed similarly to the soils.

Data analysis

The descriptive statistics (frequency distributions, means, and standard deviations) for each 
soil properties and canopy variables were calculated by using SPSS 18.0 software (SPSS 
InC., Chicago, IL, USA). The Kolmogorov–Smirnov test (K-S test) was used to determine 
if the frequency distributions departed significantly from normality. The spatial correla-
tion of soil properties was analyzed by using GS + 10 software (Gamma Design Software, 
Plainwell, Michigan, USA). Three indices, nugget effect, range, and sill, were calculated to 
describe semi-variograms (Berry 2005). Then the soil properties data were fitted to spheri-
cal, exponential, and Gaussian models to obtain the best fit based on the lowest residual 
sum of squares (RSS). The nugget to sill ratio was divided into three classes: strong spatial 
correlation (< 25%), moderate spatial correlation (26–75%), and weak spatial correlation 
(> 75%) (Cambardella et al. 1994; Song et al. 2019; Negassa et al. 2019). All maps were 
produced using GIS software Arcmap 10.0 (Esri, Redlands, CA) according the residual 
value of ordinary kriging (Wang et al. 2017).
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Community-weighted mean trait values (CWM) were calculated for each plant life form 
in each quadrat of 20 m × 20 m based on the relative contribution of the species to the com-
munity (Lavorel et al. 2008).

where Pi means the relative contribution of species i to the community for which we use 
the IV indices, and  traiti is the trait value of species i.

ANOVAs were performed to evaluate differences among the different plant life forms 
for each plant functional traits. Bivariate correlation analysis was performed to investigate 
the relationship between plant functional traits at both the quadrat-level and species-level. 
These analyses were carried out in SPSS 18.0 software. Redundancy Analysis (RDA; (Rao 
1964)) was performed to investigate the relationship between plant functional traits and 
environmental variables (soil properties, canopy variables, and topographic factors), as 
well as to identify the relative importance of the effect of each environmental factor on 
plant functional traits for each plant life form separately (Mcardle and Anderson 2001). 
The ordination analyses were performed using R software. Statistical significance was 
tested by the Monte Carlo permutation method based on 499 runs with randomized data 
(Wang et  al. 2016). The multiple stepwise regressions were conducted with plant func-
tional traits as the dependent variable and the environmental factors as independent varia-
bles for each plant life form separately. The absolute value of multivariate stepwise regres-
sion coefficients represented the impact of the environmental factors on plant functional 
traits (Bu et al. 2013).

Results

Comparison of plant functional traits for the different life forms

The CWM of plant functional traits for the 70 quadrats showed significant differences 
among the three plant life forms (Fig. 2). Plant height (H) and LCC were greatest for the 
tree layer, followed by the shrub layer, and the herbaceous layer, and there were significant 
differences among the three layers. The LMA and LA values for the tree layer were signifi-
cantly higher than for the herbaceous layer and the shrub layer, but there were no signifi-
cant differences between the herbaceous and shrub layers. The values of LNC, LPC for the 
herbaceous layer were the highest among the three groups, while the tree and shrub layer 
were not significantly different. The LKC values were higher significantly from the tree 
layer to the shrub layer to the herbaceous layer. The CWM of six traits (except plant height) 
tended to vary greatly among different quadrats, especially within the shrub layer.

At the quadrat-level, pairwise trait correlations were different across the three plant life 
forms (Table 1). In the tree layer, there were significantly negative correlations between 
LKC and LA, and between LKC and LCC (P < 0.01), but there were no significant relation-
ships between other traits. In the shrub layer, significant positive correlations were detected 
among four leaf stoichiometric traits (LCC, LNC, LPC and LKC) (P < 0.01), while LPC 
and LA showed a significant positive correlation at the 0.05 level. In the herbaceous layer, 
LNC, LPC and LKC were significantly positively correlated (P < 0.01).

Compared to the quadrat-level, the correlations of plant functional traits at the species-
level had higher values. Significant negative correlations were found between H and LPC, 

CMW =

n
∑

i=1

P
i
× trait

i
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LPC and LKC (P < 0.01). On the contrary, significant positive correlations were found 
between H and LKC, LNC and LPC (P < 0.01) (Table 2). There were significant negative 
correlations between LA and LCC, and H and LNC (P < 0.05).

Spatial heterogeneity and correlation of soil properties in the Q. wutaishanica 
forest

As shown in Table  3, the mean value of soil properties was as follows: pH 6.48, SOC 
2.62%, STN 2.46%, STP 0.42 mg/g, STK 0.15 mg/g in the surface soil. The CV of STN in 
the surface soil was particularly very high (176.21%). This suggests a high depends spa-
tial heterogeneity of STN in the study region. Data of pH, SOC, STN, STK, STP were 
a normally distributed in surface soil layers, which met the requirement for geostatistical 
analysis.

Semi-variogram models and the best fit model parameters for soil properties are pre-
sented in Table S2 and Fig. S1. The scales for the spatial autocorrelations of the five 
soil properties were different. The nugget-to-sill ratios of the STN, STK, and pH were 

Fig. 2  Community-weighted mean trait values of different plant functional types in a Q. wutaishanica for-
est in Taiyue Mountain, Shanxi. H, height; LMA, leaf mass per unit area; LA, leaf area; LCC, leaf car-
bon content; LNC, leaf nitrogen content; LPC, leaf phosphorous content; LKC, leaf potassium content. a 
community-weighted means trait values of H; a community-weighted means trait values of LMA; b com-
munity-weighted means trait values of LA; c community-weighted means trait values of LCC; d commu-
nity-weighted means trait values of LNC; e community-weighted means trait values of LPC; f community-
weighted means trait values of plant height; g community-weighted means trait values of LKC. Boxes with 
different capital letters indicate significant differences among plant life forms at P < 0.01
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0.31%, 8.33%, and 7.20% at surface soil, indicating a strong correlation. The other soil 
nutrients of SOC and STP showed moderate spatial correlation with nugget to sill ratios 
of 34.88% and 42.69% (Table S2). The coefficients of determination (R2) ranged from 
0.426 to 0.999. The distribution maps of ordinary Kriging show that soil nutrients con-
centrations were obviously different at a small scale (Figs. S2).

Table 1  Correlation values for community-weighted mean trait values at plot level in the Q. wutaishanica 
forest

H, height; LMA, leaf mass per unit area; LA, leaf area; LCC, leaf carbon content; LNC, leaf nitrogen con-
tent; LPC, leaf phosphorous content; LKC, leaf potassium content. The test of the Pearson correlation anal-
ysis was two-tailed, * P < 0.05; ** P < 0.01

Plant life forms LA LMA H LCC LNC LPC

Tree LMA − 0.017
H − 0.039 0.136
LCC 0.118 − 0.386 − 0.054
LNC 0.012 0.284 − 0.086 0.088
LPC − 0.154 − 0.362 − 0.037 0.366 0.386
LKC − 0.663** 0.431 0.060 − 0.644** 0.085 − 0.109

Shrub LMA − 0.281
H 0.191 − 0.106
LCC 0.361 − 0.189 0.442
LNC 0.244 − 0.072 − 0.031 0.750**
LPC 0.509* − 0.265 0.067 0.640** 0.659**
LKC 0.058 − 0.276 0.124 0.811** 0.750** 0.616**

Herbaceous LMA − 0.121
H 0.132 − 0.361
LCC − 0.361 0.239 0.024
LNC − 0.244 − 0.438 − 0.039 − 0.277
LPC − 0.109 − 0.340 0.180 − 0.299 0.744**
LKC − 0.177 − 0.427 − 0.011 − 0.408 0.740** 0.699**

Table 2  Correlation coefficients 
across species (26 species) 
among seven traits in the Q. 
wutaishanica forest

H, height; LMA, leaf mass per unit area; LA, leaf area; LCC, leaf car-
bon content; LNC, leaf nitrogen content; LPC, leaf phosphorous con-
tent; LKC, leaf potassium content. The test of the Pearson correlation 
analysis was two-tailed, * P < 0.05; ** P < 0.01

LA LMA H LCC LNC LPC

LMA − 0.036
H − 0.158 0.027
LCC − 0.377* − 0.287 0.076
LNC 0.246 − 0.207 − 0.477* 0.345
LPC − 0.114 − 0.243 − 0.632** 0.312 0.566**
LKC − 0.151 0.155 0.569** − 0.095 − 0.329 − 0.694**
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Canopy variables characteristics in the Q. wutaishanica forest

The characteristics of canopy variables including openness, LAI, MLA, PPFD Over, PPFD 
Under are presented in Table  4. The LAI was in the range of 2.20 to 4.99 with CV of 
21.17%. The MLA was in the range of 14.76 to 31.68°. PPFD Over and PPFD Under were 
28.93 to 29.07  mol/m2∙day, and 2.55 to 13.95  mol/m2∙day, respectively, and the CV of 
PPFD Over was the lowest value, whereas the CV of PPFD Under was the highest value. 
The openness was in the range of 5.95 to 21.01, and its CV was 17.77%. MLA and PPFD 
Under were significantly correlated with openness (P < 0.01). The LAI was significantly 
negatively correlated with MLA and PPFD Over (P < 0.05), whereas MLA was signifi-
cantly positively correlated with PPFD Over (P < 0.01) (Fig. S3).

Relationship between plant functional traits and environmental factors

The following 13 environmental variables were significantly related to plant functional 
traits across different plant life forms. The first two RDA axes explained 55.91%, 87.08%, 
69.01% of the plant functional traits variation in tree layer, shrub layer, and herbaceous 
layer, respectively (Fig.  3). Canopy variables affecting the functional traits of tree layer 
plants were PPFD over and MLA (Fig. 3a). Plant functional traits showed profound cor-
relations with PPFD under in the shrub layer and openness in the herbaceous layer (Fig. 3b, 
c). Plant functional traits of the different plant life forms were significantly correlated with 
abiotic and biotic factors as shown by stepwise multiple regression analysis (Table 5). In 
the tree layer, H was significantly negatively influenced by MLA, PPFD Over, STN, aspect 

Table 3  Statistical results of mean characteristics of soil properties in the Q. wutaishanica forest

SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total phosphorus; STK, soil total potassium
SD, standard deviation; CV, coefficient of variation, K-S, Kolmogorov–Smirnov test, the superscript N 
means normal distribution of data (p > 0.05); N, number of soil samples

Index Minimum Maximum Mean SD CV(%) K-S test P N

SOC (%) 0.74 6.50 2.62 1.27 48.55 1.03 0.240 70
STN (%) 0.07 20.54 2.46 4.33 176.21 0.60 0.868 70
STP (mg/g) 0.04 1.46 0.42 0.21 48.81 0.70 0.715 70
STK (mg/g) 0.09 0.16 0.15 0.01 6.64 2.35 0.165 70
pH 4.71 8.12 6.48 1.01 15.56 0.58 0.888 70

Table 4  Selected canopy factors index of the Q. wutaishanica forest

LAI, leaf area index; MLA, mean leaf angle; PPFD, photosynthetic photon flux density

Minimum Maximum Mean SD CV(%) K-S test P N

Openness (%) 5.95 21.01 11.39 2.02 17.77 0.69 0.725 70
LAI 2.20 4.99 3.08 0.65 21.17 1.28 0.076 70
MLA(°) 14.76 31.68 22.76 3.43 15.07 0.61 0.846 70
PPFD Over (mol/m2∙day) 28.93 29.07 29.00 0.03 0.10 2.84 0.000 70
PPFD Under (mol/m2∙day) 2.55 13.95 6.59 2.21 33.62 0.83 0.493 70
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and slope, and positively influenced by STK and soil moisture (P < 0.05). Soil moisture had 
a negative effect on LMA, while aspect had a positive effect on LMA. LA was significantly 
negatively influenced by stand openness, STK, pH and slope, and positively influenced by 
MLA and SOC (P < 0.05). LCC was mainly positively influenced by MLA, while LNC was 
negatively affected by SOC (Table 5). Compared with the tree layer, the functional traits of 
the understory layer were directly affected by the combine effect of environmental factors 
and the explanation of variation was obviously greater (Table 5). In the shrub layer, H was 
positively influenced by stand openness, LAI, and soil moisture, while H was negatively 
influenced by MLA, PPFD Under, STN, STK, and slope. PPFD Under, pH and slope had a 
negative effect on LA, while SOC ad soil moisture had a positive effect on LA. Stand open-
ness had a positive effect on LCC, while LAI, MLA, STN, STK, pH had negative effect 
on LCC. LPC was negatively affected by stand openness, STK, pH, and aspect (P < 0.05) 
(Table 5). In the herbaceous layer, the environmental factors mainly influenced leaf stoi-
chiometric traits (LCC, LNC, LPC and LKC). Stand openness, LAI, MLA, and slope had 
positive effects on LCC, while PPFD Under, SOC, STK, and soil moisture had negative 
effects on LCC. LNC was positively influenced by soil moisture and slope, while LNC was 
negatively influenced by stand openness, LAI, and aspect. LPC was positively influenced 
by soil moisture, while LPC was negatively influenced by stand openness, LAI, and SOC. 
LKC was positively influenced by STN and soil moisture, while LKC was negatively influ-
enced by stand openness, LAI, and SOC (P < 0.05) (Table 5).

Discussion

Plant functional traits and plant strategy in the three different plant life forms

Our main results show that in a Q. wutaishanica forest of China, at local scale, plant func-
tional traits vary across the different plant life forms that conform the woodland structure, 
and these variations were related to the variations in environmental conditions. The strati-
fication of plants in the community is beneficial for plants to fully utilize light, water and 
space resources. The difference of plant height leads to the imbalance of competition for 
light and space resources, and then leads to the difference of plant functional traits. Shrubs 
and herbaceous species were characterized by smaller leaf, but at the same time, lower 
LMA and LCC, and higher LNC than tree species. These combinations of traits indicate 
that most of the species that grow on the understory allocate more resources to produce 
leaf with more nutrient content and, probably more leaf production compared to overstory 
species.

Fig. 3  Standardized redundancy analysis of 7 functional traits by 11 environmental factors. RDA of com-
munity-weighted mean trait values (CWM) of the tree layer (a), the shrub layer (b), the herbaceous layer 
(c). SOC, soil organic carbon; STN, soil total nitrogen; STK, soil total potassium; STP, soil total phospho-
rus; pH, soil pH; M, soil moisture; LAI, leaf area index; MLA, mean leaf angle; OP, stand openness; PPFD 
Over and PPFD Under, photosynthetic photon flux density above and below canopy; TP, topographic posi-
tion; H, height; LMA, leaf mass per unit area; LA, leaf area; LCC, leaf carbon content; LNC, leaf nitrogen 
content; LPC, leaf phosphorous content; LKC, leaf potassium content.Arrows indicate the direction and 
magnitude of variables. Blue arrows represent response variables; red arrows represent explanatory vari-
ables. Relationship between variables in RDA is expressed by a vector angle: if vector angle between each 
two variables is acute, they are positively correlated. Otherwise, if the angel is obtuse, the two variables are 
negatively correlated (right angle means correlation). The smaller the angle, the higher the degree of asso-
ciation between the two variables

▸
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Functional traits should not be viewed and analyzed in isolation, as many traits are often 
coordinated with each other. The trade-offs of plant functional traits determine the life his-
tory strategy of plants and the niche occupied by various species in the community, which 
further affects the stable coexistence of multiple species (Vandermeer, 1972; Silvertown, 
2004). When two or more important plant traits have consistent correlation in different spe-
cies, the change of these traits can be regarded as forming a strategic dimension (Wright 
et  al. 2006). Across species, high LNC or LPC is generally associated with high nutri-
tional quality to the consumers in food webs (Pérez-Harguindeguy et al. 2013). Leaf nitro-
gen content tends to be closely correlated with mass-based maximum photosynthetic rates 
and with SLA (specific leaf area, the inverse of LMA) (Pérez-Harguindeguy et al. 2013). 
Plants with low LMA (high SLA) have lower leaf thickness, a larger light capture area, 
and higher LNC, all of which contribute to a higher net photosynthetic rate and a higher 
relative growth rate (Niinemets 2010; Wright et al. 2001). In this study, LNC and LMA 
had a negative correlation in the shrub and herbaceous layers, but the tree layer showed 
a positive relationship, which might reflect the characteristics of Q. wutaishanica leaves. 
The leaves of Q. wutaishanica are leathery with a thick outer epidermis wall, thick cutic-
ula, compact spongy parenchyma with few and small intercellular spaces, and transcur-
rent vascular bundles with a strong sclerenchymatous bundle sheath (Waldhoff and Furch 
2002). The leathery leaf yields a high LMA value, and compact spongy parenchyma is 
closely related with maximum photosynthetic rate associated with LNC and LPC. Cor-
relations among plant functional traits for the three life forms were different, indicating 
that the survival strategies of the life forms are different (Zhang et al. 2010). In addition, 
the morphological structure of different herbaceous plants is very different, which reflects 
their different environmental adaptation strategies, and to a certain extent affects their pho-
tosynthetic efficiency and nutrient distribution. In our study, Allium victorialis with higher 
LA meant that it had a strong ability to capture light resources, higher relative growth rate 
and shorter leaf life, while Allium victorialis with lower LNC meant that under lower light 
conditions the lower allocation of leaf N and decreased dark respiration rates, thus main-
taining a lower photosynthetic light compensation point. Galium maximowiczii tended to 
have lower LA and higher LNC meant that it had low metabolic rates so as to maximize 
the rate of photosynthetic carbon assimilation per unit N allocated to a leaf. This would be 
helpful to better adapt to the dark environment under the forest. Meanwhile, some species 
in herbaceous layer had similar LA, but different LNC, or similar LNC but different LA. 
This may be because STN had the highest spatial heterogeneity of STN in this area. Some 
important physiological processes, including photosynthesis, may be limited due to lack 
of STN, which leads to different trade-offs in resource acquisition strategy under the same 
environment.

Effects of environmental factors on plant functional traits

The distribution characteristics of species with different life forms are related to various 
abiotic and biotic environmental factors (Dı́az et al. 1998). Differentiation of traits at local 
scale can be explained by a few key environmental variables, which act as filters on the 
available species assemblage (Grime 2006). Our results showed that there were differences 
in environmental factors affecting the distribution of traits for different life forms. In the 
tree layer, mean leaf angle was positively correlated with LCC, which was also reported 
by Niinemets (2010). This result was found because foliage inclination angle distribution 
and foliage spatial aggregation are the major determinants of light harvesting at the shoot 
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scale. Soil is considered to be a dominant factor in determining the functional traits of 
plant communities, and is closely related to the variation in plant functional traits (Beck-
nell and Powers 2014; Liu et  al. 2012; Laughlin et  al. 2015). Jager et  al. (2015) found 
that soil nutrients could lead to multiple independent plant functional traits. At the local 
scale analyzed, we found that higher contents of SOC were associated with lower LNC 
in the tree life form. This result indicates that few substances were distributed to photo-
synthesis or growth, but more substances were distributed in the leaves of trees to endure 
stressful environments such as low N availability. Topography factors can affect various 
environmental factors such as water, temperature and soil nutrients, which are the main 
driving factor affecting plant functional traits (Loreau et al. 2001; Kichenin et al., 2013; Hu 
et al., 2014). The results showed that slope had a negative effect on plant height and leaf 
area. This observation indicates that trees tend to grow smaller leaves and limit their height 
to resist water and nutrient loss caused by erosion when the slope is steep. Additionally, 
aspect has negative impact on plant height and a positive impact on LMA, which would be 
due to increase the resistance to collapse caused by low water potential (Koch et al. 2004; 
Woodruff et al. 2004).

Canopy variables are not only an environmental factor in the forest, determining the 
redistribution of light and water, and shaping the local environment, but also a key factor 
affecting the functional trait of understory plants. The interception of water and light by 
the canopy not only influences species height and leaf traits directly (Ellsworth and Reich 
1993; Qiu et al. 2008), but also affects plant functional traits indirectly, by impacting the 
forest microenvironment (Pelt and Franklin 2000). In our study, plant functional traits were 
mainly related to PPFD over and MLA in the tree layer (Fig. 3a). PPFD over and MLA had 
negative correlations with tree height, while MLA had a positive correlation with LA and 
LCC (Table 5). Canopy variables affecting functional traits of shrub layer and herbaceous 
layer were PPFD under and openness respectively (Fig. 3b, c). PPFD under had a negative 
correlation with height and LA in shrub layer (Table 5). Openness had a negative correla-
tion with height, LNC, LPC and LKC, while had a positive correlation with LMA and LCC 
(Table 5). It can be seen that due to the different life forms of plants, the ways of obtaining 
light, water and other resources are also different, which leads to the different sensitivity of 
plant functional traits to certain canopy variable.

Conclusions

The plant function traits of different life forms showed high coefficient of variation, and 
the differences among different life forms were obvious, which was directly related to the 
complex structure and high biodiversity of forest community. Plant functional traits were 
significantly correlated with abiotic environmental factors, indicating that species compo-
sition was, at least partly, shaped by habitat filtering at the community scale. Key canopy 
variables, topographic and soil factors controlling plant functional traits changed across 
the different plant life forms. Each community-level plant functional trait was associated 
with 1–8 abiotic factors across different life forms. These results may contribute to forest 
management and increase our understanding of forest community assembly. The analysis 
demonstrates that it is important to consider the suites of traits at various hierarchical lev-
els, and dynamic modifications in these traits in order to characterize species strategies 
across different plant life forms and understanding ecological processes in temperate forest 
ecosystem.
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