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Abstract: Functional traits, specifically leaf functional traits, are core-topics to explore importance to the invasion 
success of invasive plant species. This study aims to address the differences in leaf functional traits and their 
corresponding variability of the invasive tree staghorn sumac Rhus typhina L. with different invasion success, including 
lower and higher invasion success, in two climatic regions in North China, including a warm temperate region and a 
cold temperate region. No significant differences were found for leaf functional traits of staghorn sumac across different 
invasion success. However, the variability of leaf chlorophyll and nitrogen concentrations of staghorn sumac under 
higher invasion success were approximately 66.023% and 68.615% higher than those under lower invasion success, 
respectively. The leaf chlorophyll and nitrogen concentrations of staghorn sumac in the warm temperate region were 
approximately 18.432% and 16.337% higher than those in cold temperate region, respectively. The variability of 
specific leaf area of staghorn sumac in warm temperate region was approximately 59.802% higher than that in cold 
temperate region. Accordingly, leaf chlorophyll and N concentrations as well as specific leaf area of staghorn sumac and 
their corresponding variability may play an essential role in shaping ecological success of studied invader along a 
climatic gradient. 
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1 Introduction 
 

Invasive plant species (invaders hereafter) 
have an enormous impact on the structure and 

function of the local ecosystems. Thus, the invasion 
mechanisms of successful invaders have stimulated 
considerable research interest [1−4]. Functional 
traits, specifically leaf functional traits play a key 
role in the resource acquisition and utilization and 
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the corresponding competitiveness of plant species, 
including the invasiveness of the invaders [5−9]. 
Specific leaf area (SLA), an essential functional 
trait, can be a major factor in the trade-offs between 
resource acquisition and conservation [10−12] as 
well as the trade-offs between competitive and 
stress-tolerant [2, 3, 13]. Leaves with higher SLA 
are typically associated with higher resource use 
efficiency and acquisition as well as lower 
structural investment; in contrast, leaves with lower 
SLA often correspond to mass investment in leaf 
biomass and relatively lower growth rates [10−12]. 
In addition, leaf size, leaf shape index, leaf 
chlorophyll and nitrogen (N) concentrations, leaf 
thickness, and single-leaf fresh and dry weights are 
also fundamental indices to be evaluated since they 
can be effectively used as a proxy for the 
resource-use strategy of plant species [5, 14−16]. 
    The successful invasion process of invaders in 
a new ecosystem is generally gradual after they are 
transported from their original locations [15, 
17−20]. Thus, there are progressive changes in the 
relative abundances of invaders, and these invaders 
exhibit a gradient of invasion success in the 
colonized ecosystem [15, 18, 20]. Moreover, the 
introduced range of some invaders may cover 
several climatic regions [20−22]. Thus, it is 
important to understand the variations in the key 
functional leaf traits along a climatic gradient that 
may be related to resource use strategies of invaders 
to better understand the ecological strategies that 
are at the base of its successful invasion process. 
    In this study, cross-site comparisons were 
performed to determine differences in leaf 
functional traits and their corresponding variability 
of invaders in plant communities with different 
invasion success in two climatic regions in North 
China. In this study, the notorious invasive tree 
staghorn sumac Rhus typhina L. was selected as the 
targeted invader. 
    We examine the following hypotheses. First, 
all leaf functional traits of staghorn sumac may be 
higher in warm temperate region than in cold 
temperate region because of the lower temperature, 
precipitation, and light intensity in the cold 
temperate region can inhibit the growth of plant 
species [23−25]. Second, the SLA of staghorn 
sumac increases with increasing invasion success. 
Invaders may allocate a greater fraction of biomass 
to leaf growth to attain a higher growth rate with a 

higher invasion success under competitive 
conditions because intraspecific competition may 
progressively increase with increasing invasion 
success [15, 20, 26]. Third, the variability of leaf 
functional traits of the invader increases with the 
increase in invasion success. This is due to the fact 
that plant species show greater variability in 
response to shifts in environmental factors that 
contribute to the performance and fitness [2, 27−29]. 
Previous research revealed that the invasiveness of 
invaders was positively associated with the 
corresponding variability of functional traits [4, 27, 
30]. 
 
2 Materials and methods 
 
2.1 Focal species and study areas 
    Staghorn sumac is a deciduous tree in the 
family Anacardiaceae [21, 31]. The species is 
native to North America and was introduced into 
China in 1959 as a common forestry species [32, 
33]. It has spread to most areas of North China 
currently [32−34]. This species is often used to 
restore the ecosystem in the degraded lands in most 
mountain areas of North China owning to its 
abundant growth, even in barren habitats [32, 34]. 
In addition, staghorn sumac is used as a showy 
ornamental plant species because of its fruit clusters, 
which look like flaming torches, in late summer and 
early autumn as well as having dazzling red leaves 
in mid-autumn [32, 35]. The species has some basic 
invasive characteristics such as rapid growth and 
high reproductive capacity [32, 34]. In particular, 
staghorn sumac is commonly distributed across 
multiple habitats from urban to montane [32] and 
has been recognized as a destructive invader in 
North China [32−34]. 
    Plant samples of staghorn sumac were 
obtained from two sampling regions with different 
climates in North China. A warm temperate region, 
Jinan, included three sampling sites: Lake  
Daming (36.681°N 117.039°E), Thousand-Buddha 
Mountain (36.642°N 117.048°E), and Overpass of 
Mountain La (36.661°N 116.943°E). The annual 
mean temperature at the region is approximately 
13.9 °C. The annual precipitation is approximately 
623.0 mm. The annual sunshine time is 
approximately 2405.8 h. A cold temperate region, 
Jinzhou, included three sampling sites: Mont 
Orchid Riverlet (41.086°N 121.147°E), the vicinity 
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of Nanshan Tunnel (41.065°N 121.140°E), and the 
vicinity of South Jinzhou Railway Station 
(41.031°N 121.125°E). The annual mean 
temperature at the region is approximately 9.1°C. 
The annual precipitation at this area is 
approximately 570 mm. The annual sunshine time 
is approximately 2715 h. The basic climate 
summaries of the two sampling regions are derived 
from their local climate records [36, 37]. Sampling 
sites were chosen in wasteland and there are no 
other trees except for staghorn sumac. The type of 
soils in the invaded habitats was yellow soil [38]. 
The results may be influenced by plot-specific 
effects, which were not included in the models. 
 
2.2 Study design 
     Leaf samples of staghorn sumac were 
collected from each sampling site in early August, 
2016. The invasion success of staghorn sumac was 
evaluated based on its overage (i.e., canopy 
coverage) in the invaded ecosystems and was 
divided into the following two categories: lower 
(<35%) and higher invasion success (>75%) [15, 20, 
26]. In particular, the lower invasion success 
mimicked the colonization stage of the invasion 
process and the higher invasion success mimicked 
the landscape spread stage of the invasion process 
[18, 19]. Each sampling site consisted of a lower 
invasion success plot (three 2 m×2 m quadrats) and 
a higher invasion success plot (three 2 m×2 m 
quadrats). Five fully expanded, mature, and 
undamaged leaves in the sunny part of staghorn 
sumac were collected from each quadrat randomly 
selected adult individual plants to minimize the 
effects of sunlight on leaf functional traits. 

Functional traits were evaluated for each of the 
replicate leaf samples. 
 
2.3 Determination of leaf functional traits and 

their corresponding variability of staghorn 
sumac 

    Nine parameters of leaf functional traits of 
staghorn sumac were determined. The name, 
ecological significance, measuring method, and the 
corresponding references for the evaluated 
parameters of leaf functional traits of staghorn 
sumac are shown in Table 1. 
    The coefficient of variation (CV) was 
calculated as CV=σ/μ to determine the variability of 
leaf functional traits of staghorn sumac, where μ 
represents the average value of one leaf functional 
trait of staghorn sumac in one particular quadrat 
and σ represents the standard deviation for the 
average value of the same leaf functional trait of 
staghorn sumac in the same particular quadrat [42, 
43]. In particular, a higher value of CV represents a 
greater variability. 
 
2.4 Statistical analysis 
    Data were evaluated to determine the 
deviations from normality and homogeneity of the 
variances before data analysis. Differences among 
leaf functional traits and their corresponding 
variability of staghorn sumac with differing 
invasion success and climatic regions were assessed 
using analysis of variance (ANOVA). Two-way 
ANOVA was used to evaluate the effects of 
invasion success and climatic region on leaf 
functional traits of staghorn sumac. Meanwhile, the 
partial eta squared (η2) values were also computed 

 
Table 1 Name, ecological significance, measuring method, and corresponding references for assessed parameters of leaf 
functional traits of staghorn sumac 

Name Ecology significance Measuring method Reference 
Leaf size (including 
leaf length and leaf 

width) 

Leaf photosynthetic 
area 

A ruler with 0.1 cm accuracy (The maximum value along the 
midrib and the maximum value is perpendicular to the midrib, 

respectively) 
[14−16, 35, 39] 

Leaf shape index Leaf shape and variation The ratio of leaf length to the corresponding leaf width [40, 41] 
Leaf chlorophyll and 

N concentrations 
Leaf photosynthetic 

capacity 
An hand-held plant nutrient meter (TYS-3N, TOP 

Instrument Co., Ltd., Hangzhou, China) [14−16, 35] 

Leaf thickness Leaf supporting 
capacity 

Overlaying five leaves and measuring their combined 
thickness using a Vernier caliper with 0.01 mm accuracy [15, 35, 39] 

Single-leaf fresh and 
dry weights Growing capacity An electronic balance with 0.001 g accuracy [35, 39] 

SLA 
The trade-offs between 
resource acquisition and 

conservation 
The ratio of leaf area to the corresponding leaf dry weight [14, 16, 35, 39] 
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to evaluate the effect size of each factor for use in 
two-way ANOVA [44, 45]. A probability value of 
P≤0.05 was used to determine statistically 
significant differences. All statistical analyses were 
implemented in IBM SPSS Statistics (version 22.0; 
IBM Corp., Armonk, NY, USA). 
 
3 Results 
 
    No significant differences were found for all 
leaf functional traits of staghorn sumac across 
different invasion success (P>0.05; Figure 1 and 
Table 2). The leaf chlorophyll and N concentrations 
of staghorn sumac in the warm temperate region 
were approximately 18.432% and 16.337% higher 
than those in the cold temperate region, respectively 
(P<0.05; Figure 1 and Table 2). No significant 
differences were found in the remaining of present 
indices of leaf functional traits of staghorn sumac 
from the two climate regions (P>0.05; Figure 1 and 
Table 2). 
    The coefficient of variation of leaf chlorophyll 
and N concentrations of staghorn sumac under 
higher invasion success were approximately 
66.023% and 68.615% higher than those under 
lower invasion success (P<0.05; Figure 2). The 
difference in the coefficient of variation for the 
remaining of present indices of leaf functional traits 
of staghorn sumac with different invasion success 
was not significant (P>0.05; Figure 2). The 
coefficient of variation of SLA of staghorn sumac in 
the warm temperate region was approximately 
59.802% higher than that in the cold temperate 
region (P<0.05; Figure 2). There was no significant 
difference in the coefficient of variation of the 
remaining of present indices of leaf functional traits 
of staghorn sumac from the two climate regions 
(P>0.05; Figure 2). 
 
4 Discussion 
 
    Previous studies revealed that higher 
temperatures and precipitation at southern regions 
may result in increases in SLA [10, 46, 47]. 
However, no significant differences were found in 
SLA of staghorn sumac from the two climate 
regions. Meanwhile, the relationship between SLA 
and climatic region was not consistent in previous 
studies, i.e., SLA may be higher in the colder 
temperate regions than in the warmer temperate 

regions [11, 47, 48]. These inconsistent results may 
arise from the different spatial scales used in those 
studies. In addition, the leaf chlorophyll and N 
concentrations of staghorn sumac in the warm 
temperate region were significantly greater than 
those in the cold temperate region. This finding was 
consistent with the study’s first hypothesis. This 
finding may be the result of the lower temperature, 
precipitation, and light intensity in the cold 
temperate region that can inhibit the growth of 
staghorn sumac [23−25]. Further, the difference in 
leaf chlorophyll concentration of staghorn sumac in 
the two climate regions could produce a profound 
effect on the capture and use of sunlight which is an 
essential ecological factor that affects plant 
establishment, growth, and survival [7, 8, 49]. The 
difference in leaf functional traits of staghorn 
sumac the two climate regions may represent the 
differentiation of adaptive strategies in response to 
latitudinal shifts in temperature, precipitation, and 
sunlight availability. 
    Plant species can exhibit variability, to a 
certain extent, in response to shifts in 
environmental factors [4, 27−29]. In particular, the 
increased variability of plant species for any 
functional trait can make a broader upgrade of their 
performance and fitness and thus may play an 
essential role in their successful ecological strategy 
[2, 11, 27]. More importantly, the invasiveness of 
invaders has been positively related to the 
variability of functional traits [4, 27, 30]. Leaf 
chlorophyll and N concentrations of staghorn 
sumac had variability within the range of 
environmental factors in this study. This finding 
implied that the two leaf functional traits that 
display a particular range of variability may play an 
important role in successful ecological strategies 
which enable staghorn sumac to locally adapt to the 
various environments across different invasion 
success and climatic regions through a widened 
habitat niche. Predictably, the variability of the two 
leaf functional traits of staghorn sumac increased 
with a higher invasion success. The results of this 
study also revealed that the variability of SLA of 
staghorn sumac increased with a heavy invasion 
success but did not differ significantly from a light 
invasion success. However, the variability of leaf 
chlorophyll and N concentrations of staghorn 
sumac significantly increased with a heavy invasion 
success. This result was consistent with the study’s 
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third hypothesis. The higher range of variability of 
leaf chlorophyll and N concentrations of staghorn 
sumac under higher invasion success may favor 
increased resource (especially sunlight) capture and 
maximized efficiency during growth, enabling the 

species to establish a colony in a competitive 
environment [14, 49, 50]. 
    Consistent with greater abiotic filtering 
(especially less intense sunlight and lower 
temperatures) at higher latitudes [51], the results of 

Figure 1 Leaf functional traits of staghorn sumac 
with different invasion success in two climatic 
regions (Bars (mean±SE, n=18) with different 
lowercase letters indicate a significant difference 
(P<0.05) within the same group (Climatic 
region/Invasion success). “ns” means no 
significant difference (P>0.05). The P and F 
values per subfigure represent the statistical 
significance level among all treatment groups per 
parameter) 
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Table 2 Two-way ANOVA on effects of invasion success and climatic region on leaf functional traits of staghorn sumac 

Parameter 
Invasion success  Climatic region  Invasion success * Climatic region 

Mean square F P η2  Mean square F P η2  Mean square F P η2 
LL 0.119 0.057 0.813 0.002  8.091 3.893 0.057 0.108  0.676 0.325 0.572 0.010 

LW <0.001 0.001 0.98 <0.001  0.751 3.789 0.06 0.106  0.104 0.524 0.474 0.016 

LSI 0.001 0.004 0.953 <0.001  0.009 0.04 0.842 0.001  0.304 1.302 0.262 0.039 

LCC 0.53 0.011 0.918 <0.001  824.647 16.724 <0.001 0.343  2.686 0.054 0.817 0.002 

LNC 0.008 0.032 0.859 0.001  4.271 17.339 <0.001 0.351  0.006 0.025 0.876 <0.001 

LT <0.001 0.022 0.883 <0.001  0.013 2.454 0.127 0.071  0.001 0.161 0.691 0.005 

SLFW 0.002 0.33 0.57 0.01  0.003 0.564 0.458 0.017  0.012 2.126 0.155 0.062 

SLDW 0.001 1.06 0.311 0.032  <0.001 0.357 0.554 0.011  <0.001 0.518 0.477 0.016 

LM 64.907 0.612 0.44 0.019  345.669 3.257 0.081 0.092  11.772 0.111 0.741 0.003 

SLA 1255.059 0.411 0.526 0.013  2438.612 0.8 0.378 0.024  11448.717 3.754 0.062 0.105 
P-values ≤0.05 are in bold. Abbreviations: LL, leaf length (cm); LW, leaf width (cm); LSI, leaf shape index; LCC, leaf chlorophyll 
concentration (SPAD); LNC, leaf N concentration (mg g‒1); LT, leaf thickness (mm); SLFW, single-leaf fresh weight (g); SLDW, single-leaf 
dry weight (g); SLA, specific leaf area (cm2 g‒1). 
 

 
Figure 2 Coefficient of variation of leaf functional traits of staghorn sumac with different invasion success in two 
climatic regions (lower invasion success, light red bars; higher invasion success, heavy red bars; warm temperate region, 
light blue bars; cold temperate region, heavy blue bars). Abbreviations have the same meanings as described in Table 2. 
Bars (mean±SE, n=18) with different lowercase letters indicate a significant difference (P<0.05). “ns” means no 
significant difference (P>0.05) 
 
this study showed that the coefficient of variation of 
SLA of staghorn sumac was significantly higher in 
the warm temperate region than in the cold 
temperate region. The higher range of variability of 
SLA of staghorn sumac in the warm temperate 
region may be because staghorn sumac in the warm 
temperate region is better able to adapt to the 
shifting environment by adjusting the resource 
investment per unit area and per lamina. Previous 
results also presented that certain invaders should 
tolerate biotic resistance better than others because 
they possess functional traits that allow them to 
cope with competition more efficiently [2]. The 
reason for this phenomenon may also be due to the 

fact that the warm temperate region in North China 
in which staghorn sumac vigorously occurs has the 
similar climatic conditions with its natural habitat in 
the original distribution area. 
    The results of this study may contribute to the 
understand of the mechanism driving the success of 
staghorn sumac invasion, especially across many 
climatic zones. However, only two climate regions 
were studied to determine leaf functional traits and 
their corresponding variability of staghorn sumac in 
this study. This is the deficiency of the 
experimental design in this study. Thus, more 
climate regions and/or gradients will be adopted in 
our future research to obtain more contents about 
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the differences in leaf functional traits and their 
corresponding variability of staghorn sumac. 
 
5 Conclusions 
 
    Overall, the leaf chlorophyll and N 
concentrations of staghorn sumac in the warm 
temperate region were significantly higher than 
those in cold temperate region. The variability of 
specific leaf area of staghorn sumac in warm 
temperate region was significantly higher than that 
in cold temperate region. Meanwhile, the variability 
of leaf chlorophyll and nitrogen concentrations of 
staghorn sumac under higher invasion success were 
significantly higher than those under lower invasion 
success although no significant differences were 
found for leaf functional traits of staghorn sumac 
across different invasion success. Thus, leaf 
chlorophyll and N concentrations as well as SLA of 
staghorn sumac and their corresponding variability 
may play an essential role in its invasion success 
along a climatic gradient. 
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中文导读 
 

入侵树种火炬树叶功能性状在中国北部的变异性 
 
摘要：功能性状，特别是叶功能性状，是探究入侵植物成功入侵的核心问题。本研究旨在探究不同气

候带(分为暖温带和寒温带)和入侵程度(分为低度入侵和高度入侵)的入侵树种火炬树叶功能性状及其

变异性的差异。火炬树的入侵程度对其叶功能性状无显著影响。但是，高度入侵的火炬树叶的叶绿素

含量和叶氮含量的变异性分别比低度入侵的火炬树高约 66.023%和 68.615%。暖温带火炬树叶的叶绿

素含量和叶氮含量分别比寒温带火炬树的高约 18.432%和 16.337%。此外，暖温带火炬树的比叶面积

的变异性比寒温带火炬树的高约 59.802%。总之，火炬树叶的叶绿素含量和叶氮含量以及比叶面积及

其变异性可能是火炬树在不同气候带成功入侵的关键生态策略。 
 
关键词：气候区；入侵树种；变异系数；变异性；比叶面积；火炬树 


