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abstract

This study aims to determine the functional traits and reproductive allocation (RA) strategy of the 
invasive plant Conyza canadensis across different invasion degrees along a latitude gradient in China. 
Invasion degree did not affect the functional traits and RA strategy of C. canadensis significantly. The 
high proportion of reproductive biomass (allocating approximately 20% of total biomass into reproductive 
behaviors) of C. canadensis across different invasion degrees can achieve a fitness advantage in broadening 
its habitat niches and can eventually attain a successful invasion. The higher proportion of reproductive 
biomass of C. canadensis in warm temperate and subtropical monsoon climatic zones may play an important 
role in its successful invasion in the two climatic zones in China. One possible reason for this is that eastern 
China and northern China, in which C. canadensis vigorously occurs, have the same or similar climate 
as their natural habitat in the original distribution region. The proportion of reproductive biomass of  
C. canadensis positively correlated with its total biomass, aboveground biomass, belowground biomass, 
and vegetative biomass, as well as with its height and leaf size. Meanwhile, temperature rather than annual 
sunshine hours or annual precipitation was determined to be the most important environmental factor that 
triggers pronounced effects on the RA strategy of C. canadensis.

  
Keywords: functional traits, reproductive allocation strategy, invasion degree, latitude gradient, Conyza 
canadensis
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introduction

At present, invasive plants have triggered serious 
threats to the structure and function of invaded ecosystems. 
Thus, ecologists have recently exerted efforts to elucidate 
the successful invasion mechanism of those invaders [1-
2]. Some invasive plants have successfully occupied 
certain environments because of their highly efficient 
reproductive allocation strategy (RA, i.e., the proportion 
of biomass allocated to reproductive structures) [3]. 
Functional traits determine how plants reproduce and gain 
resources [4]. These traits affect the success of a species 
in competing with other species for living resources (e.g., 
nutrients) [5]. The reproduction behaviors of plants are 
closely associated with their acquired living resources [6-
8]. Hence, learning the RA strategy of invasive plants is 
important for understanding the mechanism underlying 
successful plant invasion.

Invasive plants can establish populations in the 
colonized ecosystems after they are transported far from 
their original distribution region [1, 9]. Thus, invasive 
plants can display different abundances in colonized 
ecosystems [1, 10] and their invasion may cross several 
climatic zones. For example, the notorious invasive plant 
Conyza canadensis has spread to most parts of China [10]. 
Thus, understanding the functional traits and RA strategy 
of C. canadensis across different invasion degrees along 
a latitude gradient is important for understanding the 
successful mechanism underlying plant invasion.

Cross-site comparisons were performed in this study 
to determine the functional traits and RA strategy of  
C. canadensis across different invasion degrees along a 
latitude gradient. C. canadensis is a herbaceous annual 
invasive weed of the Compositae family, which is native 
to North America [11]. At present, the species has become 
naturalized in China and is one of the most detrimental 
and widespread invasive species in most regions of China 
[11, 12]. This species thrives in many habitats, especially 
in areas subject to human disturbance [13]. The results of 
this study can provide a platform to better understand the 
mechanism of successful invasion of C. canadensis and 
then lay an important theoretical foundation and practical 
significance for effective invasion prevention and control. 
This study tests the following two hypotheses. First, the 
reproductive biomass and RA of C. canadensis decrease 
with elevating invasion degree because the RA of the plant 
population decreases under competitive conditions [7, 

14]. Second, CRA (the coefficient of RA) of C. canadensis 
positively correlates with its total biomass because plants 
invest a huge amount of biomass into their reproductive 
behaviors when they gain and use several resources [6, 
15].

Materials and Methods

Experimental Design

Samples were obtained from the following four 
sampling sites along a latitude gradient in China: Shenyang 
(41.82°N, 123.46°E, featuring a cold temperate climate), 
Jinan (36.68°N, 116.90°E, featuring a warm temperate 
climate), Zhenjiang (32.20°N, 119.51°E, featuring a 
subtropical monsoon climate), and Xiamen (24.62°N, 
118.07°E, featuring a subtropical marine climate). The 
climate characteristics of these sampling sites are shown 
in Table 1.

From mid-August 2014 to mid-September 2014, 
C. canadensis samples were collected during their 
reproductive period (the growth stage of C. canadensis 
is mainly in the eighth stage, i.e., “Ripening of fruits 
and seeds” according to the BBCH-scale [16]) from the 
aforementioned sampling sites. The invasion degrees were 
divided into low (<35%), moderate (35% to 75%), and 
high (>75%) on the basis of C. canadensis coverage in 
the invaded ecosystems. Three plant sample replicates of 
this species from the same quadrat (1 × 1 m) per the same 
invasion degree in the same sampling site were collected 
randomly (3 plants × 3 invasion degrees × 3 replicates 
× 4 sampling sites = 108 individual plants). Five mature 
and flawless leaves of one plant sample were randomly 
selected to determine its functional traits.

Determining Plant Characteristics 
and Diversity

Plant height was determined between the base of the 
stem and the apical shoot by ruler measurement [2, 10].

Leaf shape index was calculated as the ratio of leaf 
length to the corresponding leaf width [17-19]. Leaf length 
is the maximum value along the large strengthened vein 
along the midline of a leaf, and leaf width is the maximum 
value perpendicular to the large strengthened vein along 
the midline of a leaf [17]. The leaf length and width of 

Table 1. Differences in the climate characteristics of the sampling sites. Abbreviations: ASH, annual sunshine hours (h); MAP, mean 
annual precipitation (mm); MAT, mean annual temperature (ºC); MiT, minimum temperature (ºC); MaT, maximum temperature (ºC); 
AAT, annual accumulated temperature (ºC).

Site ASH MAP MAT MiT MaT AAT

Shenyang 2,372.00 721.90 8.00 –33.00 38.00 3,281.00

Jinan 2,481.10 614.00 13.80 –19.00 42.50 4,575.30

Zhenjiang 2,000.90 1,088.00 15.60 –10.10 40.20 5,750.00

Xiamen 1,953.00 1,143.00 21.00 2.00 39.00 7,327.50
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the plants were measured with a ruler with an accuracy of  
0.1 cm [18-20].

The plant biomass was measured using an electronic 
balance. The belowground-aboveground biomass ratios 
were computed by dividing the belowground biomass by 
the corresponding aboveground biomass [10].

CRA was calculated using the ratio of reproductive 
biomass to total biomass [10, 21].

The Shannon-Wiener diversity (H΄), Simpson 
dominance (D), and Pielou evenness (EH) indices were 
used to estimate the community structure of the sites  
(1 × 1 m) where C. canadensis is growing. H΄ was 
calculated as H΄ = –ΣPilnPi [22], where Pi is the relative 
abundance of one species. Pi was calculated as Pi = ni/N, 
where ni is the number of individuals of one species and N 
is the sum of the number of all plants in the surveyed area. 
D was calculated as D = Σ(ni/N)2 [23]. EH was calculated 
as EH = H΄/lnS [24], where S is the number of all species 
in the surveyed area.

Statistical Analyses

Differences among various dependent variables were 
assessed using analysis of variance between groups 
followed by a multiple comparisons correction using 
the Student-Newman-Keuls test. Statistically significant 
difference was considered at P values lower than 0.05. 
Correlation patterns among various dependent variables 
were determined through correlation analysis (using 
Pearson product-moment correlation coefficient) and 
principal component analysis (PCA) using SPSS (version 
17.0).

results

Differences were observed among the functional traits 
and RA strategy of C. canadensis across different invasion 
degrees along a latitude gradient (Tables 2 and 3). No 
significant difference was discovered in the functional 
traits and RA strategy of C. canadensis across different 
invasion degrees (P>0.05; Table 2). C. canadensis with 
high abundance significantly decreased Shannon-Wiener 
diversity (H΄) and Pielou evenness (EH) of the community 
structure, but significantly increased Simpson dominance 
(D) of the community structure (P<0.05; Table 2).

The height, leaf length, leaf width, total, aboveground, 
belowground, vegetative, and reproductive biomass as 
well as belowground-aboveground biomass ratio of C. 
canadensis increased with decreasing latitude gradient 
in Shenyang, Jianan, and Zhenjiang (P<0.05; Table 3). 
Reproductive branch number and CRA of C. canadensis 
was in the order of Shenyang < Xiamen < Zhenjiang < 
Jinan (P<0.05; Table 3). No significant difference was 
discovered in leaf shape index of C. canadensis along 
a latitude gradient (P>0.05; Table 3). Shannon-Wiener 
diversity (H΄) of the community structure in Xiamen 
was significantly lower than that in Shenyang, Jinan, and 
Zhenjiang, but Simpson dominance (D) of the community Ta
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structure in Xiamen was significantly higher than that in 
Shenyang, Jinan, and Zhenjiang (P<0.05; Table 3). Pielou 
evenness (EH) of the community structure decreased in the 
following order: Jinan/Xiamen, Zhenjiang, and Shenyang 
(P<0.05; Table 3).

Many significant correlations were revealed among 
the functional traits of C. canadensis, the plant diversity 
of the community structure of the sites, and the climate 
characteristics of the sampling sites along a latitude 
gradient (Table 4). In particular, the annual sunshine 
hours was positively correlated with Simpson dominance 
(D) of the community structure (P<0.01), but negatively 
correlated with the height, leaf length, leaf shape index, 
total biomass, aboveground biomass, belowground 
biomass, and vegetative biomass of C. canadensis, 
as well as with Shannon-Wiener diversity (H΄) of the 
community structure (P<0.05). The relationship between 
annual precipitation and other indices were all opposite 
(P<0.01). The mean annual air temperature, minimum 
temperature, and annual accumulated temperature were 
positively correlated with the height, leaf length, leaf 
width, total biomass, aboveground biomass, belowground 
biomass, vegetative biomass, and reproductive biomass, 
as well as with CRA of C. canadensis (P<0.05). In 
addition, these temperature parameters were positively 
correlated with Shannon-Wiener diversity (H') and Pielou 
evenness (EH) (P<0.01), but negatively correlated with 
Simpson dominance (D) of the community structure 
(P<0.001). The maximum temperature was positively 
correlated with the height, leaf length, leaf width, 
reproductive branch number, total biomass, aboveground 
biomass, belowground biomass, vegetative biomass, 
and reproductive biomass, belowground-aboveground 
biomass ratio, and CRA of C. canadensis, as well as with 
Pielou evenness (EH) of the community structure (P<0.01). 
The height of C. canadensis was positively correlated with 
its leaf length, leaf width, reproductive branch number, 
total biomass, aboveground biomass, belowground 
biomass, vegetative biomass, and reproductive biomass, 
as well as with the CRA (P<0.01). The leaf length of C. 
canadensis was positively correlated with its leaf width, 
total biomass, aboveground biomass, belowground 
biomass, vegetative biomass, and reproductive biomass, 
as well as with belowground-aboveground biomass ratio 
and CRA (P<0.05). The leaf width of C. canadensis was 
positively correlated with its total biomass, aboveground 
biomass, belowground biomass, vegetative biomass, and 
reproductive biomass as well as with CRA (P<0.001). By 
contrast, leaf shape index of C. canadensis was negatively 
correlated with its total biomass, belowground biomass, 
vegetative biomass, and reproductive biomass (P<0.05). 
The reproductive branch number of C. canadensis was 
positively correlated with its total biomass, aboveground 
biomass, belowground biomass, vegetative biomass, and 
reproductive biomass, as well as with Pielou evenness 
(EH) of the community structure (P<0.01). The total 
biomass, aboveground biomass, belowground biomass, 
and vegetative biomass of C. canadensis was positively 
correlated with its reproductive biomass and CRA (P<0.01). Ta
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The belowground-aboveground biomass ratio of C. 
canadensis was positively correlated with its vegetative 
biomass and with Simpson dominance (D) of the 
community structure (P<0.05), but negatively correlated 
with Shannon-Wiener diversity (H΄) of the community 
structure (P<0.05).

Correlation patterns between the functional traits and 
reproductive allocation strategy of C. canadensis and plant 
diversity in the distribution area of C. canadensis across 
different invasion degrees along a latitude gradient were 
separately examined by PCA (Figs 1 and 2). In particular, 
correlations between CRA and belowground-aboveground 
biomass ratio of C. canadensis were strengthened under 

low invasion degree but weakened under moderate and 
high invasion degrees (Figs 1a-c). Correlations between 
CRA and height, leaf length, leaf width, total biomass, 
aboveground biomass, belowground biomass, vegetative 
biomass, and reproductive biomass of C. canadensis 
were strengthened under moderate and high invasion 
degrees, but were attenuated under low invasion degree 

Fig. 2. PCA of the correlation patterns of the functional traits 
and reproductive allocation strategy of C. canadensis and 
plant diversity along a latitude gradient. The X axis account for 
48.60%, 31.96%, 31.07%, and 44.10% of the total variation in 
Shenyang a), Jinan b), Zhenjiang c), and Xiamen d), respectively, 
and the Y axis account for 19.77%, 18.27%, 20.14%, and 22.36% 
of the total variation in Shenyang a), Jinan b), Zhenjiang c), and 
Xiamen d), respectively. Abbreviations have the same meanings 
as described in Table 2.

Fig. 1. PCA of the correlation patterns of the functional traits 
and reproductive allocation strategy of C. canadensis and plant 
diversity with different invasion degrees. The X axis account 
for 47.74%, 51.89%, and 48.73% of the total variation in low 
a), medium b), and high c) invasion degrees of C. canadensis, 
respectively, and the Y axis account for 17.38%, 20.97%, and 
18.80% of the total variation in low a), medium b), and high 
c) invasion degree of C. canadensis, respectively. Abbreviations 
have the same meanings as described in Table 2.
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(Figs 1a-c). Strong correlations between CRA and leaf 
width as well as leaf shape index of C. canadensis in 
Shenyang and Xiamen were observed (Figs 2a, d). Strong 
correlations between CRA and leaf shape index as well as 
reproductive branch number of C. canadensis in Jinan 
were observed (Fig. 2b). Strong correlations between CRA 
and height of C. canadensis in Zhenjiang were observed 
(Fig. 2c).

discussion

Plants should maximize their living resources and 
achieve fitness advantage in multivariate environments 
in order to display a successful ecological strategy. 
For most plants, height plays an important role in their 
competitive ability [25, 26]. Previous studies showed 
that plant height decreases with increasing latitude [25], 
but significantly increases with increasing temperature 
[27]. The present results indicated that the height of  
C. canadensis decreased with increasing latitude except 
Xiamen, which featured a subtropical marine climate. This 
finding is basically consistent with previous studies [25, 
27]. Such an observation may be ascribed to the effects of 
temperature and latitude on plant height [27]. Meanwhile, 
the height of C. canadensis was positively correlated with 
its leaf length, leaf width, reproductive branch number, 
total biomass, aboveground biomass, belowground 
biomass, vegetative biomass, and reproductive biomass, 
as well as CRA. Meanwhile, strong correlations between 
CRA and height of C. canadensis under moderate and 
high abundances and in Zhenjiang were also observed 
via PCA. The results suggested that plant height is a 
pivotal characteristic that governs the resource acquisition 
and competitive ability of plants [25, 26] – particularly 
in terms of competing for light, a major requirement for 
successful invasion of species [28].

As a key parameter for characterizing the growth 
competitiveness of plants [29], the total biomass of plants 
is improved when the population density is increased 
[30]. It was therefore expected that the biomass (including 
total biomass, aboveground biomass, belowground 
biomass, vegetative biomass, and reproductive biomass) 
of C. canadensis increase with increasing invasion 
degrees. However, the biomass of C. canadensis was 
not significantly affected by invasion degree. It is worth 
noting that the biomass of C. canadensis significantly 
increased with decreasing latitude gradient in Shenyang, 
Jianan, and Zhenjiang. Thus, latitude gradient rather than 
invasion degree was determined to be the most important 
environmental factor that exerts notable effects on the 
biomass of C. canadensis.

Invasive plants exert different abundances in the 
invaded ecosystems [1, 9-10], and the RA strategy of 
invasive plants may be significantly affected by their 
invasion process along different succession stages. 
Meanwhile, intraspecific competition among plants 
increases at high abundances and that invasive species 
must produce numerous subsequent generations. 

Reproductive behaviors, which are important for 
connecting isolated populations and for colonizing new 
habitats via seed recruitment and dispersal, significantly 
contribute to the quick range expansion of plants [31]. 
Additionally, the high RA in a high abundance may  
benefit the expansion of plant population via seed 
recruitment and dispersal because the high reproductive 
efficiency of plants can be characterized as an adaptive 
strategy in competitive environments [32]. Contradicting 
the first hypothesis, however, the reproductive biomass and 
CRA of C. canadensis in this study were not significantly 
affected by invasion degree. This is inconsistent with 
previous results, which found that the reproductive 
allocation of plant species (Atriplex) maintain relative 
stability with increasing population density [33]. This 
phenomenon implied that the relatively high RA (allocate 
approximately 20% of total biomass into reproductive 
behaviors) of C. canadensis across different invasion 
degrees can achieve fitness advantage in broadening 
its habitat niches and can eventually attain a successful 
invasion. Previous studies also showed that high RA can 
enhance the invasiveness of invasive plants [34]. More 
importantly, the relatively high RA of C. canadensis did 
not significantly affect invasion degree.

One interesting discovery is that correlations CRA 
and belowground-aboveground biomass ratio of C. 
canadensis were strengthened under low invasion 
degree, whereas correlations between CRA and height, 
leaf length, leaf width, total, aboveground, belowground, 
vegetative, and reproductive biomass of C. canadensis 
were strengthened under moderate and high invasion 
degrees. Thus, the RA of C. canadensis may be principally 
influenced by the allocation between of belowground and 
aboveground biomasses at low invasion degree, but was 
affected by height, leaf size, and biomass at moderate and 
high invasion degrees. This indicated that intraspecific 
competition for resources may play an important role in the 
RA strategy of C. canadensis under high invasion degree 
because interspecies competition progressively decreased 
and intraspecific competition gradually increased with 
increasing invasion degree.

Previous studies showed that latitude can significantly 
affect plant functional traits via the difference in 
temperature and precipitation, mainly across the 
latitude gradient [25, 35]. The result of the current study 
showed that the height, leaf length, leaf width, total 
biomass, aboveground biomass, belowground biomass, 
vegetative biomass, and reproductive biomass, as well as 
belowground-aboveground biomass ratio of C. canadensis 
increased with decreasing latitude gradient in Shenyang, 
Jianan, and Zhenjiang (except Xiamen). This may be due to 
the increasing mean annual temperature and precipitation 
with decreasing latitude gradient. Meanwhile, the CRA 
of C. canadensis in Jinan and Zhenjiang were signifi-
cantly higher than those in Shenyang and Xiamen. The 
higher CRA of C. canadensis in warm temperate (Jinan) 
and subtropical monsoon climatic (Zhenjiang) zones 
may play an important role in the successful invasion  
of C. canadensis in the two climatic zones in China. The 
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possible reason for this is that eastern China and northern 
China, in which C. canadensis vigorous occurs [11, 
12], have the same or similar climate with their natural 
habitat in the original distribution region. Meanwhile,  
C. canadensis emerged when average daytime 
temperatures fluctuate between 10 and 15.5ºC [13]. The 
mean annual temperature of Jinan and Zhenjiang were 
also in the range basically. This evidence presumably 
implies that C. canadensis can’t bear higher temperature 
as well as lower temperature. One main reason is that C. 
canadensis originates from North America [11], which 
features a mild climate.

Plants with high biomass can invest a huge amount 
of biomass into their reproductive behaviors and exhibit 
a high CRA [15]. Previous research showed that the RA 
of plants significantly positively correlates with size 
[6, 15]. The result of this study revealed that the CRA of 
C. canadensis was positively correlated with its total 
biomass, aboveground biomass, belowground biomass, 
and vegetative biomass. Meanwhile, strong correlations 
between CRA and aboveground biomass, belowground 
biomass, vegetative biomass, and reproductive biomass of 
C. canadensis under moderate and high invasion degrees 
were also observed based on the PCA results. As such,  
the second hypothesis was supported. The CRA of C. 
canadensis was also positively correlated with its height, 
leaf length, and leaf width, which are important factors 
that trigger the plants to expand and obtain more living 
space and resources (especially light) [35]. Temperature 
(including the mean annual air temperature, minimum 
temperature, maximum temperature, and annual 
accumulated temperature), instead of annual sunshine 
hours or annual precipitation, was determined to be the most 
important environmental factor that trigger pronounced 
effects on the RA strategy of C. canadensis. Similarly, 
other studies realized that temperature (particularly mean 
annual temperature) is more strongly correlated with plant 
traits than mean annual precipitation [36].

Variations in the morphological characteristics of  
C. canadensis under different invasion degrees along 
a latitude gradient may result from the differences in 
succession maturity and/or plant density in a small 
range. However, these characteristics are principally 
influenced by climatic factors (mainly temperature) 
in a large range. The results revealed that the invasion 
degree did not significantly affect all of the indices of C. 
canadensis, whereas the latitude gradient significantly 
affected all of the measured indices of C. canadensis, 
except for leaf shape index. This may be attributed to the 
fact that temperature is a key factor that determines the 
performance of plants [36] and therefore strongly affects 
their geographical distribution.

Conclusions

Overall, the successful ecological strategy of plants 
involves finding an optimal mode for the trade-off between 
the growth and reproductive behaviors to obtain maxi-

mum fitness advantage in a changing environment. The 
changes in RA strategy of C. canadensis across different 
invasion degrees along a latitude gradient may play an 
important role in its successful invasion across many 
climatic zones.
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