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Abstract. Weeds can be a global threat to biodiversity and ecosystems. Understanding the contribution of 

environmental factors toward weed distribution can vastly improve the effectiveness of the methods 

adopted for the prevention and control of weed expansion on a large scale. Through multiple studies, we 

are now aware of the top 10 most dangerous weed species (in terms of endangering biodiversity). 

However, few studies have paid attention to the contribution of environmental factors toward the 

distribution of these weed species globally. In this study, we used species distribution modelling to 

project weed distribution based on occurrence records and environmental factors. We then used the 

jackknife estimation to assess the contribution of environmental factors toward weed distribution 

globally. Our results showed that climatic factors coupled with the human ecological footprint 

significantly contributed toward the distribution of these weed species. However, annual mean 

temperature made the largest contribution toward the distribution, except in the case of Sorghum 

halepense. Concerning distribution, different weed species respond differently to the annual mean 

temperature. However, the human ecological footprint can enhance their global distribution. We suggest 

that climate change and human influence should be analyzed together to realize methods for the 

prevention and control of the 10 most dangerous weed species globally. 

Keywords: climatic factor, human ecological footprint, risk monitoring, soil, species distribution 

modelling, weed management, worldwide 

Introduction 

Weeds have a high potential to threaten biodiversity and ecosystem functions around 

the world (Holm, 1969; Tilman et al., 2006; Bajwa et al., 2016; Krak et al., 2019). 

Owing to their generally broad physiological niches and/or specific traits, weeds can 

invade human-mediated ecosystems with relative ease (Holm, 1969; Tilman et al., 

2006; Shimono and Konuma, 2008; Panetta, 2015). Weed expansion can affect 

biodiversity across different spatial scales; for example, they can spread widely in 

disturbed or degraded environments (Shimono and Konuma, 2008). Thus, weed species 

could be dominant in such habitats and deplete the resources available to native plants, 

resulting in decreased biodiversity (Holm, 1969; Tilman et al., 2006; Shimono and 

Konuma, 2008). Furthermore, weed invasion could significantly decrease the ecosystem 

functions (e.g., nutrient cycling and biomass productivity) (Tilman et al., 2006; Bajwa 

et al., 2016; Zhang et al., 2018). Such negative effects on biodiversity and ecosystem 

functions may be due to the wide distribution of weeds as well as the spatial changes 

observed in environmental factors (Holm, 1969; Tilman et al., 2006; Shimono and 

Konuma, 2008; Panetta, 2015; Zhang et al., 2018). 
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Holm (1969) listed the 10 most dangerous weed species globally. These species have 

large distribution ranges and can expand widely across different environmental 

conditions. Ervin and Holly (2011) used species distribution modelling (SDM) to 

project the distribution of Imperata cylindrica in the United States based on pertinent 

environmental factors. Through further analysis of the results, they made some relevant 

suggestions on the prevention and control of this particular species (Ervin and Holly, 

2011). Goncalves et al. (2014) showed that the climatic niche is conserved across 

continents for the expansion of Lantana camara. Based on a large amount of previous 

evidence (Holm, 1969; Ervin and Holly, 2011; Goncalves et al., 2014; Ray and Quader, 

2014; Wan et al., 2019), we now know that environmental changes affect weed 

expansion, particularly for these 10 species. Therefore, it is necessary to explore the 

contribution of environmental factors toward the global distribution of these weed 

species; this will help us realize more effective methods for their prevention and 

control. 

Here we discuss the following two scientific aspects: 1) which environmental factors 

could affect the distribution of the 10 most dangerous weed species globally, and 2) 

how could different environmental factors affect weed distribution. To address these 

questions, we used SDM to model the global distribution of these weed species. Then, 

the jackknife estimation was used to assess the contribution of environmental factors 

toward global weed distribution. Finally, we quantified the changing trends in weed 

distribution based on the relationship between the distribution probability and 

environmental factors. 

Materials and methods 

Species data 

The following 10 weed species are termed as the most dangerous, as per Holm’s 

study (1969): Cynodon dactylon, Cyperus rotundus, Echinochloa colona, Echinochloa 

crus-galli, Eichhornia crassipes, Eleusine indica, Imperata cylindrica, Lantana camara, 

Panicum maximum, and Sorghum halepense. These 10 species are dangerous weeds 

nowadays (Chandramohan and Charudattan, 2001; Punia et al., 2004; Vila-Aiub et al., 

2007; Chauhan and Johnson, 2010; Ervin and Holly, 2011; Patel, 2012; Goncalves et 

al., 2014; Palma-Ordaz and Delgadillo-Rodríguez, 2014). The global occurrence records 

of these species were downloaded from the Global Biodiversity Information Facility 

(GBIF; https://www.gbif.org/; assessed on 19th March, 2019). The cleaning facilities of 

ModestR were used to minimize the frequently appearing errors in GBIF (García-

Roselló et al., 2014). Duplicate occurrence records were removed on a 10.0 arc-minutes 

(∼16.0 km) spatial resolution grid. The number of occurrence records ranged from 1795 

to 7931 to support the good performance of SDM in our study. 

 

Environmental data 

The environmental data of our study included four climatic factors [annual mean 

temperature (°C*10); temperature seasonality (standard deviation*100); annual 

precipitation (mm); and precipitation seasonality], eight soil factors [bulk density 

(kg/m3); cation exchange capacity (cmolc/kg); soil texture fraction clay (%); coarse 

fragments volumetric (%); soil organic carbon stock (tonnes per ha); soil pH; soil 

texture fraction silt (%); and soil texture fraction sand (%)] (Hengl et al., 2014), and one 
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human ecological footprint (Sanderson et al., 2002). Non-standard units of temperature 

were used because this allows for much reduced file sizes, which is important as, for 

many, downloading large files remains difficult (https://www.worldclim.org). Climate 

data of 10.0 arc-minutes was downloaded from the WorldClim database (averaged from 

1950 to 2000; https://www.worldclim.org), and soil data of 0.5 arc-minutes was 

downloaded from SoilGrids (https://www.soilgrids.org). The human ecological 

footprint data was detailed in the study of Sanderson et al. (2002). We chose these 

environmental factors because they can potentially have a large effect on the 

distribution of weed species (Holm, 1969; Chicoine et al., 1986; Ervin and Holly, 2011; 

Goncalves et al., 2014). The four climatic factors, mean and standard deviation 

temperature and precipitation, were selected because they are widely used in SDMs 

based on previous studies (Ervin and Holly, 2011; Goncalves et al., 2014; Qin et al., 

2014; Wan et al., 2016; Wan and Wang, 2019). Hageer et al. (2017) showed that the 

eight selected soil factors should be applied to predict distributions of plant species at 

large spatial scales. The human ecological footprint could explain the the global 

distribution of plant invaders (Beans et al., 2012; Gallardo et al., 2015). We used 

ArcGIS 10.6 (https://www.esri.com/software/arcgis/arcgis-for-desktop) to resample the 

resolution of the soil and human ecological footprint data from 0.5 arc-minutes to 10.0 

arc-minutes. Hence, the value ranges of soil and human ecological footprint data were 

different from the previous studies (i.e., Sanderson et al., 2002; Hengl et al., 2014). 

 

Species distribution modelling and jackknife estimation 

We used Maxent modelling to project the global distribution of these weed species 

based on species data and environmental factors (Phillips et al., 2017). The Maxent 

modelling sets were as follows: 1) the regularization multiplier (beta) was kept at 2.0 to 

produce a smooth and general response shape, which represented a biologically realistic 

behaviour (Radosavljevic and Anderson, 2014); 2) the maximum number of background 

points was set to 10,000, while maintaining the same bias as the buffer of occurrence 

records of species on a global scale (Phillips et al., 2017); 3) a four-fold cross-validation 

approach was used (75% and 25% of occurrence records for training and testing 

modellings, respectively, in each run) to remove bias with respect to occurrence records 

(Merow et al., 2013); 4) a complementary log–log (cloglog) transformation was applied 

for the output of Maxent modelling (Phillips et al., 2017); and 5) the other sets were the 

same as the study of Merow et al. (2013). The cloglog output format gave each grid cell 

a value between 0.0 and 1.0, with 0.0 representing the lowest distribution probability of 

weed species and 1.0 the highest (Phillips et al., 2017). We evaluated the predictive 

precision of the species distribution models by using the area under the curve (AUC) of 

the receiver operating characteristic, treating each value of the prediction result as a 

possible threshold and then obtaining the corresponding sensitivity and specificity 

values to calculate the curve. Here, the modelling performance was satisfactory for 

these weed species because the AUC was over 0.7 (Merow et al., 2013). 

A jackknife approach was used to assess the percentage contribution (PC) of 

environmental factors to the distribution probability of weed species using Maxent 

modelling (Merow et al., 2013; Shcheglovitova and Anderson, 2013; Oke and 

Thompson, 2015). The output of the jackknife estimation gave each environmental 

factor a value between 0.0% and 100.0%, representing the increasing PC of 

environmental factors to the distribution probability (Shcheglovitova and Anderson, 

2013; Oke and Thompson, 2015). Response curves of the environmental factors to the 
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distribution probability could be quantified using Maxent modelling (Shcheglovitova 

and Anderson, 2013). We summed up the values of PC based on the groups of climatic 

and soil factors. In our study, the contribution of environmental factors toward the 

species distribution was high when the PC was at least 15.00% of the modelling for 

each weed species (Oke and Thompson, 2015). 

Results 

Distribution of weed species 

The 10 most dangerous weed species were distributed primarily in Europe, Southeast 

Asia, Australia, southern regions of North America, central and eastern regions of South 

America, and central and southern regions of Africa (Fig. 1). Specifically, C. dactylon, 

C. rotundus, and E. colona cover most regions of Australia (Fig. 1). Compared to other 

species, E. crus-galli and S. halepense cover only small areas in the central and southern 

regions of Africa (Fig. 1). 

 

 

Figure 1. The distribution of 10 most dangerous weed species on a global scale. The colour of 

maps from blue to red represents the distribution probability of the 10 most dangerous weed 

species from low to high levels 
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Contribution of environmental factors to weed distribution 

PCs for all climatic factors were over 50% across all these species, thus indicating 

that the climatic factor made the largest contribution toward the global distribution 

(Table 1). Among the climatic factors, annual mean temperature made the largest 

contribution toward the distribution, except for S. halepense. Further, temperature 

seasonality and annual precipitation played an important role in the distribution of seven 

weed species, i.e., C. dactylon, E. colona, E. crus-galli, E. crassipes, E. indica, P. 

maximum, and S. halepense (PC over 15.00%; Table 1). Although the distribution 

ranges were similar among the species, temperature and precipitation made different 

contributions toward the distribution, and the response curves of the climatic factors to 

the distribution varied among different weed species (Fig. 2). The response curves of 

climatic factors to the distribution were simply unimodal for E. crus-galli, E. crassipes, 

L. camara, P. maximum, and S. halepense. Also, an obvious increasing trend was 

observed in the unimodal changes for C. dactylon, C. rotundus, E. colona, E. indica, 

and I. cylindrica (Fig. 2). We found that soil factors made a small contribution toward 

the global distribution (Table 1). At large spatial scales, climatic factors made a larger 

contribution toward weed distribution than soil factors (Table 1). PC was higher than 

15.00% for the human ecological footprint for the global distribution of E. crus-galli, E. 

crassipes, E. indica, L. camara, and S. halepense (Table 1). Furthermore, the 

distribution probability enhanced with an increased human ecological footprint (Fig. 3). 

Discussion 

We found that the distribution range of the 10 most dangerous weed species included 

Europe, Southeast Asia, Australia, southern regions of North America, central and 

eastern regions of South America, and central and southern regions of Africa, indicating 

that these weed species have great potential to expand widely around the world. Hence, 

as per Holm (1969), the threat that these species pose to the ecosystem and biodiversity 

should be a global issue. It is therefore important to explore the drivers behind the wide 

distribution of these weeds so that the effectiveness of the preventive and control 

methods can be improved (Panetta, 2015; Bajwa et al., 2016; Wan and Wang, 2019). 

 

Contribution of climatic factors to weed distribution 

We found that PCs for all climatic factors were over 50% across all these species, 

thus indicating that the climatic factor made the largest contribution toward the global 

distribution (Table 1). Among the climatic factors, annual mean temperature made the 

largest contribution toward the distribution, except for S. halepense (PC over 15.00%; 

Table 1). Although the distribution ranges were similar among the species, temperature 

and precipitation made different contributions toward the distribution, and the response 

curves of the climatic factors to the weed distribution varied among different weed 

species (Fig. 2). These results indicated that suitable climatic conditions could drive the 

global expansion of weed species. Previous studies (e.g., Holm, 1969; Tilman et al., 

2006; Shimono and Konuma, 2008; Ervin and Holly, 2011; Panetta, 2015; Wan et al., 

2017; Zhang et al., 2018) have shown that weeds can strongly adapt to rapid 

environmental changes and could grow exponentially in the near future. Weeds have a 

high level of phenotypic plasticity, and are capable of relatively rapid genetic change to 

enhance their ability to invade new areas in response to climate change (Clements and 
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Ditommaso, 2011). Hence, it is important to understand the changing trends in weed 

distribution along with the variation in global climate changes (Ervin and Holly, 2011; 

Wan et al., 2016; Zhang et al., 2018; Wang et al., 2019). Figure 2 shows us the 

importance of monitoring weed expansion under different climatic conditions. 

 

 

Figure 2. Response curves of annual mean temperature to weed distribution on a global scale 

 

 

Contribution of soil factors toward weed distribution 

Our results showed that soil factors made a negligible contribution toward global 

distribution (PC less than 15.00%; Table 1), thus indicating that soil factors solely could 

not drive weed expansion on a global scale. Numerous experimental studies (Tilman et 

al., 2006; Ramakrishna et al., 2006; Welch et al., 2016; Zhang et al., 2018) have shown 

that small-scale soil conditions play an important role in the spatial distribution of weed 
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species. However, based on our results, climatic factors made a larger contribution 

toward weed distribution than soil factors at large spatial scales. At small spatial scales, 

biotic factors (e.g., soil microorganisms) make a large contribution to weed physiology 

and weed seed banks (Kremer, 1993; Kennedy et al., 1999). Attention was paid to 

abiotic factors in our study. This difference may have been due to the effects of the 

spatial scale on the relationship between soil factors and weed distribution (Ervin and 

Holly, 2011; Goncalves et al., 2014). However, we should still pay attention to the 

effects of soil factors because a weed monitoring strategy should be based on different 

spatial scales, from something as large as a continent to as small as a micro-habitat 

(Buhler et al., 1997; Dekker et al., 1999; Gallandt, 1999; Wallace et al., 2018). 

 

Contribution of human ecological footprint toward weed distribution 

The human ecological footprint made a large contribution toward the global 

distribution of E. crus-galli, E. crassipes, E. indica, L. camara, and S. halepense (PC 

higher than 15.00%; Table 1). Furthermore, the distribution probability enhanced with 

an increased human ecological footprint (Fig. 3). The human ecological footprint is a 

good indicator of human influence in that it estimates the quantity of nature necessary to 

support the consumption habits of one individual, population, product, activity, or 

service (Sanderson et al., 2002; Wan et al., 2018). Our results provide clear evidence 

that human influence could drive the expansion of the above-mentioned 5 species on a 

global scale, although previous studies (e.g., Young and Evans, 1976; Treier and 

Müller-Schärer, 2011; Alvarado-Serrano et al., 2019; Krak et al., 2019) have shown that 

weeds could expand in lands degraded by human influence. Such influences of the 

human ecological footprint include global trade and transportation (Sanderson et al., 

2002; Wiedmann and Lenzen, 2018). Therefore, we should consider making provisions 

for better control of global trade and transportation if we are to restrict the global 

distribution of these five species (Holm, 1969; Panetta, 2015; Zhang et al., 2018). 

 

 

Figure 3. Response curves of human ecological footprint to weed distribution on a global scale 
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Table 1. Contribution of environmental factors toward the distribution of 10 most dangerous weed species on a global scale 

Species Bio1 Bio4 Bio12 Bio15 BLD CEC CLYPPT CRFVOL ORCDRC PHIHOX SLTPPT SNDPPT Climate Soil HF 

Cynodon 

dactylon 
44.30 43.94 1.08 2.90 0.43 0.03 0.00 0.04 0.00 2.14 0.14 0.06 92.22 2.86 4.93 

Cyperus 

rotundus 
68.17 14.30 1.89 1.94 0.79 0.10 0.81 0.14 0.00 2.32 1.00 0.66 86.30 5.82 7.88 

Echinochloa 

colona 
62.00 24.92 2.62 0.93 1.20 0.58 0.23 0.07 0.05 4.14 0.60 0.08 90.47 6.94 2.59 

Echinochloa 

crus-galli 
21.01 20.00 1.79 14.15 0.08 0.08 0.17 0.10 0.02 0.15 0.12 0.04 56.94 0.75 42.31 

Eichhornia 

crassipes 
30.17 6.09 15.13 3.16 0.80 1.59 0.95 2.85 0.00 2.30 2.12 0.34 54.55 10.95 34.50 

Eleusine 

indica 
46.77 3.26 25.21 0.67 0.49 0.45 1.03 0.34 0.03 2.36 0.09 0.12 75.91 4.92 19.17 

Imperata 

cylindrica 
64.08 10.31 13.42 3.48 0.61 0.17 0.04 2.02 0.01 1.23 0.08 1.50 91.29 5.65 3.06 

Lantana 

camara 
50.71 11.86 11.88 0.80 0.68 0.36 0.73 0.16 0.04 1.26 0.94 0.50 75.25 4.66 20.09 

Panicum 

maximum 
56.35 24.40 2.57 2.47 0.05 0.68 0.58 0.01 0.07 3.18 0.39 0.37 85.78 5.33 8.89 

Sorghum 

halepense 
23.69 31.78 0.55 3.86 1.18 1.01 0.18 0.16 0.03 1.22 1.61 0.03 59.88 5.43 34.69 

Climate, soil, and HF denote the total contribution of climate, soil, and human ecological footprint toward weed distribution. The bold values denote the large 

contribution of environmental variables toward weed distribution. The environmental codes were following: Bio1: annual mean temperature (°C*10); Bio4: 

temperature seasonality (standard deviation*100); Bio12: annual precipitation (mm); Bio15: precipitation seasonality (coefficient of variation); BLD: bulk density 

(kg/cubic meter); CEC: cation exchange capacity (cmolc/kg); CLYPPT: soil texture fraction clay (%); CRFVOL: coarse fragments volumetric (%); ORCDRC: soil 

organic carbon stock (tonnes per ha); PHIHOX: soil pH; SLTPPT: soil texture fraction silt (%); SNDPPT: soil texture fraction sand (%) 
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Conclusions 

We conclude that climatic factors coupled with the human ecological footprint made 

a significant contribution toward the distribution of the 10 most dangerous weed species 

globally. The contribution of the annual mean temperature was the largest for all the 

species, except for S. halepense. Various weed species respond differently to the annual 

mean temperature, but the human ecological footprint could enhance global expansion. 

Hence, we should analyze climate change and human influence together for the global 

prevention and control of these 10 most dangerous weed species. The spatial pattern of 

climates and the human ecological footprint should be closely monitored in Europe, 

Southeast Asia, Australia, southern regions of North America, central and eastern 

regions of South America, and central and southern regions of Africa. Future studies 

should attach importance to the contribution of environmental factors towards more 

weed species at the global scale. Weed control and management is increasingly 

becoming a global issue due to global human activities (e.g., global transportation and 

trade; Beans et al., 2012; Gallardo et al., 2015; Alvarado-Serrano et al., 2019). More 

and more weed species have a high potential to expand around the world. Furthermore, 

future studies also should pay attention to the importance of biotic factors (e.g., soil 

microorganisms) to the distribution of weed species globally. Therefore, studies on 

more weed species and biotic factors should be conducted for weed species worldwide. 
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