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Resumé 

Formålet med dette speciale er, at undersøge hvilke konsekvenser klimaforandringerne har på udbredelsen 

af bynke-ambrosie (Ambrosia artemisiifolia L.) krybende ambrosie (Ambrosia psilostachya DC.) og trefliget 

ambrosie (Ambrosia trifida L.) i Europa. Planternes pollen er stærkt allergifremkaldende, og global 

opvarmning kan øge pollensæsonens længde, hvilket kan resultere i yderligere konsekvenser for borgernes 

sundhed. De tre ambrosie-arter stammer fra Nordamerika, men blev utilsigtet bragt til Europa i midten af 

det 18. århundrede. Siden da har især bynke-ambrosie invaderet store dele af det sydøstlige Europa, hvor 

den er blevet én af hovedårsagerne til allergiske sygdomme. Artens gode spredningsevne skyldes blandt 

andet, at den er i stand til at producere mange frø, og vokser hurtigt. Danmark ligger i udkanten af 

ambrosie-arternes nordlige udbredelsesområde, da klimaet er for koldt til frøproduktion. Dog er der, 

indenfor de seneste par år, rapporteret om flere fund af bynke-ambrosie, især i byer og forstadshaver. 

Dette kan skyldes, at en stor mængde frø er blevet importeret med østeuropæiske fuglefoderblandinger. 

En ny lov fra EU-kommissionen skal sikre, at spredningen af bynke-ambrosie begrænses, blandt andet ved 

at indføre strammere regler for indholdet af plantens frø i foderblandingerne, men på trods af dette 

initiativ er spredning forsat et problem. Øget handel og turisme på tværs af landegrænser har sammen med 

modernisering af landbruget resulteret i nye spredningsmuligheder for arterne.  

I dette studie anvendes programmet Maxent til at modellere udbredelsen af de tre 

ambrosie-arter under nutidigt og fremtidigt klima. Modellerne baseret på nutidigt klima, identificerede 

forskellige områder i verden som klimatisk egnede til invasion, mens modellerne baseret på fremtidige 

klimascenarier forudsiger en potentiel spredning nordpå i Europa. Med de klimaforandringer som 

forekommer, kan Danmarks klima i fremtiden blive mildere ligesom i Europæiske lande, der i dag er 

indtaget af bynke-ambrosie. Det kan få store konsekvenser for folkesundheden, både fordi bynke-

ambrosies pollen kan forårsage pollenallergi og astmaanfald, og fordi planten blomster sent om efteråret, 

hvilket kan forlænge pollensæson i Nordeuropa. Derfor er det vigtigt at kontrollere og bekæmpe planterne, 

før de for lov til at sprede sig. Man kan i princippet forhindre etablering ved at hive alle planterne op inden 

frøsætning. Er planterne derimod allerede introduceret til et område, kan de bekæmpes lokalt ved hjælp af 

mekanisk- og kemisk kontrol. En alternativ mulighed er biologisk bekæmpelse, men denne metode har 

endnu ikke vist sig egnet til langvarig kontrol af arterne i Europa. Hvis planterne får lov til at stå i al 

ubemærkethed, kan man risikere, at der er individer imellem, som vil tilpasse sig et koldere klima, og 

derved bliver i stand til at producere levedygtige frø. Udbredelsesmodellerne i dette studie kan ses som et 

vigtigt redskab i forbindelse med planlægning af bekæmpelsesstrategier til kontrol af ambrosie-arterne i 

nye områder, hvilket i et fremtidigt perspektiv, kan have stor betydning for mange allergikere.  
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General introduction 

Predictive modeling of species distribution has become a widely used tool for assessing potential responses 

of species to climate change (Beaumont et al. 2005), and can provide essential knowledge on the risk of 

alien invasive species (Rödder et al. 2009). The spread of invasive species is an important element of global 

change, as biological invasions can affect the structure of ecosystems, threaten native biodiversity or 

degrade human health and wealth (Dukes and Mooney, 1999; Vitousek et al. 1996; Pyšek and Richardson, 

2010). The invasion-health aspect of climate change has received considerable attention in recent years, 

especially in relation to new aeroallergens, as the progressive climate changes may modify the global pollen 

load and affect the rate of allergic sensitizations (Crowl et al. 2008; Shea et al. 2008; Ariano et al. 2010; 

Sheffield et al. 2011).  

Climatic changes are likely to have great effect on the distribution and abundance of allergic 

plants in the future (Emberlin, 1994; Beggs, 2010), and in recent decades the prevalence of both hay fever 

and asthma has increased significantly (Wayne et al 2002; Ziska et al. 2011). Species of ragweeds (Ambrosia 

L.) produces highly allergenic pollen, which can induce allergic diseases, such as rhinitis, conjunctivitis and 

asthma (Gerber et al. 2011). This master thesis focuses on the potential responses of allergenic ragweed 

species to climate change in Europe, by assessing their distribution under current and future climates. 

Knowledge about the potential spread of invasive species is useful in management strategies to plan their 

eradication (Ficetola et al. 2007).  

 
To set the scene I describe the biology and invasion history of the study species. Then I define Species 

Distribution Models (SDMs) and provide an overview of modeling assumptions and methodological 

considerations to outline the framework of the study. Finally I present a manuscript that holds the detailed 

research and results of this thesis work.  

Biology and ecology of the study species 

The genus Ambrosia belongs to the Asteraceae and contains at least 40 species (Brandes and Nitzsche, 

2006). Most of these are native to North America, although A. maritima L. is considered native to the 

Mediterranean region (Gerber et al. 2011). The species investigated in this study are common ragweed (A. 

artemisiifolia L.), perennial ragweed (A. psilostachya DC.) and giant ragweed (A. trifida L.). All three species 

are wind pollinated, with male flowers gathered in spikes terminally on stems and branchlets, and 

inconspicuous female flowers arranged in small clusters or solitary in the axils of the upper leaves 

(Mossberg and Stenberg, 2007; Bassett and Crompton, 1975).  
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Common ragweed is an annual weed of common occurrence in ruderal, disturbed and open 

field habitats (Bazzaz, 1974; Dullinger et al. 2009). It has an erect and ramified growth reaching a maximum 

height of two meters (Brandes and Nitzsche, 2006; Buttenschøn et al. 2009). The plant is monoecious 

(Fumanal et al. 2008) and the leaves are often bi-pinnate (Brandes and Nitzsche, 2006). The plant spreads 

by seeds, and large individuals can produce up to 60,000 seeds (Dickerson and Sweet, 1971; Taramarcaz et 

al. 2005; Brandes and Nitzsche, 2006). The seeds remain viable in the seed bank for up to 20 years (Brandes 

and Nitzsche, 2006), sometimes as long as 40 years, however with a strongly reduced germination rate 

(Basset and Crompton, 1975; Buttenschøn et al. 2009). The species is a short-day plant, i.e., flowering is 

induced by a dark period of approximately eight hours (Brandes and Nitzsche, 2006; Buttenschøn et al. 

2009). It prefers warm and moist conditions, while low temperatures and little water supply delay the 

development (Brandes and Nitzsche, 2006). A habitat analysis by Fumanal et al. (2008) showed that 

common ragweed is tolerant to different soil types; both acidic and basic, poor or rich in nutrient content. 

However it prefers nutrient-rich, neutral or slightly acidic soils (Buttenschøn et al. 2009). 

Perennial ragweed (syn. A. coronopifolia, Torrey & A. Gray) is very similar in appearance to 

common ragweed, except it is a perennial, usually smaller plant, with horizontal creeping roots (Bassett and 

Crompton, 1975). It is characterized by a bushy and dense growth (Buttenschøn et al. 2009). It thrives in dry 

sandy soils in disturbed open habitats or grassy fields (Mossberg and Stenberg, 2007; Bassett and 

Crompton, 1975). Spreading is mostly vegetative by rhizomes, and the species only produces one seed per 

flower head. Despite the small seed set, vegetative reproduction makes it possible for perennial ragweed to 

colonize an area by one or few original plants (Bassett and Crompton, 1975).   

Giant ragweed is an erect annual herb with opposite tripartite leaves (Buttenschøn et al. 

2009; Bassett and Crompton, 1982). It prefers disturbed, moist and fertile soils and is of common 

occurrence in agricultural fields, orchards, roadside ditches and along river banks (Bassett and Crompton, 

1982; Buttenschøn et al. 2009). It has an initial competitive advantage over other summer annuals, as it is 

first to emerge early in spring and produces a high biomass during the seedling stage, which enables it to 

overtop and outcompete co-occurring annuals. Like common ragweed it is a short-day plant, but it is more 

frost resistant and generally flowers earlier than common ragweed (Bassett and Crompton, 1982).      

Invasion history 

Common ragweed is the most widespread ragweed species worldwide, and it was introduced to Europe 

together with both perennial- and giant ragweeds (Buttenschøn et al. 2009). They have been found in 

countries where the climate is similar to that of their native range (Chauvel et al. 2006). Common ragweed 

was unintentionally brought to Europe in the middle of the 18th century (Vogl et al. 2008) where it was 

grown in a few botanical gardens (Buttenschøn et al. 2009). Since then it has invaded large parts of 
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southern Europe, the spread accelerated by the warming of the European climate (Vogl et al. 2008). 

Multiple introductions at different spots in Europe have led to the establishment and spread of common 

ragweed; in France it was first registered in nature in 1863 (Chauvel et al. 2006), whereas the first record 

for Austria is a herbarium specimen collected in 1883 (Essl et al. 2009) and in Russia it was found for the 

first time in 1918 (Csontos et al. 2010). It invaded Central Europe late in the 19th century, but interestingly 

the plant was not reported until 1922 in Hungary, which today is highly invaded (Essl et al. 2009). The 

literature suggests that ragweed was introduced to Europe by contaminated red clover seeds (Trifolium 

pretense L.) or wheat (Triticum aestivum L.), imported from Canada or North America (Brandes and 

Nitzsche, 2006; Chauvel et al. 2006). Nevertheless no data can really support these origins (Chauvel et al. 

2006). Other invasion sources could be as a ballast weed or with the arrival of American troops during 

World Wars I and II (Dahl et al. 1999; Chauvel et al. 2006). Since the Second World War, common ragweed 

has become established and more abundant at several locations in Central- and Southern Europe, probably 

as a result of increased intercontinental transports of cereals, changed agricultural methods and policy to 

turn vast agricultural areas into fallow fields, creating ideal conditions for ragweed to colonize (Dahl et al. 

1999). Furthermore the reduction in EU boundaries to transport and trade, along with increased tourism 

and support for agricultural modernization through the EU Common Agricultural Policy (CAP), has increased 

the opportunities for new forms of dispersal of invasive species (Bardsley and Edwards-Jones, 2007) 

including ragweed.  

Today, the largest populations of common ragweed are found in the Rhône valley (France), 

Northern Italy and the Pannonian Plain, from where it rapidly spreads all over Europe (Šikoparija et al. 

2009; Skjøth et al. 2010). In contrast, common ragweed is relatively rare in Northern Europe, but it is 

expected to expand its northern distribution in near future due to climate change (Gerber et al. 2011). 

Perennial- and giant ragweed are less common in Europe, but their introduced ranges include several 

European countries (Laaidi et al. 2003; Gerber et al. 2011) and they are reported invasive in some parts of 

eastern Europe and Russia (Buttenschøn et al. 2009). Perennial ragweed is considered to have less 

potential for spread and establishment than common and giant ragweed, as it produces less seeds (Gerber 

et al. 2011). Until recently the main dispersal pathway for ragweed in Europe has been by birdseeds, 

especially mixtures containing sunflower seeds (Brandes and Nitzsche, 2006), but in January 2012 a new 

law by the EU Commission became effective with the purpose to reduce contamination of ragweed in 

birdseed mixtures. According to this law, the maximum-content of ragweed seeds in the mixtures was set 

to 50 mg/kg (Fødevarestyrelsen, 2013). Despite the new initiative, spreading of the plants will continue to 

occur, as human activities such as vehical movements and infested soil transports, or dissemination by 

wind and waterways cannot be avoided (Taramarcaz et al. 2005; Buttenschøn et al. 2009).  
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Conceptual background - theory of Species Distribution Modeling 

The species niche concept is central to ecology and relates to Species Distribution Models (SDMs) (Franklin, 

2009). More than 90 years ago, Joseph Grinnell presented some of the most fundamental ideas about 

ecological niches and distributional areas of species (Soberón and Nakamura, 2009). Grinnell defined the 

ecological niche as the range of values of environmental factors that are necessary to allow for a species to 

carry out its life history (James et al. 1984). In the absence of immigration a species can only survive if the 

environmental variables support a positive population growth rate (Hirzel and Le Lay, 2008). These 

variables are the dimensions of the environmental space, and hence the ecological niche is the volume in 

the environmental space that permits positive growth (Hirzel and Le Lay, 2008). It is important to 

differentiate between environmental space and geographical space (Elith and Leathwick, 2009). Whereas 

environmental space is a conceptual space defined by the environmental variables to which the species 

respond (Figure 1, left), geographical space is the spatial location of environmental conditions on actual 

landscape defined by georeferenced coordinates (Figure 1, right)(Pulliam, 2000; Pearson, 2007). As 

illustrated in Figure 1, the growth rate decreases from the niche optimum to the niche envelope where it is 

null. Outside the niche envelope the growth rate is negative (Hirzel and Le Lay, 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 The concept of the ecological niche (from Hirzel and Le Lay, 2008). Left: Illustrating the ecological niche (grey area) in a 2D 

environmental space. The cross marks the niche optimum, and the isolines indicate the species varying growth rate, r. The niche 

envelope is outlined where growth rate is zero. Further out growth is negative and decreases till it reaches the lethal envelope 

(bold dashed line). Right: Illustrating habitat suitability in geographical space. The solid lines depict areas with environmental 

conditions that fall within the ecological niche.      

 

 

SDMs aim to characterize a species’ ecological niche and project it into geographical space. The output is 

maps of habitat suitability (Guisan and Thuiller, 2005). SDMs are empirical models that relate field 
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observations of species to environmental predictor variables, based on statistically or theoretically derived 

response surfaces (Guisan and Thuiller, 2005). The models have a broad range of applications. It has been 

used to assess the potential threat of pests or invasive species (Wang et al. 2007; Ward, 2007), identify 

hotspots of endangered species and it has recently become a widespread tool for development of 

conservation strategies and establishment of suitable locations for species translocations or cultivation 

(Beaumont et al. 2005; Morueta-Holme et al. 2010). Currently SDMs are the only means by which the 

potential magnitude of changes in species distributions in response to climate change can be assessed 

(Beaumont et al. 2005). To understand the impact of future climate change it is essential to make 

trustworthy predictions of the current and future potential distribution of species. This can be done using 

bioclimatic models, assuming that climate ultimately restricts species distributions. These models use a 

number of climatic variables within the known range of a species, resulting in a bioclimatic envelope 

(Beaumont et al. 2005). Bioclimatic envelopes can be defined as the climatic niche, which represents the 

climatic conditions that are suitable for species existence (Pearson and Dawson, 2003).  

Since the geographic range of a species can be viewed as a spatial reflection of its niche 

(Lomolino et al. 2010), it is essential to distinguish between fundamental and realized niches when working 

with species distribution modeling (Pearson and Dawson, 2003). The fundamental niche of a species is 

defined as the total range of environmental conditions in which species can survive and reproduce, 

whereas the realized niche characterizes the place where the species live (Pulliam, 2000; Guisan and 

Thuiller, 2005; Lomolino et al. 2010). It is different from the fundamental niche, as a species may be 

excluded from parts of its fundamental niche due to biotic interactions, human influence or geographical 

barriers (Pearson and Dawson, 2003; Phillips et al. 2006; Lomolino et al. 2010). Bioclimatic models based on 

the realized niche correlate climate variables with observed distributions, adopting the general thesis that 

current distribution is the best indicator of a species’ climatic requirements. Such correlative models are 

based on realized niche, since observed species’ distributions in reality already are constrained by non-

climatic parameters such as biotic interactions and limiting resources (Pearson and Dawson, 2003; Guisan 

and Thuiller, 2005). Other bioclimatic models aim to identify the fundamental niche by modeling 

physiological limiting mechanisms in a species’ climatic requirements. These models therefore use a more 

physiologically based mechanistic relationship between climatic parameters and species response (Pearson 

and Dawson, 2003). In geographical space the realized niche will correspond to the actual distribution of 

the species and the fundamental niche will correspond to the potential distribution of a species (Figure 2, 

top) (Phillips et al. 2006). In environmental space, a hypothetical SDM identifies only that part of the niche 

defined by observed occurrences (Figure 2, bottom). When projected into geographical space, the model 

output will be part of the actual distribution and potential distribution (Figure 2, top right). Therefore the 



9 
 

full extent of either the actual or potential distribution should not be expected to be predicted by SDMs 

(Pearson, 2007).   

 

There are some fundamental limitations to the predictive capacity of bioclimatic models, that need to be 

considered, regardless of the methodology used to characterize the bioclimatic envelope (Pearson and 

Dawson, 2003); i) biotic interactions such as competition, predation and symbiosis with other species have 

important impact on species distributions. These are however expected to play a major role primarily at 

local scales, whereas climate is expected to exert a dominant role across regional and continental scales 

(Guisan and Thuiller, 2005; Pearson and Dawson, 2003), ii) evolutionary change is usually considered to 

occur over long time scales, and it is often expected that the tolerance range of a species remains the same 

as it shifts its geographical range. However, rapid evolutionary change may occur, which is important for 

SDMs, since the assumption of niche conservatism will be wrong for species experiencing rapid adaptation 

(Peterson and Vieglais, 2001; Pearson and Dawson, 2003). Niche conservatism means that the fundamental 

niche is subject to slow temporal changes in position, size and shape, and this is a fundamental assumption 

underlying many applications of SDMs (Soberón and Nakamura, 2009). iii) Species dispersal is also an 

important factor in determining the relationship between niche and distribution. There is growing evidence 

that some organisms are ‘dispersal limited’, meaning that a species may be frequently absent from suitable 

habitats because of the difficulty of reaching such areas (Pulliam, 2000), and because of reoccurring 

extinction events preventing full recolonization (Guisan and Thuiller, 2005). Bioclimatic envelope models do 

not account for species dispersal, but instead aim at predicting the potential range of organisms under 

changed climate, it is however apparent that current predictions of potential distributions may differ 

greatly from actual future distributions due to dispersal limitations (Pearson and Dawson, 2003).   
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Figure 2 Diagram illustrating the theoretical framework of species distribution modeling (modified after Pearson 2007). Top left: 

Hypothetical species distribution in geographical space. Spatial location of the study area is represented using x and y coordinates, 

where + are observed species records. Grey shading represents the species’ actual distribution. Part of envelopes without shading 

corresponds to the species potential distribution where areas are environmental suitable but not occupied by the species. Bottom: 

Characterization of the species niche in environmental space defined by two environmental factors e1 and e2. Occurrence records 

are fitted to e1 and e2, identifying only the part of the niche defined by the observed records. Top right: Model output is projected 

back into geographical space, and can be interpreted in three ways; 1) identification of the known distributional area, 2) part of the 

actual distribution that is currently unknown, due to incomplete sampling, 3) part of the potential distribution not occupied. Similar 

to output 2 the full extent of the potential distribution is not identified because the occurrence records do not identify the full 

extent of the fundamental niche.      
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The relationship between niche and distribution can become even more complicated when concepts of 

source-sink dynamics and equilibrium dynamics are considered (Pulliam, 2000). Source-sink dynamics are 

important for SDMs as a species can be expected to occur outside its fundamental niche, in an unsuitable 

sink habitat supporting a population with a negative growth rate, when immigration is constant from a 

source habitat, where population growth is positive (Pulliam 2000; Lomolino 2010). Occurrence data taken 

from a sink population is problematic as it does not represent suitable conditions of a species (Pearson, 

2007), and therefore it is assumed that occurrence data is derived from a source population when modeling 

species distribution. Even though this is a potential error, it is commonly overlooked because observations 

from source areas are considered much more frequent than observations from sink areas (Pearson, 2007; 

Phillips et al. 2006). Another required assumption for projecting SDMs in space and time is the concept of 

equilibrium dynamics (Guisan and Thuiller, 2005). When a species is occurring in all suitable areas while 

being absent from all unsuitable areas it is said to be in equilibrium with the physical environment 

(Pearson, 2007). However the potential distribution rarely equals the actual distribution of a population, as 

especially history, in form of dispersal barriers and time limited dispersal, is an important determinant of 

large scale dispersal patterns (Svenning and Skov, 2004). Models that fit the observed occurrence records 

to closely might therefore underestimate the true potential range of the species (Guisan and Thuiller, 

2005). The issue of non-equilibrium also applies to models that estimate the spread of invasive species. 

Many invasive species are not in equilibrium with the environment in the invaded range, and the modeling 

should thus be done from the distribution in the native range (Guisan and Thuiller, 2005).  

Methodological considerations  

Many different algorithms are frequently used in SDM (Franklin, 2009). Some require both species presence 

and absence data (e.g. generalized linear models (GLM), generalized additive models (GAM) and Boosted 

regression trees (BRT)), while others are optimized for presence-only data (e.g. rectilinear bioclimatic 

envelopes (Bioclim), and machine-learning methods based on genetic algorithms (e.g. GARP) or maximum 

entropy (Maxent)) (Franklin, 2009; Svenning et al. 2011). Regardless of the algorithm chosen, SDMs all have 

the same basic approach. They require two types of data input; biological data describing the known 

species’ distribution, and environmental data describing the species’ habitat. The species data is the 

dependent variable on the environment, and data describing the known distribution of a species may be 

either records of localities where the species has been observed (i.e. presence-only data) or records of 

presence and absence of the species at sampled localities (i.e. presence-absence data). The study area is 

usually modeled after a raster map, with a specified extent and resolution of the grid cells. The 

environmental variables describe the environment within each grid cell. These inputs are entered into an 
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algorithm that aims to identify environmental conditions of each grid cell associated with species 

occurrence and thereby classify the suitability of each cell to the species (Pearson, 2007).   

Presence-only models are often used, since reliable absence data is not always available. 

There are three types of presence-only methods: Methods that only use presence records (e.g. Bioclim, 

Domain), methods that use presence records and background environmental data (e.g. Maxent) and 

methods that sample pseudo-absences from the study area (e.g. GARP) where the aim is to assess 

differences between the occurrence localities and localities chosen from the study area in place of real 

absence data. This approach is different from the background approach as pseudo-absence models do not 

include occurrence locations within the pseudo-absence dataset. In principle any presence-absence models 

can be implemented using pseudo-absences (Pearson, 2007).    

My choice of program to undertake the species distribution analyses in this study is Maxent, 

as it has proven to perform stronger or equally well as other presence-only modeling programs (Elith et al. 

2006; Carnaval and Moritz, 2008; Phillips and Dudìk, 2008).  In a comprehensive study by Elith et al. (2006) 

the authors compared 16 presence-only modeling methods (some of which required the use of pseudo-

absence data) using 226 species from six regions of the world, and evaluated the predictions to 

independent presence-absence data. They found that boosted regression trees (BRT) and maximum 

entropy method (Maxent) where among the best performing methods for single-species distributions. Their 

good performance was suggested to result from their ability to identify complex responses in the data, 

including interactions among environmental variables (Elith et al. 2006). Despite close performance, Elith et 

al. (2006) found that BRT slightly outperformed Maxent. However, a study by Phillips and Dudík (2008) that 

repeated the comparison of BRT and Maxent based on the same data, found that Maxent performed better 

than BRT, despite extremely close performance. Both methods have been improved since the study by Elith 

et al. (2006) and the superior performance of Maxent can be due to a new logistic output format (Phillips 

and Dudík, 2008), an estimate of the probability that the species is present, given the environment with 

suitability values ranging from 0 (unsuitable) to 1 (optimal) (Rödder and Weinsheimer, 2009; Elith et al. 

2011). The logistic output is a transformation of the raw exponential model output to a logistic model used 

in logistic regression, and is default in the newest versions of Maxent (Elith et al. 2011). 

Maxent is described as a general-purpose method for characterizing probability of 

occurrence of a species from incomplete information (Phillips et al. 2006; Pearson, 2007). The idea of 

Maxent is to estimate an unknown probability distribution of a species, using an algorithm of maximum 

entropy (the distribution that is most spread-out, or closest to uniform) subject to a set of constraints 

imposed by the information available regarding the observed distribution of a species and environmental 

conditions across the study area (Phillips et al. 2006; Pearson, 2007). The constraints are expressed in terms 
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of functions of the environmental variables, called features (Phillips and Dudík, 2008). This is the best 

approximation of an unknown distribution because it agrees with everything that is known, but avoids 

assuming anything that is not known (Franklin, 2009). The primary output of Maxent, the raw output, is a 

probability distribution that can be characterized as a Gibbs distribution, of the exponential model family 

(Phillips et al. 2006; Franklin, 2009). The Gibbs probability distribution is a sum of weighted exponential 

functions of the environmental data that maximizes the likelihood (i.e. probability or “raw” values) of the 

data associated with the presence sites (Phillips et al. 2006). By this method each feature has the same 

mean under the maximum probability distribution as observed empirically. The sample (empirical) feature 

means will typically not equal the true means, only approximate them, and as the sample feature means 

matches the true means to closely it can result in overfitting (Phillips et al. 2006; Elith et al. 2011). Maxent 

prevents this overfitting by adding regularization parameters (also known as lasso penalty) to the equation 

of Gibbs probability distribution (i.e. setting an error bound or maximum allowed deviation from the 

sample feature means) (Phillips and Dudík, 2008; Elith et al. 2011). The Maxent distribution can therefore 

be seen as the Gibbs distribution that maximizes the likelihood of the presence sites, minus a penalty term, 

which fits the data well, but which is not to complex (Phillips and Dudík, 2008). The error-bound 

regularization default settings in Maxent are tuned by Phillips and Dudík (2008) so that the regularization 

parameters are feature class specific and changes due to sample size. Currently there are six feature classes 

in Maxent; linear, product, quadratic, hinge, threshold and categorical. Maxent’s default, “auto features”, is 

to allow for all feature types, under the condition that sufficient species data are available (Elith et al. 

2011). When working with Maxent, it is a requirement that all environmental variables are in raster format 

and have the exact same extent, cell size and coordinate system in order to produce a model (Young et al. 

2011).  

Study purpose and further applications 

The aim of this study was to investigate the current distribution and future potential spread of three 

ragweed species using SDMs. As I used only climatic variables I expected the models to approach the 

potential distribution of the species. Modeling the potential spread during future climate change scenarios 

was based on derived environmental variables measured at their native range, then projected into Europe 

to assess susceptibility to invasion in the new region. This is a general approach when modeling invasive 

species ranges (Guisan and Thuiller, 2005; Ficetola et al. 2007; Pearson, 2007; Rödder and Weinsheimer, 

2009). Since different modeling approaches can vary substantially, it would be a good idea to perform 

supplementary analyses using an alternative method to ensure that the results are not dependent on the 

specific modeling algorithm used, or alternatively combine diverse models by ensemble methods which 
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often perform better than single models (Dietterich, 2000).  However, due to time limitation, I have only 

used Maxent as the modeling method.  

 

A further aspect of this study which goes beyond the scope of the article manuscript concerns the 

prospects for management and control of the problematic ragweed species. The best way of reducing 

future problems is by preventing introduction and establishment of species with high risk of becoming 

invasive (Ficetola et al. 2007; Jarnevich et al. 2010). However, eradication can be an impossible task if the 

species are already established over large areas (Ficetola et al. 2007). Successful avoidance of spread and 

establishment of ragweed require limiting unintentional spreading of seeds, guidelines for prevention and 

public awareness (Gerber et al. 2011). Different methods can be used to control ragweed where it has 

already been introduced. These currently include mechanical control (i.e. uprooting, cutting and ploughing) 

and chemical control by herbicide treatments, which may reduce biomass, but cannot prevent populations 

from flowering and setting seeds. Furthermore common ragweed is known to become resistant to certain 

types of herbicides, and financial constraints as well as environmental concerns do not allow for large scale 

application of herbicides (Buttenschøn et al. 2009; Gerber et al. 2011). An alternative method is biological 

control, but no natural-enemy on exotic ragweed species in Europa appears to be sufficiently specific and 

damaging with regard to long-term and sustainable control (Gerber et al. 2011). However, biological 

control experiments have been attempted in different countries around the world (i.e. Russia, China, 

Kazakhstan and Australia) with varying success (Gerber et al. 2011). Control agents to ragweed can be 

insect herbivores or fungal plant pathogens. Organisms with narrow host range, restricted to either the 

target species itself or a few species within the genus Ambrosia, is a priority when developing a biological 

control approach as a management strategy. In terms of impact, flower-, pollen- and seed-feeding 

organisms, or those who reduce seed-production should be considered first. Even though several insect 

and fungal pathogens have been identified as promising candidates to control ragweed, biocontrol 

methods is yet a largely unexplored management tool, that needs further testing (Buttenschøn et al. 2009). 

A combination of biological agents and other management strategies will probably be necessary to produce 

significant levels of control (Buttenschøn et al. 2009; Gerber et al. 2011).  

 

Some important aspects and background knowledge of this study have now been covered. The following 

article manuscript is prepared for the journal ‘Global Change Biology,’ an international journal published by 

Wiley-Blackwell Publishing, which publishes research on different aspects of environmental change that 

affects a substantial part of the globe and biological systems. 
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Abstract 

Climate is often thought to be the dominant factor controlling species’ distribution-range at large spatial 

scales. Thus climate changes are expected to have significant influence on the distribution of potential 

bioinvaders and new allergenic plants in Europe in the decades to come, which can have important 

implications for public health. In this study, the contemporary and future potential distributions of three 

allergenic ragweed (Ambrosia L.) species are investigated using a maximum entropy approach as 

implemented in the Maxent software program. Future climatic habitat suitability was modeled under two 

climate change scenarios for Europe in the twenty first century. At global scale, the current-climate 

distribution models predicted several areas, outside the North American native range, as susceptible to 

successful invasions of ragweeds. The models of future projections support that global climate change 

might increase the northward distribution of allergenic plants in Europe – even under a moderate climate 

change scenario. Denmark was of special concern, as the country is currently located at the northern edge 

of the distribution range of the studied ragweed species. According to this study, future habitat suitability 

in Denmark is similar to the current habitat suitability in areas of Europe, which today are highly infested 

with ragweed. The medical costs of ragweed-associated allergies are substantial in these areas. Therefore, 

the potential establishment of ragweed as an aeroallergen is likely to entail medical implications for the 

public in new regions, such as Denmark. The range-expansions observed in this study underlines the 

importance of risk-assessment and management plans to control the ragweed species.  
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Introduction 

Climate is one of the most important determinants of species’ distributions at broad continental and global 

scales (Woodward and Williams, 1987; Bakkenes et al. 2002; Thuiller et al. 2005; Svenning and Skov, 2006). 

Global climate change is already affecting ecosystems and the distribution of many species (Parmesan and 

Yohe, 2003; Willis et al. 2008). Issues regarding climate change have received massive attention in the fields 

of conservation biology, agriculture and economics, including how these global environmental changes may 

affect public health (Patz and Olson, 2006; Crowl et al. 2008; Ariano et al. 2010). One of the most dramatic 

effects of the climate change is the potential changes in flower phenology associated with earlier onset of 

spring and longer growing seasons (Rasmussen, 2002; Sherry et al. 2006; Ziska et al. 2011), which can affect 

the pollen season and lead to increases in pollen production (Rogers et al. 2006; Sheffield et al. 2011). 

Global warming has the potential to alter the distribution of allergenic plants as well as the timing and 

abundance of aeroallergens (Emberlin, 1994; Beggs, 2010). Allergic responses such as rhinitis (hayfever) 

and asthma, caused by pollen of certain trees, grasses and weeds are therefore a serious public health 

concern (Héguy et al. 2008; Damialis et al. 2011).  

Ragweeds (Ambrosia L.) belong to the Asteraceae family and the genus Ambrosia contains at 

least 40 species (Brandes and Nitzsche, 2006). Most of these are native to North America with geographic 

ranges extending from Mexico to Canada (Gerber et al. 2011; EPPO, 2012), except A. maritima L. which is 

native in Europe (Gerber et al. 2011). The ragweed-flowering period is from August to September in Europe 

as well as in North America (D’Amato et al. 1998), and each ragweed plant is able to produce millions of 

small (18-22 μm) pollen grains suitable for wind pollination and long-distance transport under favorable 

conditions (Šikoparija et al. 2009; Skjøth et al. 2010). Ragweed-pollen has long been known to be a 

significant cause of allergic disease (Ziska et al. 2011). The threshold value for provoking allergic rhinitis in 

ragweed pollen sensitized patients is below 20 grains/cubic meters (Šikoparija et al. 2009) compared with 

50 grass pollen grains (Gerber et al. 2011), and ragweed pollen appears to induce asthma about twice as 

often as other types of pollen (Skjøth et al. 2010). Common ragweed (A. artemisiifolia L.), perennial 

ragweed (A. psilostachya DC.) and giant ragweed (A. trifida L.) are of special concern as they are amongst 

the most widespread species causing allergies (Rich, 1994). The medical cost of pollen induced allergies in 

the United States is estimated to be approximately $21 billion per year (Ziska et al. 2011), with common 

ragweed being reported to account for 50-75 % of all pollen allergies (Gerber et al. 2011). Common 

ragweed is also a significant allergen in Europe while giant- and perennial ragweeds are rare (Dahl et al. 

1999).  Estimated costs of ragweed-related allergies are already substantial in severe ragweed infested 

areas in Europe; approximately €110 million per year in Hungary (Kazinczi et al. 2008) and €88 million per 

year in Austria (Gerber et al. 2011). The medical implications of ragweed pollen can intensify in the decades 
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to come, as increased carbon dioxide (CO2) concentrations in the atmosphere can stimulate the pollen-

production (Sheffield et al. 2011). Several studies have shown an increase of up to 61% in ragweed pollen-

production in CO2 enriched atmospheres, both in climate-controlled greenhouse experiments and in the 

field (Ziska and Caulfield, 2000; Wayne et al. 2002; Ziska et al. 2003; Rogers et al. 2006). Plants in cities and 

urban areas are exposed to elevated CO2 concentrations resulting from industrial production and dense 

traffic, as well as higher ambient temperatures, a phenomenon known as the “urban island heat effect” 

(Patz and Olson, 2006). In general, the mean temperature of an urban area is approximately 1°C higher 

than surrounding rural areas, due of heat retention on dark surfaces, such as buildings and asphalt (Lavoie 

and Lachance, 2006). Plants in urban areas are therefore already likely to increase their pollen productivity 

disproportionately, with serious consequences for public health (Ziska et al. 2003; Loft, 2009). Ragweed has 

also significant impact on agriculture. In Europe, common ragweed occurrence in crop fields is responsible 

for considerable yield reductions, especially in sunflower, maize and soybeans (Kazinczi et al. 2008). Yield 

loss can be up to 70% in crops with low canopy height, such as beets (Buttenschøn et al. 2009).  

In recent years ragweed has become frequent in continental Europe and is now considered a 

bioinvader due to its high pollen production and great spread potential (Fernández-Llamazares et al. 2012), 

but ragweed species are currently relatively rare in the northern parts of Europe, as climate limits their 

northward distribution (Emberlin 1994). However, climate change is expected to facilitate the 

establishment of self-propagating ragweed populations in these regions in the near future (Gerber et al. 

2011). The Intergovernmental Panel on Climate Change (IPCC, 2007) estimates, that recent warming is 

resulting in poleward and upwards shifts in plant species ranges, which are likely to affect plants that 

produce clinically important pollen. Denmark is currently at the northern edge of the distribution-range of 

the ragweed species (Loft, 2009) as the growth season until now has been considered too short for 

ragweed to flower and produce seeds (Skjøth et al. 2009). Future IPCC climate scenario projections for 

Denmark are similar to the current climates found in Southern France, Northern Italy and Serbia (Skov et al. 

2009) regions that today are heavily invaded by ragweed (Dahl et al. 1999; Šikoparija et al. 2009). It is 

therefore likely that ragweed in future may become a major source of pollen allergy in Denmark and 

surrounding regions (Skjøth et al. 2009).  

In this paper Species Distribution Modeling is used to explore which areas are currently more 

susceptible to successful invasions of common-, perennial-, and giant ragweed at global scale, and to assess 

expected future changes in climatic habitat suitability for the species in Europe, with special emphasis on 

the situation in Denmark. Based on the results I discuss the potential magnitude of the associated pollen-

related health issues resulting from these changes.  
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Materials and Methods  

Study species  

Three species of ragweeds; common ragweed, perennial ragweed and giant ragweed, were used for 

modeling in the present study. Common ragweed is the most widespread ragweed species worldwide, and 

it is registered as invasive in different parts of the world, particularly in Australia, Asia and large parts of 

Europe (Buttenschøn et al. 2009; GISD 2012, see also Supplementary material Table S3). Perennial- and 

giant ragweed have accidentally been introduced to Europe together with common ragweed and are now 

naturalized in several countries (Laaidi et al. 2003; Gerber et al. 2011; Table S3). Common ragweed and 

giant ragweed are annual species. They are both short-day plants and spread by seeds (Bassett and 

Crompton, 1975; Bassett and Crompton, 1982). Perennial ragweed is a short-lived perennial species, which 

primarily reproduces vegetative by rhizomes (Bassett and Crompton, 1975). All three species prefer 

disturbed habitats and are commonly found in cultivated fields (mainly maize and sunflower) (Kazinczi et al. 

2008). They also occur along the railways, roadsides, riverbanks, wastelands and in building yards 

(Mandrioli, 1998).  

 

Occurrence data 

Geo-referenced occurrence records of the three ragweed species were downloaded from the Global 

Biodiversity Information Facility online database (GBIF; http://www.data.gbif.org). Records missing geo-

reference or with obviously erroneous coordinates (e.g. 0.0) were removed. However, records from Canada 

were manually geo-referenced whenever a sufficiently detailed location description was available, using 

Google Earth 7.0.2.8415, and added to the dataset. This was done to make sure that the northern range 

limits of the study species were represented with maximum detail. Furthermore, Danish occurrences based 

on herbarium collected specimens from the herbarium of Aarhus University (AAU) and the Botanical 

Museum, Copenhagen (C) were manually geo-referenced, as no Danish occurrence data were available 

from GBIF. To further improve the quality of the occurrence data, their altitudes were extracted in ArcGIS 

10.1 (ESRI, Redlands, CA, USA, http://www.esri.com) using a topographical map at 10 arc-minutes 

resolution obtained from the WorldClim database version 1.4 (http://worldclim.org, Hijmans et al., 2005). 

The extracted altitudes were then compared to those given on the specimen label, when available. If the 

difference between measured and extracted values exceeded 100 meters, the occurrence points were 

removed, to avoid inaccurate assessment of climate variables at the collection site due to imprecise geo-

reference following Skov and Borchsenius (1997). Two datasets were established for each species: one 

including all records (global dataset) and one with only data from native range (native dataset). The data 

cleaning process resulted in a reduction of the original data points to 36-54% for the global datasets, of 

http://www.data.gbif.org/
http://www.esri.com/
http://worldclim.org/
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which 56-89% was data from the native range (Table 1, see also Supplementary material Figure S4). In total 

the two datasets contained 3887, 1518 and 2023 global occurrence points and 2176, 1310 and 1794 native 

occurrences of common-, perennial-, and giant ragweed, respectively. 

 

Climate data and future projections 

The choice of the right climate variables based on the biology of the study species plays an important role 

in robust modeling (Ward, 2007). According to Prentice et al. (1992), Sykes et al. (1996), Svenning (2003) 

and Normand et al. (2007, 2009) the three most important determinants of plant species ranges and global 

vegetation patterns are maximum cold, growing season heat and drought. In accordance herewith, three 

bioclimatic variables; Growing degree days (GDD), Absolute minimum temperature of the coldest month 

(Tmin) and Water balance (WBAL) were used in this study, following Normand et al. (2007) (for further 

information on the climatic variables see Supplementary material, Appendix S1). If pairs of variables are 

highly correlated, the importance of one may be wrongly diminished by the modeling method used, when 

both are included in the predictor set (Phillips et al. 2004). Preliminary analysis, made in R 2.15.1 statistical 

package (R Development Core Team, 2012), revealed a week correlation between WBAL and GDD (r = -

0.024 and r= -0.164 for global- and native datasets, respectively) and between WBAL and Tmin (r = -0.052 

and r = -0.106 for global- and native datasets, respectively). However, GDD and Tmin showed a strong 

correlation (r = 0.798 and r = 0.840 for global- and native datasets, respectively). To ensure that results 

were not affected by the colinearity among the predictors, models containing all three variables and 

models where only one of the strongly correlated predictor pairs (GDD) were established and results 

compared.  

Two IPCC emission scenarios were used to represent possible future climates in year 2100, 

namely B1 and A2 scenarios representing different assumptions regarding demographic changes, economic 

growth, technology and governance (IPCC, 2007; Rödder and Weinsheimer, 2009). The B1 scenario 

describes a convergent world with a global population that peaks in the mid-century and gradually declines 

thereafter, but with rapid change in economic structures toward a service and information economy, with 

reduced use of natural resources. Under the B1 scenario the temperature is likely to increase from 1.1-

2.9°C. The A2 scenario describes a “business as usual” scenario – a heterogeneous world with high human 

population growth, slow economic development and slow technological change. In the A2 scenario the 

release of greenhouse gases continues at their current rate or even increase, which can cause increases in 

temperature from 2.0-5.4°C (IPCC, 2007).  

The climatic layers were reprojected to Behrmann’s equal area projection, using a bilinear 

interpolation, with datum WGS1984 and a grid size resampled to 10 km2. Equal area projections are 
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preferable since Maxent randomly samples cells, implicitly assuming they have the same size (Elith et al. 

2011). Data preparation, including the process of resampling and reprojecting the environmental layers, 

were performed with ArcGIS 10.1 (ESRI, Redlands, CA, USA), Excel © and NotePad ©. For future projections 

the analyses were limited to continental scale, focusing on Europe within approximately 34-72°N and 

11°W-32°E.   

 

Species distribution modeling 

The potential distributions of the three ragweed species in this study were modeled using Maxent v3.3.3k 

(www.cs.princeton.edu/~schapire/maxent), a machine-learning method that uses the principle of 

maximum entropy to approximate the unknown probability distribution of a species based on presence-

only data (Phillips et al. 2006). Maxent is among the best-performing modeling approaches for presence-

only data, and has been shown to outperform other approaches that utilize only presence locations (Wang 

et al. 2007; Baldwin, 2009; Morueta-Holme et al. 2010; Elith et al. 2011). Default settings were used as 

recommended by Phillips et al. (2006) with minor exceptions. The additional options “create response 

curves” (response curves were clamped) and “perform Jack-knife test” were chosen to examine species 

responses across climatic gradients and to identify the most important single predictor variables of 

ragweed distribution ranges (for further Maxent settings see Supplementary material, Appendix S2). 

Maxent separates the data in test and training data, and following Phillips et al. (2006) random test 

percentage was set to 30%. Model accuracy was measured using the Area Under the receiver operating 

characteristic Curve (AUC), a threshold-independent measure of the models ability to discriminate between 

sites where a species is present and where it is absent (Ward, 2007; Morueta-Holme et al. 2010). The AUC 

value is commonly used as a measurement of model of performance (Phillips et al. 2006; Elith et al. 2006; 

Ward, 2007; Jeschke and Strayer, 2008; Rödder et al. 2009). AUC values range from 0.5 (i.e. random) for 

models with no predictive ability to 1.0 (i.e. perfect discrimination between suitable and unsuitable cells) 

for models with a perfect prediction. An AUC score of >0.7 indicates “useful” discrimination ability, >0.8 

indicates “good” model performance and >0.9 “very good” model performance (Rödder and Weinsheimer, 

2009). Since the models are built for presence-only data, the background data constitute pseudo absences 

for the AUC calculations (Phillips and Dudík, 2008).  

Models for each species were built for two datasets containing cleaned occurrence points; all 

available global occurrences (‘global dataset’) and native-range occurrences only (‘native dataset’). Models 

that included future climate data were projected to Europe, but only for models based on native range, as 

this approach gives a conservative estimate for the niche suitability, and is the method generally used to 

model the distribution of invasive species (Guisan and Thuiller, 2005; Ficetola et al. 2007; Pearson 2007; 

http://www.cs.princeton.edu/~schapire/maxent
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Rödder and Weinsheimer, 2009). To avoid false projections, matches between the prediction and 

projection climate space was investigated by a Multivariate Environmental Similarity Surface (MESS) 

analysis. The MESS analysis compares a model’s reference climate (defined as species background regions) 

with the projection region, using the chosen predictor variables. The calculation allows negative values, i.e. 

sites where at least one variable has a value that is outside the reference climate, highlighting potential 

areas that represent novel climate relative to the range under which the model was fitted (Elith et al 2010; 

Webber et al. 2011). 

 

Future-habitat suitability for common ragweed in Denmark 

In order to estimate the potential magnitude of the ragweed-pollen related health issues in Denmark in the 

21st century, future habitat suitability in Denmark, for common ragweed, was compared to the European 

habitat suitability under current climate. Due to varying suitability, Denmark was cut out of the future-

projection maps in ArcGIS and split into a continental- and Atlantic zone based on a map of the 

biogeographical regions in Europe, from the European Environment Agency homepage 

(http://www.eea.europa.eu/). Future habitat suitability for common ragweed in the two zones, according 

to the A2 and B1 climate change scenario, were then compared to the current habitat suitability maps for 

common ragweed in Europe, to identify similar areas.    

 

Results 

Models had AUC values ranging from 0.843 (SD ± 0.0052) to 0.901 (SD ± 0.0039), indicating a good model 

performance (Table 2). Highest AUC values were found in models based on global datasets, when 

compared to the models based on native datasets for the corresponding species, but overall the models 

performed the same. Models based on all three climatic variables had higher AUC values compared to 

models excluding Tmin, but habitat suitability values from the two sets of models were highly similar (results 

not shown).  

Models based on current climate, both those based on global data and those based on native 

data only, indicated several areas outside the native range of the species as having high habitat suitability 

(Figure 1). For common- and perennial ragweeds these areas included: the area between Southern Brazil 

and Argentina, the Eastern Asia (Eastern China, North- and South Korea) and several areas of Europe, 

including European Russia. Furthermore, suitable areas were indicated in Japan, Southeastern Australia and 

New Zealand for common ragweed, and for perennial ragweed in South Australia and South Africa. Highly 

suitable areas for giant ragweed were restricted to the Northern Hemisphere, mainly Eastern Asia (Eastern 

China, North- and South Korea, and Japan) – and parts of Russia and Europe for the model based on global 

http://www.eea.europa.eu/
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data. Models calibrated on the native dataset projected lower habitat suitability at global scale than models 

incorporating global data, which tended to over-predict suitable areas. For instance, large parts of Europe 

were consistently predicted very suitable for all species according to models based on the global datasets 

(Figure 1 b, d, f). The native range based models, however, made clearly unrealistic predictions of suitable 

areas in tropical rainforests, especially for common ragweed (Figure 1 a) and to some degree for perennial 

ragweed (Figure 1 c).  

Projections of the distribution models, based on native range of the three study species onto 

future climate change scenarios, indicated that climatically suitable areas may become much more 

widespread in the European continent by the period 2070-2099 in Europe (Figure 2). In particular, the 

models suggested increased habitat suitability towards the north of the distribution ranges of all three 

species. This was more pronounced in the A2 scenario than in the B1 scenario (Supplementary material 

Figure S5). Furthermore, the northern habitat suitability varied according to the species being modeled. For 

common ragweed the models predicted highly suitable areas in some parts of Scandinavia, Finland and The 

United Kingdom, whereas the distribution perennial ragweed and giant ragweed to these regions are more 

restricted in the future (Figure 2). However, the models consistently predicted the European part of Russia, 

the Baltics and parts of Southeastern Europe as highly suitable habitats under both future climate 

scenarios.  

A comparison of the variables by the MESS analysis indicated that the climatic conditions at 

global scale were at the edge of the range of environmental conditions in the native area used for model 

training. However, in Europe both present-day and future climate conditions fell within the range of the 

native climate conditions (Figure 3). Analysis of predictor importance in the models based on native range, 

by the Jack-knife evaluation procedure, suggested that GDD was the most important predictor for all three 

species, followed by Tmin and WBAL, respectively (Table 3). The response to the variables showed different 

tendencies (Supplementary material Figure S6). The probability that the three species were present was 

positively related to GDD and WBAL for common ragweed and giant ragweed, whereas perennial ragweed 

showed maximum probability of occurrence for water balance ranging from approximately -1000 to 500 

mm. Interspecies comparisons showed that WBAL were of greatest importance to perennial ragweed 

(Table 3).  All species had optimal probability of occurrence for Tmin ranging from approximately -4 to -2°C 

(Figure S6).  

Future habitat suitability for common ragweed in Denmark differed according to the 

subdivision in biogeographic zones, but the pattern was consistent for the two climate change scenarios. 

Under the A2 and B1 scenarios the Atlantic part of Denmark showed habitat suitability similar to areas in 

France, Portugal, Italy and several patches in East Europe, whereas the continental part of Denmark had a 
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much broader range of similar areas across the northern part of Europe, in particular Northern France, 

Germany, Poland and Ukraine. The broader match in habitat suitability for the continental part of Denmark 

corresponded to the wider range of habitat suitability-values found in this zone compared to the Atlantic 

zone (Figure 4).  

Discussion 

Global invasion potential of ragweeds 

The results of this study indicate that ragweeds have considerable potential of successful invasions at global 

scale. The models based on current climate consistently identified several areas outside the native range, 

as highly suitable, entailing favorable conditions for ragweed establishment. Of special concern is the 

suitability of the northern island of New Zealand with regards to common ragweed. There were no 

occurrence-records from New Zealand in the GBIF database, but according to GISD (2012) the species is 

registered, but not yet recorded as invasive in New Zealand. Other suitable areas for the ragweed species, 

including the area between Southern Brazil and Argentina, Eastern Asia, Southeastern Australia and parts 

of Europe, can be seen as human population centers characterized by high population densities (Globalis, 

2013). Thus the inhabitants of these places could be exposed to highly allergenic ragweed pollen, and as a 

consequence suffer from allergic diseases. Ragweed has already been introduced to these regions, and in 

some of them the invasion is ongoing (Laaidi et al. 2003; Dullinger et al. 2009; Chen et al. 2007). 

Furthermore, highly suitable areas for common ragweed predicted by the models showed a good match 

with countries where the species is listed as invasive, e.g. China, Japan, Australia and several countries in 

Europe (GISD, 2012; see also Table S3), confirming the models predictive power. 

 

Model performance 

The models showed “good” performance according to their AUC values. However, the AUC level in this 

study is relatively low compared to other studies using Maxent as modeling technique which often show 

“very good” performance (AUC > 0.9, Rödder and Weinsheimer, 2009), for example, in the case of 

distributional models of palms (Blach-Overgaard et al. 2010) and endangered or rare species (Kebede et al. 

2012). Lobo et al. (2008) argues that a species which is more or less ubiquitous across a study area will 

always get a relatively low AUC score, compared to species with small distribution ranges. This theory could 

explain the lower AUC values in this study.  

Model performance was not significantly influenced by the high correlation between GDD 

and Tmin. As the correlated variables both belong to the same predictor category (temperature-related 

climate variables) potential colinearity effects would not influence the main conclusions drawn from this 

study. In terms of climate, the North American ragweed species are more dependent on temperature-
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related variables than water balance. Results of the Jack-knife analysis suggests that growing degree days is 

the most important climatic feature based on the native-range dataset, followed by absolute minimum 

temperature of the coldest month. The superior importance of temperature related factors agree well with 

the literature, considering that ragweed development is primarily controlled by temperature and 

photoperiod (Rich, 1994; Deen et al. 1998). Studies have shown that seeds of common ragweed needs a 

period of cold (minus four to minus ten) to fully ripen, and that the rate of phenological development 

increases with temperature (Deen et al. 1998; Brandes and Nitzsche 2006).  

   Despite good performance, the models based on current climate should be interpreted with 

caution, as they showed considerable variation in outputs between models fitted with native and global 

data sets (Figure 1). Native-range models were restricted compared to the global models, but created more 

realistic predictions, as it almost included the complete natural ranges of the species (Bassett and 

Crompton, 1975; Bassett and Crompton, 1982; Strother, 2006; EPPO 2012), which is preferable when 

modeling species distributions (VanDerWal et al. 2009; Elith et al. 2011). The models based on native-

range, however, identified suitable areas in tropical rainforests for common ragweed and perennial 

ragweed, where they are not known to occur (GISD, 2012). The combination of environmental conditions in 

these tropical areas do not exist within the native range, and therefore extrapolation of suitability from 

native to exotic areas are unlikely to be robust (Hartley et al. 2006). The response curves illustrate this 

problem (Figure S6). For common ragweed, probability of occurrence is high for high values of growing 

degree days and water balance, corresponding to the climatic conditions in tropical rainforests, whereas 

water balance and absolute minimum temperature limits the distribution of perennial ragweed and giant 

ragweed in tropical areas. The MESS analysis also revealed a substantial part of the world as being 

climatically at the edge of the environmental range in the native region, including tropical zones, making 

projections to these areas out of scope. However, the similarity between Europe and the training 

environment under current and future climates makes projection to this region reliable, as no novel 

climates are involved that could make predictions spurious (Figure 3).  

Models based on the global datasets tended to over-predict suitable areas when compared 

to the species known distributions, especially in Europe (Table S3). This over-prediction could be due to 

imprecise occurrence-records, such as records from sink-habitats, which would violate the assumptions of 

the modeling (Pulliam 2000; Phillips et al. 2006; Pearson, 2007). ‘Urban’ records are also unreliable, as 

urban areas have unnatural levels of heating and cooling that are atypical of the climate in surrounding 

areas (Hartley et al. 2006). In Denmark and Sweden, for instance, ragweed plants are reported every year 

from gardens and other places in urban areas, where they grow, primarily due to long-distance dispersal by 

contaminated birdseeds (Dahl et al. 1999; Skjøth et al. 2009). Phenological studies suggest that common 
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ragweed is now established as a flowering species in Copenhagen (Skjøth et al. 2009). The absence of seed-

producing individuals seems likely, as the growth season is considered too short for reproduction (Loft, 

2009; Skjøth et al. 2009). Common ragweed is a short day plant (Brandes and Nitzsche, 2006; Buttenschøn 

et al. 2009), which makes the conditions in Denmark unfavorable for seed-production, since day-lengths 

are too long during spring and summer for optimal development (Deen et al. 1998), and as it gets too cold 

during autumn, limiting the time for seed-production. In Sweden, seed-production is restricted to warm 

years (Dahl et al. 1999), indicating that global warming might favor ragweed seed production in 

Scandinavia.  

 

Future habitat suitability in Europe 

Forecasts based on the native-range datasets, indicate that ragweeds are likely to expand their ranges 

significantly in Europe, particularly towards the north. Denmark is currently in the transition zone between 

suitable- and unsuitable areas for common ragweed, but the findings of this study indicate that habitat 

suitability in Denmark is predicted to become equally high as currently known from areas in Europe, which 

are heavily infested by ragweeds. This is especially true for the Atlantic part of Denmark where the future 

habitat suitability corresponds to the nuclear areas of ragweed occurrence in Europe today, i.e. the Rhône 

Valley (France), Northern Italy and several patches in Eastern Europe, including Hungary and Serbia 

(Šikoparija et al. 2009; Skjøth et al. 2010; Fernández-Llamazares et al. 2012). These comparisons are 

consistent with the findings of Skov et al. (2009) who found climate analogue areas in France, Northern 

Italy and Serbia in year 2100 during the A2 and B2 scenarios. Based on this result it is possible to estimate 

the potential magnitude of pollen-related health issues in Denmark in the future, as increased habitat 

suitability might be accompanied by establishment of common ragweed, and thus an increased allergenic 

pollen load. Ragweed is already the most common cause of allergy symptoms during late summer in highly 

infested countries such as Hungary and France (Taramarcaz et al. 2005; Kazinczi et al. 2008). Studies of 

prick-tests to ragweed allergens in European, pollen-allergic patients showed high positive values; 30-40% 

in the Rhône Valley, early 70% in Northern Italy and more than 80% in Hungary (Laaidi et al. 2003). Due to 

their late flowering, ragweed can extend the pollen-season causing a second wave of allergy, after the main 

pollen allergy inducers in Northern Europe, Fagales (mainly birch) and grass, deflowers (D’Amato et al. 

2007; Borhen, 2008; Vogl et al. 2008). The potential range expansion of ragweed are therefore likely to 

entail medical implications for the public in new regions, such as Denmark, as the aggressive pollen 

allergens can induce allergy and asthma and increase the number of sensitized patients (Loft, 2009; Gerber 

et al. 2011). Furthermore, global warming might increase the duration of ragweed pollen season, which 
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recently has been observed on a continental scale in North America, resulting in an extension of the time of 

human exposure to aeroallergens (Ziska et al. 2011).  

Given the considerable potential problems associated with ragweed establishment, the 

results of this study point out the importance of preventive monitoring of these species. Early 

implementation of management plans to help avoid establishment of the invasive species, or facilitate 

efforts to limit further expansion, should be of high priority in areas with high climatic suitability (Pearson, 

2007; Webber et al. 2011). In Northern Europe, focus should primarily be to restrict further spread and 

establishment of common ragweed, as its invasion is an ongoing process in Europe (Buttenschøn et al. 

2009; Dullinger et al. 2009), and as it could potentially expand its range further north during future climate 

change (Figure 2). Furthermore, common ragweed is able to adapt to a wide temperature range (Deen et 

al. 1998). The rate of adaption influences the rate at which populations invade newly available habitat 

(Davis et al. 2005). For annual species, such as common ragweed, selection can be rapid and might favour 

individuals genetically adapted to colder climates, including varieties with frost resistance, early flowering 

and rapid seed maturity (Dahl et al. 1999; Franks et al. 2007), demonstrating the need for early control of 

common ragweed. An important source to the successful invasion by common ragweed is propagule 

pressure, both in terms of number of introductions- and individuals released (Lockwood et al. 2005; 

Gladieux et al. 2011). Long-distance dispersal of common ragweed seeds is mostly dependent on 

anthropogenic forces, and the dispersal-pathways include contaminated birdseeds and crops, traffic, 

transport of contaminated soil and agricultural machines (Dullinger et al. 2009; Essl et al. 2009). Moreover, 

the seeds may remain dormant for as long as 40 years (Bassett and Crompton, 1975; Buttenschøn et al. 

2009) if conditions are unfavorable, contributing to the high levels of propagule pressure and successful 

invasions (Essl et al. 2009).  

The low frequency at which perennial ragweed and giant ragweed are introduced, suggests 

that they are unlikely to become a serious problem compared to common ragweed (Rich, 1994). Perennial 

ragweed has persisted at two localities in South Sweden in at least 60-70 years (Dahl et al. 1999) and in 

Britain for at least 100 years (Rich, 1994) without any tendencies of spreading, probably due to its very low 

reproductive capacity or factors associated with competition (Rich, 1994). However, the model output for 

perennial ragweed suggests that this species might be able to establish in the eastern parts of Denmark, 

where common ragweed is less likely to find suitable habitat. Giant ragweed is a highly competitive species 

(Bassett and Crompton, 1982) and could spread rapidly once established, but according to the future range-

maps, both giant ragweed and perennial ragweed will primarily increase their distributions north-eastwards 

in the European continent, making it less likely for them to establish in Scandinavia and Western parts of 

Europe. Furthermore, as the range of these species expands, the risk of long-distance transport of 
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allergenic pollen to neighboring regions increases, to the annoyance of allergic persons already before 

introduction and establishment, which currently has been observed from back-trajectory analysis 

(Šikoparija et al. 2009; Skjøth et al. 2010). This aspect, together with the facts that giant ragweed is highly 

competitive (Bassett and Crompton, 1982) and perennial ragweed is able to reproduce vegetatively 

(Bassett and Crompton, 1975), illustrates the importance of being alert, regarding the potential spread of 

these species.      

 

The predictive models, presented in this study, provide insight about future potential distributions of 

ragweeds in Europe, which is important, concerning where to focus monitoring and management plans to 

control the species (Ficetola et al. 2007). Efforts should be made to stop the ragweed invasion before it 

becomes a public health- or agricultural problem (Taramarcaz et al. 2005), both in areas where ragweeds 

are abundant and in areas where they are not yet established (Bohren, 2008).   
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Tables 

 

Table 1 Distribution record processing for modeling of three ragweed species 

Dataset Type A. artemisiifolia A. psilostachya A. trifida 

Global Raw 10493 4190  3767  

 Cleaned                   7212 2167 2488  

 Without 
duplicates 
 

3887 1518 2023 

Native Without 
duplicates 

2176 1310 1794 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Global dataset includes the total global distribution records from the GBIF online database (http://data.gbif.org). Native dataset 

includes only native-range (North America) distribution records. Raw data is downloaded directly from GBIF, cleaned data 

contains both scrutinized GBIF data, geo-referenced Canadian and Danish occurrences. Without duplicates represent data used 

in the models, where Maxent removes duplicate presence records defined as records in the same 10’ grid cell  

 

http://data.gbif.org/
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Table 2 Model performance based on Area Under the receiver operating Curve (AUC). Average AUC values are derived 

from test AUC values for Maxent models based on 15 replicates. Models based on both global dataset and native 

dataset are included in the table, for A. artemisiifolia, A. psilostachya and A. trifida  

          Model 

 

AUC 

Global dataset 

 

A. artemisiifolia 

 

 

A. psilostachya 

 

 

A. trifida 

Native dataset 

 

A. artemisiifolia 

 

 

A. psilostachya 

 

 

A. trifida 
 

Average ± SD 0.846 ± 0.0043 0.884 ± 0.0051 0.901 ± 0.0039 0.843 ± 0.0052 0.846 ± 0.0072 0.867 ± 0.0051 
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Table 3 Average test gain for single variable importance from the Jack-knife analysis performed by Maxent, derived 

from 15 replicates. Results are based on native-range models. See also the original Jack-knife analysis output for 

models based on both native- and global datasets in Supplementary material, Figure S7   

 Native dataset 
 

A. artemisiifolia 

 
 

A. psilostachya 

 
 

A. trifida 
 

GDD only 0.6946 0.7381 0.8713 

Tmin only 0.515 0.5554 0.6738 

WBAL only 0.2066 0.3038 0.2204 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Average probability of 

occurrence derived from 15 Maxent 

models, for (A,B) A. artemisiifolia, (C, D) 

A. psilostachya and (E, F) A. trifida. 

Models are based on native dataset (A, C, 

E) and global dataset (B, D, F) 
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Figure 1 Average probability of occurrence derived 

from 15 Maxent models, for (A,B) A. artemisiifolia, 

(C, D) A. psilostachya and (E, F) A. trifida. Models are 

based on native dataset (A, C, E) and global dataset 

(B, D, F) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 
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(C) (D) 

(E) (F) 

         Native dataset      Global dataset 
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A. artemisiifolia 

A. trifida 

 

                       Current climate                                                      B1 scenario                       A2 scenario 

A. psilostachya 

Figure 2 Projected suitability of A. artemisiifolia (top panel), A. psilostachya (middle panel) and A. trifida (lower panel) in Europe under current 

climate conditions, and future climates (2100) assuming B1 and A2 climate change conditions. Maps show average Maxent values, derived 

from 15 models based on the native dataset.   
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Figure 3 A) Top: Comparisons of climates in global environment and the training sample (North America), using 

Growing degree days, Absolute minimum temperature and Water balance, under current climate. Bottom: 

Corresponding map of most dissimilar variable (MoD). B) Top: Similar comparisons of climates in native range (North 

America) and invasive range (Europe) under current climate and two future climate change scenarios B1 and A2. 

Bottom: Corresponding MoD-maps. Legend: a-b top: Blue = positive values, i.e. similar climate, red = negative values, 

i.e. novel climate. Legend a-b bottom: Yellow = none, green = WBAL, blue = Tmin, Orange = GGD. 

The analysis is performed by the multivariate environmental similarity surface (MESS) method implemented in Maxent 

v. 3.3.3.k  

 

 (A) World (current climate) 

 (B)  Europe (current climate)         Europe (future climate - B1)          Europe (future climate – A2) 
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  A2 climate change scenario      B1 climate change scenario 

Atlantic  

zone 

Continental  

zone 

 

Figure 4 The maps show where the habitat suitability in Europe today corresponds to the expected habitat suitability in Denmark (i.e. 

Atlantic and continental zone) in year 2100, under the A2 and B1 IPCC scenarios, A2 and B1, respectively. Similar areas are enhanced in 

dark gray.   
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Supplementary material 

Appendix S1: Explanatory variables 

Three bioclimatic parameters, of known importance for the geographical distribution of plants, were used 

to describe the species climatic requirements in this study. Data were taken from Normand et al. 2007. The 

climatic data was based on monthly values of mean temperature and precipitation; Growing degree days 

(GDD; computed with a 5°C base following Prentice et al. 1992; Zimmermann and Kienast, 1999), Water 

balance (WBAL; computed as the yearly sum of the monthly differences between precipitation and 

potential evapotranspiration, following Lugo et al. 1999; Skov and Svenning, 2004) and Absolute minimum 

temperature (Tmin; estimated from the mean temperature of the coldest month as in Prentice et al. 1992).  

Data regarding global current climate were obtained from the CRU CL 2.0 dataset at a 10’ resolution 

(http://www.cru.uea.ac.uk/cru/data/hrg/, period 1961-1990, New et al. 2002).   

Climate change projections based on the HadCM3 global circulation model was used in this study, and 

European future climate (year 2100) were obtained from the TYN SC 1.0 dataset at 10’ resolution 

(http://www.cru.uea.ac.uk/cru/data/hrg/, Mitchell et al. 2003).  

 

Appendix S2: Maxent settings 

Maxent models were run with default settings in Maxent version 3.3.3.k: Auto features = true, logistic 

output format (file output type = .asc), regulaization multiplier = 1, maximum number of background points 

10000, convergence threshold = 0,00001 and default prevalence = 0.5.  

Additionally following settings were selected: Create response curves = true, Jack-knife test = true, 

replicates = 15 (replicated run type = subsample), random seed = true, remove duplicate presence records 

= true, write plot data = true, extrapolate = false, maximum iterations = 5000, random test percentage = 30. 

Random test percentage was set to 30 % instead of default 0 %, based on Phillips et al. (2006). Maxent 

separates the data in test and training data, hence 30 % will be used to test the models based on 70 % 

training data. A biasfile was created in ArcGIS following a Maxent tutorial by Young et al. (2011) to define 

Maxent background selection. This was done for models based on native range, to limit the background 

points to areas with sample locations.  

 

 

 

 

 

 

http://www.cru.uea.ac.uk/
http://www.cru.uea.ac.uk/
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Table S3 Distribution of the ragweed species (outside their North American native range). Data source GISD (2012) for 

A. artemisiifolia, EPPO (2012) and DAISIE (2012) for A. artemisiifolia, A. psilostachya and A. trifida 

 

Species 

 

Europe 

  

Asia 

 

Africa 

Central, North- 

and South 

America 

  

Oceanaria 

  
Austria, Belgium, Bulgaria, Croatia, 
Czech Republic, Denmark, Estonia, 
Finland, France, Germany, 
Hungary, Italy, Latvia, 
Liechtenstein, Lithuania, 
Luxemburg, Moldova, 
Netherlands, Norway, Poland, 
Portugal, Romania, Russia 
(Krasnodar territory), Scotland, 
Slovakia, Slovenia, Spain, Sweden, 
Switzerland, Ukraine, United 
Kingdom, (former Yugoslavia)    
 
Austria, Belgium, Croatia, Czech 
Republic, Denmark, England, 
Estonia, Finland, France, Germany, 
Hungary, Italy, Latvia, Netherlands, 
Norway, Poland, Russia (South of 
European Russia), Scotland, Spain, 
Sweden, Switzerland, United 
Kingdom    
     
Austria, Belgium, Czech Republic, 
Denmark, France, Germany, 
Ireland, Italy, Latvia, Lithuania, 
Netherlands, Norway, Russia 
(South of European Russia), 
Scotland, Sweden, Switzerland, 
Ukraine, United Kingdom 
(Yugoslavia) 
   

         
Azerbaijan, 
China, India, 
Japan, 
Kazakhstan, 
Korea, Russia 
(Primorski 
territory), 
Taiwan, Turkey 
 
 
 
 
 
Kazakhstan     
 
 
 
 
 
 
 
Georgia, Japan,  
Israel 

 
Mauritius 
 
 
 
 
 
 
 
 
 
 
Mauritius 

 
Argentina, Brazil, 
Bolivia, Chile, 
Colombia, Cuba, 
Guadeloupe, 
Guatemala, 
Jamaica, 
Martinque, 
Paraguay, Peru, 
Uruguay  

 
 

 
 

 
Australia 
New 

Zealand 

 

 

 

 

 

 
Australia 

A. 
artemisiifolia 

 
 
 
 
 
 
 
 
 
 
 
A. 
psilostachya 

 

 
 
 
 
 
 
A. trifida 

The colors indicate the degree of invasiveness, registered at GISD (2012). The invasive status was only available for A. artemisiifolia, 

however not for all countries. Green = not invasive, blue = uncertain, red = invasive (modified after Gerber et al.  2011, 

supplementary table 1).
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Figure S4 Distribution maps of A. artemisiifolia, A. psilostachya and A. trifida. Points represent the ‘cleaned’ species occurrence 

records. The points within the outlined frame illustrate the native dataset, whereas all points illustrate the global dataset. Data are 

from the GBIF database, and from the herbarium of Aarhus University (AAU) and the Botanical Museum, Copenhagen (C), 

Denmark 

A. trifida 

A. artemisiifolia 

A. psilostachya 
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Figure S5 The difference in climatic habitat suitability between the A2 scenario and 

the B1 scenario for year 2100, for A) A. artemisiifolia, B) A. psilostachya, C) A. trifida. 

Legend: Red = positive values (i.e. A2 scenario values greater than B1 scenario 

values), beige = equal values, blue = negative values (i.e. A2 scenario values less than 

B1 scenario values). 

(A) 

(B) 
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Figure S6 Response curves for A. artemisiifolia, A. psilostachya and A. trifida to the three climatic variables, Growing degree 

days, Absolute minimum temperature and Water balance. Probability of presence is average values from 15 replicates 

derived from the Maxent models based on native presence localities 
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Native dataset 

 

 

 

 

 

 

 

 

 

 

 

 

 

Global dataset 

 

 

 

 

 

 

 

 

 

 

 

Figure S7 Original Maxent Jack-knife analysis 

output of predictors used to build models, for 

the global dataset and the native dataset, 

respectively.  Bars represents gain for test data 

when a variable is used in isolation (dark blue), 

excluded from the analysis (light blue) and 

when all variables are included in the modeling 

(red).  
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