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ARTICLE INFO ABSTRACT
Keywords: Broadleaf water milfoil (Myriophyllum heterophyllum) is an emerging invasive alien plant in
Aquatic invasions Europe, and thus a priority for European Union (EU)-level surveillance, monitoring, and eradi-
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cation. This species is native to North America and threatens aquatic ecosystems by creating
dense stands that can fill an entire water body, leading to high economic costs and the loss of
native biodiversity. Although its presence in Portugal is not reported, the species has already been
established in several European countries, including neighboring Spain. In this study, we assessed
the risk of invasion by this species in mainland Portugal by jointly considering environmentally
suitable areas and the risk of human-mediated introduction. Environmental suitability was esti-
mated using MaxEnt, which relates the known species distribution to climate, topography, and
soil variables. The model achieved a mean area under the curve value of 0.96 + 0.008 and
identified the mean temperature of the warmest quarter as the most relevant variable for
explaining the species distribution (67.2 %). Predictions from the model indicated that the peaks
of suitability values were distributed mainly in temperate climate regions along central and
northern coastal areas in Portugal. The risk of introduction was estimated by mapping and
calculating the spatial density of the aquarium stores. Jointly considering environmental suit-
ability and risk of introduction, we observed that hotspots at risk of invasion are concentrated on
the Portuguese central and northern coasts and in the two main metropolitan areas, Lisbon and
Porto. Several risk hotspots fall within protected areas and sites designated under the EU Habitats
Directive, comprising water bodies of high significance for maintaining local vegetation and
fauna. Therefore, it is necessary to take measures to reduce the risk of invasion by this species,
namely, surveillance and monitoring efforts confirming its absence in the national territory and
preventing its future arrival.

1. Introduction

Globalization of human travel and trading activities facilitates the spread of various plant species into regions outside their native
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ranges [1-3], increasing the number of invasive species and their impacts. Invasive alien species are the main causes of biodiversity
loss [4] and have substantial negative implications for human health [5,6]. In addition, the total estimated cumulative cost of bio-
logical invasions in Europe alone was 140.20 billion US dollars between 1960 and 2020 [7].

The aquatic plant Myriophyllum heterophyllum is listed as an “invasive alien species of Union concern,” a subset of species considered
a priority for European Union (EU)-level actions of surveillance, monitoring, and eradication owing to the observed or potential
negative consequences on native biodiversity. This species is an evergreen submerged perennial aquatic plant called broadleaf water
milfoil or variable-leaf water milfoil [8-10], and it is native to eastern North America and an alien species in New England [8,9,11,12]
and Canada (New Brunswick, Prince Edward Island, Quebec, and Ontario) [13]. Moreover, its presence in Germany has been known
since the 1940s, in Germany [12]. During the last decade, its presence has been reported in nine other countries, i.e., Austria, Belgium,
France, Hungary, the Netherlands, Spain, Switzerland, the United Kingdom, and Croatia [6,9,14]. However, given the wide range of
physical and chemical conditions that this species can tolerate [15], its range may encompass most of Europe [10,15], including
Portugal.

Like other aquatic plants, variable-leaf water milfoil reproduces mainly through auto-fragmentation or allo-fragmentation and can
be regenerated from fragments smaller than 1 c¢cm [9,12,16], and its fragments have a slower than average desiccation rate, can
efficiently preserve moisture, and remain viable for long periods [9,14,17]. This species was probably introduced to waterways in
non-native American regions through wastewater disposal from aquarium stores, as it is popularly used in aquariums and aquatic
gardening [12,18,19]. Other ways of anthropogenic dissemination include the importation of plants for scientific investigation and
fragments transported in clothing, shoes, machinery (e.g., engines or trailers), boats, fishing, or sports/recreational aquatic equipment
from waters colonized by the species [9,12,14,18]. Natural dispersal occurs when fragments become entangled in waterfowl or are
created by disturbances caused by fish and their subsequent transport in watercourses, occasionally enhanced by flooding, wave
action, or wind [9,12,18].

The species generally prefers lotic ecosystems, such as riparian systems, slow-flowing rivers, estuaries, canals, irrigation channels,
lakes, ditches, reservoirs, and semi-aquatic systems, including swamps [6,9,20,21]. Moreover, it regularly inhabits low-elevation
water bodies with pH levels of 6-7 and sediments consisting mainly of organic matter [10,14,20,22,23]. Myriophyllum hetero-
phyllum does not perish during winter or summer and can tolerate low winter temperatures, water covered by ice, and high summer
temperatures [9,12,21], and the most favorable temperature range for its growth is 18-25 °C [12]. Once introduced, M. heterophyllum
can grow at explosive rates [18], which can be attributed to its evergreen growth and its capacity to use HCO3 as a carbon source,
offering an advantage over seasonal native species and obligate CO2 users [14,24].

Consequently, M. heterophyllum often creates dense mats that fill the entire surface and depth of water bodies [6,10], dominating
other submerged macrophytes. This dominance reduces the availability of sunlight and oxygen in water bodies, potentially resulting in
biodiversity loss [6,9,12,21]. Moreover, it alters predator-prey relationships [9], hampers water-based recreational activities such as
swimming, diving, and fishing [16,22,25,26], and diminishes the aesthetic and monetary value of properties adjacent to affected lakes
[18]. Furthermore, when M. heterophyllum invades drainage and irrigation systems, it can significantly impact water availability and
flow, which may interfere with hydroelectric power production [9,26]. Despite these impacts, the potential distribution of the species
in EU countries, especially Portugal, remains unknown, hindering the prioritization of prevention and surveillance actions at regional
to local scales.

In this study, we assessed areas of mainland Portugal that were susceptible to the invasion of M. heterophyllum. This species has not
yet been detected in the country; however, its naturalization in Spain [23] raises significant concerns, considering the presence of
similar climatic conditions and because invasions in Spain often precede those occurring in mainland Portugal [2,27,28]. To perform
this assessment, we first identified the environmental conditions suitable for the establishment of the species using MaxEnt and fol-
lowed best modeling practices [29,30]. Next, we estimated the risk of the introduction of this species along the territory as a function of
the density of aquarium stores, as these are the main centers from where this plant is disposed of, and then it enters the water bodies
[12,18]. Finally, we combined the estimates of habitat suitability and the risk of introduction to highlight areas most susceptible to
invasion in mainland Portugal.
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Fig. 1. Occurrence records used for modeling the potential distribution of Myriophyllum heterophyllum.



I Diogo et al. Heliyon 10 (2024) e34201
2. Methods
2.1. Data collection

To model the environmental suitability of the species, we collected occurrence records of its global distribution from the Global
Biodiversity Information Facility (https://www.gbif.org/). We used records generated since 2000 onward in both native (America)
and non-native ranges (Europe) (Fig. 1) to capture, as much as possible, the species’ environmental requirements [31]. Duplicate
records, those without coordinates, or those with a spatial resolution of <10 m were removed. Additionally, to mitigate spatial bias, a
single randomly selected record was retained within a 30 arc-s grid cell (i.e., the same resolution as that of the predictive variables
[32]).

To assess areas at a high risk of introduction events, i.e., those under propagule pressure [33], we collected the geographical
coordinates of shops registered as aquarium stores and “generic” pet stores. To confirm the sale of aquarium products for the latter
category, we used available data from online sources (e.g., photographs of the social networks of the establishment or products for sale
on the respective websites). Only the shops that confirmed to sell aquarium products were considered. We identified 329 stores in
mainland Portugal.

Before their use for modeling, we calculated the pairwise Pearson correlations among the variables. Subsequently, we removed the
highly correlated values until no correlation value higher than |0.7| occurred [38]. After this procedure, nine predictor variables
(water_bodies, sediments, pH, altitude, T_Seas, T Warmest, T_Coldest, P_ Annual, and P_Driest) were retained.

2.2. Predictor variables

Based on the analysis of the species’ known ecological preferences [9,10,14,20], we selected 17 predictive variables representing
current climate, topography, and soil from multiple sources (complete list and the description of sources in Table 1) in Europe and
North and Central America. We used the values of variables provided by the sources, except for the “amount of organic matter in the
sediments,” where we joined six soil classes (Histosols, Chernozems, Kastanozems, Phaeozems, Umbrisols, and Podzols) to specify
information regarding the presence or absence of organic soil. Therefore, we combined all cells with organic matter values equal to or
exceeding 50 % from the six soil classes. We chose this percentage value because, upon overlapping all six soil classes, the entire study
area would be covered by the layer; therefore, reclassifying only cells with values equal to or exceeding 50 %, we could identify only
those cells exceeding 50 % concentration of organic matter. Next, to account for neighborhood effects, i.e., sediments transported in
waterways, we calculated the density of these cells at each location considering a radius of 500 m. All variables were resampled to a 30
arc-s resolution (~1 km) to match the resolution of the variables coarser than those with 30 arc-s resolution (e.g., climate; Table 1). All
spatial procedures were performed using ArcGIS 10.8.2 software.

Table 1
Description and sources of predictive variables used.
Variable Description Data source Reference for the source Spatial resolution
(code) (original)
Water_bodies Water bodies EarthEnv Tuanmu e Jetz [34] 1 km
pH Soil pH SoilGrids ISRIG; Batjes et al. [35] 250 m
Sediments Sediments with organic matter
Altitude Altitude EarthExplorer USGS 7.5 arc-s
Slope Slope Derived from - 7.5 arc-s
Altitude
P_Annual Average annual precipitation CHELSA v. 2.1 Swiss Federal Institute for Forest, Snow, and Landscape 30 arc-s (~1 km?)
P_Driest Average precipitation in the driest Research WSL; Karger et al. [36,37]
quarter
P_Wettest Average precipitation in the wettest
quarter
P_Mes_Dry Precipitation in the driest month
P_Mes_Wet Precipitation in the wettest month
P_Seas Precipitation seasonality
T_Annual Average annual temperature
T_Coldest Average temperature in the coldest
quarter
T_Warmest Average temperature in the warmest
quarter
T_Mes_Cold Minimum daily average temperature
in the coldest month
T_Mes_Warm Maximum daily average temperature
in the hottest month
T Seas Temperature seasonality
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2.3. MaxEnt — maximum entropy algorithm

Using MaxEnt 3.4.4, we modeled native and non-native ranges and then focused on mainland Portugal. MaxEnt is an open-source
software written in Java that uses a machine-learning approach called maximum entropy to identify geographical regions with suitable
environmental conditions for species [39-41]. MaxEnt uses species presence and background records [42] and often provides well
performing predictions, even if based on limited, incomplete information, or both [41,43-46]. MaxEnt is the most commonly used
algorithm in the field of ecological niche models [47], including estimating environmental suitability for invasive species [48].

We converted all selected variables into ASCII format for use in the software. All variables were on a continuous scale, and we used
the default parameters of the MaxEnt cloglog format as the output format; as a result, suitability values varied between 0 and 1, with a
maximum of 10,000 background points.

We assessed the model performance using the area under the curve (AUC) of receiver operating characteristic plots [46,49]. The
AUC discriminates a species’ model from a random prediction, where the predictive ability of a model is considered “perfect” if the
AUC value is 1.0 and “good” if the value is > 0.8 and a result of 0.5 does not discriminate better than when using randomly generated
values [50,51]. We used 10 replicates to perform this evaluation, where the data were divided randomly into 10 groups (folds) of equal
size, with one fold left out and the remaining nine used to fit the model. The AUC was calculated for data in the left-out fold. This
procedure was repeated until all folds were used for evaluation. The final model corresponded to the mean and standard deviation
models for evaluating these replicates.

We determined the contribution of each predictor variable to explain species distribution using the permutation method, which was
performed in MaxEnt by shuffling the values of each variable across the training data and assessing the resulting drop in the AUC.
Shuffled variables that resulted in a higher reduction in the AUC value were of greater importance than those resulting in a lower
reduction in the AUC value.

2.4. Density of aquarium stores and combination with habitat suitability estimates

To calculate the spatial density of aquarium stores, we used the ArcGIS 10.8.2 “Kernel Density” tool using the planar method. After
calculating the spatial density of stores, the resulting raster was linearly normalized to vary between O (lowest density) and 1.0 (highest
density).

We combined both layers by multiplying the value for the spatial density of stores with the value of the environmental suitability
model to obtain a “final” invasion risk estimate. The values of the resulting layers varied between 0 and 1.0. A value of 0 indicates
locations where the risk of introduction or environmental suitability is the lowest. Conversely, a value of 1.0 denotes areas with the
highest levels of environmental suitability and risk of introduction, i.e., high “invasion risk.”

To better identify areas of higher susceptibility to the potential invasion of the species and guide surveillance actions, we over-
lapped the limits of national protected areas and sites designated under the Habitats Directive of the Natura 2000 Network with
predictions of invasion risk.

3. Results

We obtained 524 occurrence records of M. heterophyllum in a known global range (Fig. 1). The habitat suitability model achieved
extremely high predictive performance, with a mean AUC value of 0.96 + 0.008. In this model, in the study region comprising Europe,
North America, and Central America (see Supplementary Information), the variable temperature of the warmest quarter showed a
disproportionally higher relative importance (67.2 %) than that of the remaining variables, with the remaining variables providing
only minor to exceptionally minor contributions (Table 2). The response curve for the temperature of the warmest quarter (Fig. 2)
shows that temperatures below ~13 °C translate into a complete absence of suitability for the species, while peak suitability occurs at
temperatures above ~35 °C.

The predictions at the continental scale (Fig. S1) show that suitable environments in North America are predominantly observed
along the eastern United States, extending from the Gulf of Mexico to southeastern Canada. A particular concentration of areas with
high environmental suitability values exists along the coastal regions of the Carolinas, progressing toward the northeastern states and
encompassing the regions of New York, Maine, New Brunswick, and Nova Scotia. Moreover, certain regions in the Netherlands and

Table 2

Permutation importance of each variable.
Variable Permutation Importance
Average temperature in the warmest quarter 67.2
Temperature seasonality 8.6
Average temperature in the coldest quarter 7.1
Average annual precipitation 6.3
Average precipitation in the driest quarter 4.2
Soil pH 2.8
Altitude 1.8
Water bodies 1.5
Sediments with organic matter 0.6
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Fig. 2. Response curve for temperature in the warmest quarter, i.e., the predictor variable with the highest relative importance in explaining the
recorded distribution of Myriophyllum heterophyllum.

Belgium were identified as the most suitable areas in Europe, followed by hotspots in France, northern Spain, and northwestern
Portugal. Generally, the southern regions of Europe and the Scandinavian countries are predicted to have lower levels of environ-
mental suitability than that of the other regions of Europe.

In mainland Portugal, the highest environmental suitability values, peaking at 0.96, were observed along the northern coastal half,
specifically in the region from Viana do Castelo to Leiria (Fig. 3A). A few areas in the southern coastal half exhibit moderate suitability
values, ranging from 0.5 to 0.6, whereas, and inland regions are largely dominated by environmental conditions unsuitable to the
introduction of invasive species. Regarding the distribution of aquarium stores, a high concentration of these stores was observed in a
few coastal areas, particularly around the Lisbon Metropolitan Area (LMA), Porto Metropolitan Area (PMA), and Leiria (Fig. 3B).

The coastal areas around the LMA, PMA, and Leiria stood out as invasion hotspots, simultaneously hosting a high density of
aquarium stores and having the highest habitat suitability values (Fig. 4). Areas in the interior of the country showed a low probability
of invasion, owing to low store density and habitat suitability.

The overlap between the environmental suitability and the risk of invasion with the national network of protected areas (Fig. 5A)
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Fig. 3. (A) Environmental suitability for Myriophyllum heterophyllum in mainland Portugal. (B) The density of aquarium stores in mainland Portugal.
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Fig. 4. Hotspots with a high probability of occurrence of Myriophyllum heterophyllum in mainland Portugal. Estimated values jointly consider the
degree of environmental suitability for the species and the likelihood of anthropogenic introductions based on the observed densities of aquar-
ium stores.

and sites designated under the Habitats Directive (RN2000) (Fig. 5B) shows that many classified areas have suitable environmental
conditions for the species, and a relevant number have a high risk of invasion (i.e., both high environmental suitability and probability
of introduction).

4. Discussion

Our results indicate that the aquatic plant M. heterophyllum presents a high risk of invasion into the inland waters of the coastal
areas of mainland Portugal. We observed incredibly high environmental suitability values (>0.75) for this species, with its highest
concentration occurring along the northwest coastal areas, from the district of Viana do Castelo to Leiria. When combined with an
estimate of the probability of anthropogenic introductions, we observed prominence in the northwestern region of Portugal, specif-
ically in the Lisbon, Porto, and Leiria regions. This pattern aligns with previous findings wherein northwest mainland Portugal was
identified as the region with the highest diversity of invasive alien species in riparian zones [52]. Similarly, two areas in this region,
Beira Litoral and Douro Litoral, were identified as having the highest rates of the introduction of alien plant species [53]. Thus, the high
propensity for invasions by alien plants in this region further corroborates our findings regarding the high risk of invasion by
M. heterophyllum.

A relevant number of protected areas showed a high risk of invasion, many of which, e.g., Litoral de Vila do Conde e Reserva
Ornitolégica do Mindelo Regional Protected Landscape and the Barrinha de Esmoriz site (see Fig. 5), comprise waterbodies of high
importance for local vegetation and fauna and rare and endemic plant species, e.g., Coincya johnstonii and Jasione lusitanica. Therefore,
the consequences of uncontrolled invasion by M. heterophyllum in the identified areas could be highly detrimental to local biodiversity.
In addition, the colonization areas of non-native species recurrently coincide with the areas of agricultural expansion [54], and
M. heterophyllum is a known threat to the farming sector, invading drainage and irrigation systems and reducing the availability and
flow of water [9,26].

Based on the results of the MaxEnt model, climatic variables are the most relevant predictors of the potential distribution of the
species, supporting the assertion of Rodriguez-Merino et al. [55] that the ability of alien plant species to invade new regions in Europe
depends mainly on climatic conditions. The average temperature in the warmest quarter has the highest relative importance. Tem-
perature directly affects reproduction, survival, growth, and dispersal in freshwater species and indirectly affects their interactions
with other species in the habitat [55,56]. Mild to high temperatures during the warmest quarter of the year were associated with higher
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Fig. 5. (A) Invasion risk hotspots of Myriophyllum heterophyllum overlapped by protected areas. (B) Sites designated under the European Union (EU)
Habitats Directive (RN2000). Abbreviations: EU, European Union; RN2000, Natura 2000 Network of Habitats; and RNAP, National Network of
Protected Areas.

environmental suitability values for the plant, which is in agreement with previous knowledge indicating the most favorable tem-
perature range for the growth of this species [9,12,21]. In contrast, we observed little relevance of precipitation-related predictors for
the introduction of this species; however, despite this limitation, these predictors indicate water availability throughout the year and
are linked to the distribution, transport, and establishment capacity of this species [9,12,18,55]. The reason for this result remains
unascertained and may reflect the supracontinental extent of the model calibration area, with extensive regions characterized by wet
climates and the wide availability of water bodies, likely masking the limiting effects of this variable. Despite this outcome, the
Portuguese climate is expected to shift toward a relatively more severe semi-arid state owing to climate change [57], likely leading to a
decrease in the number and size of lotic ecosystems, thereby reducing the extent of suitable habitats for M. heterophyllum.

Our work identified potentially suitable areas for the species, although further refinement may be possible by considering factors
deemed relevant at a finer resolution for which comprehensive spatial data are currently unavailable. For example, the successful
invasion and survival rates of M. heterophyllum have been linked to higher lake orders than to lower lake orders. Higher lake orders are
characterized by elevated alkalinity, conductivity, and flushing rates resulting from substantial water inputs from ion-rich ground-
water sources [20,58]. Furthermore, the physiography of the receiving habitat plays a crucial role in the establishment of plant
fragments because barriers such as stones or vegetation can restrict their drift distance [58]. Therefore, given the availability of data,
future research assessing the potential distribution of the species could greatly benefit from incorporating these factors. In addition,
considering the role of temperature as a key determinant of the potential distribution of this species, future assessments should be
conducted by analyzing the implications of representative climate change scenarios in the future. However, this assessment extends
beyond the scope of this study and concentrates on identifying the regions of priority for immediate invasion prevention efforts.

Additionally, it is crucial to conduct field surveys in the identified risk hotspots based on our results to confirm the absence of this
species. If confirmed, several measures could be implemented to reduce the risk of its spread, such as inspecting boating or agricultural
equipment used in invaded waters to prevent transport to novel areas, similar to practices in countries such as Canada [12]. Addi-
tionally, for small established populations, eradication methods such as careful hand pulling could prove effective [8,15]. Preventive
strategies could include intensifying inspection efforts related to the possession and importation of the species and educational
campaigns aimed at the aquarium community to raise awareness of M. heterophyllum.

5. Conclusions

Considering the existence of invasive locations in Spain, it may only be a matter of time before M. heterophyllum reaches mainland
Portugal. Our results indicate the presence of environmental conditions in Portugal that are suitable for the establishment of this
species and, worryingly, overlap with high-risk areas for human-mediated introduction, primarily in the northwestern coastal regions
of the country. Despite being listed among the prohibited species, information about this species is scarce in Portugal, which reflects a
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lack of awareness among the general population. The results of our study could inform decision-making concerning preventive
measures against the invasion of this species.
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