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Abstract: Oenothera drummondii is a coastal dunes plant species from the North American continent
that has affected the natural structure and dynamics of Spanish, Israeli, and Chinese shores as an
invasive species. In South Africa, Australia, New Zealand, and France, it is reported as a naturalized
species. Ecological niche and species distribution modeling has been widely used as a tool to find
potential global invasions and assess invasion effects. Herein, we modeled the ecological niche and
the potential distribution of Oenothera drummondii, using the Képpen—Geiger climate classification,
bioclimatic variables and occurrence records that have been validated in their native and non-native
distribution. In the native area, the temperature and precipitation values are higher compared to
non-native zones, where the low temperatures and the absence of humidity are the main climatic
limitations for the species. In the environmental space, new distribution areas were identified and
a partial overlap between the native and non-native niches detected. This suggests that climate
matching is not occurring for the species, and that the potential invasion of coastal dune areas seems
to be higher than previously observed. Therefore, new potential invasion areas, where the species
is not yet distributed, were also identified. Our predictions could be used to establish ecosystem
management measures to mitigate the invasion of Oenothera drummondii, helping to prevent possible
negative impacts on fragile coastal ecosystems.

Keywords: ecological niche modeling; species distribution modeling; range shifts; invasive species

1. Introduction

Invasive species are considered as a global driver of change that generates important
ecological disturbances, threatening native biodiversity [1] and causing significant ecologi-
cal and economic repercussions [2—4]. These threats are related to the ability of this type of
species to alter ecosystem functions and processes as a result of increasing nutrient input,
altering nutrient cycling or affecting water balance, and by modifying the vegetation com-
munity composition and structure [5-8]. These changes have repercussions on health, and
can generate economic losses [9-11]. With human activities related to globalization and an
increase in the transportation of goods, non-native species have increased their capability of
movement around the world [12]. Specifically, in coastal dunes, invasive species are one of
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the major threats to the biodiversity [13], where the success of non-native species is mostly
due to the harsh environmental conditions, low vegetation cover, frequent disturbances and
the open patches free of plant competition [14,15]. The problem of species invasion in these
ecosystems is of high-priority due to the possibility of losing many threatened, endemic
or highly specialized flora and fauna, which are tolerant to the extreme conditions such
as salt spray, burial by sand, drought, low nutrient availability and occasional storms [16].
Therefore, it is necessary to take preventive management measures to mitigate the impacts
that invasive species may have on the biodiversity of natural ecosystems. Invasive species
may represent superior competitors than native species in new sites, obtaining most of all
the resources, by having higher environmental tolerances, higher reproduction rates, faster
growth, possibility of absence of native enemies or having more effective dispersing strate-
gies [8,17,18]. Their success may also be related to micro-evolution processes as responses
to natural selection, in such a way that the invasive species become different from the
ancestral ones. This is related to intraspecific hybridization between different populations,
or between other species, which can provide superiority within the habitat [18].

Species can become invasive as a result of their plasticity, or, due to global change.
Depending on different environmental characteristics, the same genotype can present
different phenotypes that give the species tolerance and resistance to different climates,
which could give them advantages in heterogeneous environments [19]. Knowing the
invasive species’ potential for invasion might provide useful information that allows
designing the necessary strategies to control its expansion in advance. There are different
predictive models that estimate the potential distribution of the species, and identify the
sites whose environmental characteristics are similar to those of native distribution or the
areas with the most favorable environmental conditions [20]. Ecological niche and species
distribution modeling are very useful tools, which combined with the biological knowledge
of the species, allow researchers to know with some precision, the environmental and
climatic requirements that invasive species require to expand into new environments [21,22].
Generally, to define the invasion potential of species through environmental matching [23],
the calibration of models use the species native range to extrapolate the patterns into a new
potential non-native range [24,25]. The already-observed invasion range can also be used to
predict the potential extent of species distribution [26]. These are widely used methods to
approximate the potential invasion of vulnerable areas [27-30] through different software
and algorithms. Maxent is a program based on the principle of Maximum Entropy (the
most stable and uniform) that performs geographic distribution models based on the
environmental conditions associated with the occurrence records of the species [31,32]. In
the native and non-native range where species distribution occurs, called realized niche [33],
suitable conditions need to be present and available. This include climate, resources, biotic
interactions, and dispersal ability [34]. This occurs in a fraction of the fundamental niche,
which is the intersection of suitable abiotic (scenopoetic) conditions in the absence of biotic
interactions where a species maintain positive population growth without the need for
immigration [35]. According to Gallien et al. [29], there are three different possibilities in
predicting invasion risk based on ecological niche modeling: (i) realized niche in invaded
range is similar to the native; (ii) realized niche in invaded range may be very different
from the native; and (iii) realized niche in invaded range might be partially outside of the
fundamental niche because of rapid genetic adaptation. In this work, we aim to prove the
first two possibilities, by analyzing the ecological niche and potential distribution modeling
of a coastal dune species that has been considered as invasive.

Oenothera drummondii subsp. drummondii Hook. (Onagraceae) known as the beach
evening primrose, is an herbaceous perennial native to the Atlantic coasts of North America,
between North Carolina in the USA and Tabasco in Mexico [36]. O. drummondii grows in its
native area in the back beaches and the first dune ridges with humid subtropical and wet
tropical climates (Cfa, Aw, Am, BSh) according to the Képpen-Geiger classification [37,38].
The species is a short-lived herb (up to four years) that can measure from 10 to 50 cm tall; it
is an erect to procumbent herb with hairy leaves, dry fruits and presents self-compatible
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yellow flowers pollinated by hawkmoths in their native distribution [36,39,40]. O. drum-
mondii can be dispersed by barochory, thalassochory and endozoochory [41]. Currently,
this species is found on beaches and dunes in Europe, Africa, Asia and Oceania; it is con-
sidered as invasive in Spain, Israel and China [13,42,43], but has also been introduced into
Australia, South Africa, Egypt and New Zealand [44-46]. The introduction into non-native
areas seems to be linked to the transport of goods where the seeds of O. drummondii would
be transported as stowaways [45,47].

This species is of interest due to the high invasiveness that has shown in some coastal
dune systems outside its native distribution, affecting the native biodiversity and func-
tioning of the invaded ecosystem [13]. For example, in Spain since the beginning of 2000,
this species has been considered a threat to the country’s biodiversity as it has altered the
community composition and species abundance of vegetation in coastal dunes. In areas
where this species occurs, dune species decrease and opportunistic species increase [13]. In
addition, it has displaced native species such as Achillea maritime, Ammophila arenaria, Mal-
colmia littorea, and Silene nicaeensis [11,13] and has modified environmental conditions such
as the sedimentary dynamics, the dune formation process and the dune morphology [13].
Furthermore, in China it has been documented that the presence of O. drummondii, together
with other plant species, increases competition and decreases the abundance of Ipomoea
pes-caprae, a pioneer species native to China [48].

Given the invasion risk that O. drummondii represents, it is important to document the
areas where it has been recorded and to characterize the range of favorable environmental
conditions in which it has been found. In this study, we investigated (i) how the species has
expanded in its non-native range, (ii) what are the climatic conditions of the areas where
the species has established, and (iii) which areas are potentially suitable for its expansion.
To achieve these objectives, we use databases of the species distribution in its native and
non-native area in combination with climatic data, in which we analyze its environmental
profile for its global distribution. With historical and current data, we built models of
potential distribution in native and invasive areas, through the selection of specific climates
using the Koppen—Geiger classification, and the geographic range of expansion of the
species. We analyze the climatic correspondence (climate matching) between different
geographical regions where the species has increased its distribution and compare it with
the native distribution regions. Modeling the geographic distribution of this species and
the sites of potential invasion can provide information for the establishment of preventive
and management measures to minimize its impact on native biodiversity.

2. Materials and Methods
2.1. Species Occurrence Data

A database of O. drummondii was constructed with 664 records of presence from
the occurrence of native and non-native populations Global Biodiversity Information
Facility [49], the Spanish Plants Information System [50], the Israel Biodiversity Information
System [51], the Australasian Virtual Herbarium [52] and TROPICOS data bases [53].
Occurrence records were verified with literature and museum databases and incomplete
locality information that could not be corrected was omitted. Due to the absence of genetic
studies, it was also confirmed that the populations of the different native and non-native
areas corresponded to the same species, by verifying the revisions in herbarium databases
by the specialist in the genus, Werner Dietrich [54]. Due to the fact that O. drummondii
distribute in coastal habits, the records that were outside of a coastal areas were eliminated.
For this, a worldwide coastal buffer of two km from the coast was used, since the species
colonizes primary and secondary dunes that do not exceed a greater distance to the interior
of the continents. To correct the sampling bias of the presence datasets, prior to modeling,
a cleaning of the areas with the highest concentration of occurrence records was made,
obtaining a uniform distribution of the records. Repeated points were eliminated and
single points per pixel were used (Figure 1).
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Figure 1. Geographic distribution of O. drummondii subsp. drummondii. Green dots show occurrence
records of native distribution, blue dots show records of non-native distribution. The solid black line
represents the Line of the Ecuator and the dashed lines represent the intertropical region.

2.2. Environmental Analysis and Climatic Profile

We used eight updated Koppen—Geiger climatic regions [37,38] that occurred within
the worldwide coastal buffer in which O. drummondii is distributed (Figure 2), by using
the spatial join function in ArcGIS 10.1. This climatic classification is frequently used for
choosing a defined geographical background for sampling the reference climate where the
species is present [55]. Koppen—Geiger climatic regions presented in the species native
range were compared to those in the non-native, and novel regions were identified. Tropi-
cal monsoon climate (Am) and Tropical savanna climate with dry-winter characteristics
(Aw) were identified only for native distribution; hot semi-arid climate (Bsh) and humid
subtropical climate (Cfa) for native and non-native distributions; and temperate oceanic cli-
mate (Cfb), Mediterranean hot summer climates (Csa), Mediterranean warm/cool summer
climates (Csb), and dry-winter humid subtropical climate (Cwa) were identified for non-
native distribution. For each of these climatic regions, we selected the important bioclimatic
variables from Worldclim (https://www.worldclim.org/, accessed on 27 September 2021)
with an approximate resolution of one km?. The data represented both mean and extreme
values of temperature and precipitation [56,57], which are the most suitable for making
models on a global scale [58]. The appropriate selection of meaningful bioclimatic variables
affects the performance of projections through space or time [59,60]. Selecting just a few
variables could increase a model overprediction and a large number may lead to overfitting.
To avoid this, we made a selection based on three stages. First, we consider the environ-
mental requirements that favor or limit the distribution of O. drummondii obtained from the
literature [13,61,62]. Then, we based the selection of variables on the highest percentage
of contribution and the Jackknife analysis obtained by modeling with the 19 bioclimatic
variables in Maxent for each Koppen-Geiger climate regions. Finally, with the identified
variables we made a Spearman correlation analysis, in which we eliminated one of the
variables with the highest and most significance coefficients (r > 0.5 and p < 0.001), selecting
the one that had the higher relative importance that explained the highest variance by
using a Principal Component Analysis (Table 1).
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Table 1. Bioclimatic variables selected for each of the corresponding Képpen—Geiger climatic regions of the species
distribution areas. Biol: Annual Mean Temperature, Bio3: Isothermality (BIO2/BIO7) (x100), Bio4: Temperature Seasonality
(standard deviation x100), Bio8: Mean Temperature of Wettest Quarter, Bio9: Mean Temperature of Driest Quarter, Bio10:
Mean Temperature of Warmest Quarter, Bioll: Mean Temperature of Coldest Quarter, Biol2: Annual Precipitation, Bio13:
Precipitation of Wettest Month, Biol4: Precipitation of Driest Month, Biol5: Precipitation Seasonality (Coefficient of
Variation), Bio16: Precipitation of Wettest Quarter, Biol7: Precipitation of Driest Quarter, Biol8: Precipitation of Warmest
Quarter, Biol9: Precipitation of Coldest Quarter. The native distribution of O. drummondii includes four of the eight
Koppen-Geiger climatic regions: Tropical monsoon climate (Am), Tropical savanna climate with dry-winter characteristics
(Aw) hot semi-arid climate (Bsh), and Humid subtropical climate (Cfa). Therefore, the variables selected for these climatic
regions correspond to the native distribution. The invasion zones are the four remaining climates: Mediterranean hot
summer climates (Csa), Mediterranean warm/cool summer climates (Csb), Temperate oceanic climate (Cfb), Dry-winter
humid subtropical climate (Cwa).

Distribution Native Non-Native Non-Native Non-Native Non-Native
Koppen—Gellger Climatic Am, Aw, Bsh, Cfa Csa Csb Cfb Cwa
Regions

BIO1 X X X X
BIO 2

BIO3 X
BIO4 X X X X X
BIO5 X

BIO6

BIO7

BIO8 X X X

BIO9 X X X X X
BIO10 X X

BIO11 X X X X
BIO12 X
BIO13 X X X X X
BIO14 X X X X
BIO15 X X X X X
BIO16 X

BIO17 X

BIO18 X X X X X
BIO19 X X X X

Each of the climatic regions occupied by O. drummondii was projected into the envi-
ronmental space as an approximation of the species fundamental niche. Using a one km?
grid, the areas where the species distribute in the climatic regions were identified and used
to obtain 19 bioclimatic variables from the Worldclim database.

The climatic profile of the species was determined by obtaining the values of the 19
bioclimatic variables for each occurrence data in the native and non-native distribution of
the species in the global distribution (first data set). We also obtained the climatic profile
for each Koppen—Geiger climatic region where the species was found by obtaining all the
19 bioclimatic values for each km? that compose the area of each region. This allowed
researchers to know the environmental space where the species might distribute in each
of the regions (second data set). To analyze the environmental space that characterizes
native and non-native distribution of the species, we plotted these data sets separately
(one plot in general and one plot for each climatic region), in scatter plots through an
ordination of Principal Common Analysis (PCA) to the first two axes, and used these to
characterize the occurrence clouds for the species, using the software SPSS 24.0 [63]. We
also statistically compared the different groups of bioclimatic variables (mean and extreme
values of temperature and precipitation) of native and non-native distribution using a
Mann-Whitney U test, and then plotted groups in a boxplot to explore the variability of
the data by using the PAST v4 software.
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Figure 2. Képpen-Geiger climatic region where O. drummondii subsp. drummondii Hook is distributed.
Red dots show native and non-native geographic distribution of the species. Képpen-Geiger climatic
native regions: Tropical monsoon climate (Am), Tropical savanna climate with dry-winter characteris-
tics (Aw) hot semi-arid climate (Bsh), and Humid subtropical climate (Cfa). Képpen—Geiger climatic
non-native regions: Mediterranean hot summer climates (Csa), Mediterranean warm/cool summer
climates (Csb), Temperate oceanic climate (Cfb), Dry-winter humid subtropical climate (Cwa). Solid
black line represents the Line of Ecuador and dashed lines represent the intertropical region.

2.3. Species Distribution Modeling

Model transferability is a challenge to address urgent problems related to climate
change and species invasions. Methodological considerations can affect the spatial pro-
jections when transferred into broad unsampled environments across time and space [64].
Transferability in species distribution modeling involves two components: interpolation
within the environmental constraints encountered during model calibration or training
and extrapolation or projection outside of the environmental ranges encountered [65]. Due
to these considerations, in this study, we used the eight Koppen—Geiger climatic regions
where the species is distributed, to generate independent models for each region, with
differentiated training procedures that made the projections unique in the native and
non-native regions. Furthermore, the climatic profile of O. drummondii was analyzed in
the environmental space and then projected to the geographical fraction of native and
non-native distribution. These areas were selected as training and projecting the potential
distribution, respectively, using the algorithm MaxEnt 3.4.1 [32]. Recent studies model
the potential distribution of invasive species using Maxent [65-69]. This is one of the
most popular algorithms that outperforms other methods due to its predictive accuracy
ability, even with small samples [64,70,71]. This is the case for the study of O. drummondii
(see # occurrence records of Table 2). Maxent, determine patterns in the data and select
the most probable and uniform configuration based on the maximization of Shannon’s
entropy [32,72]. We used the default parameters in the Maxent interface to obtain response
curves and Jackknife analysis. The model outputs were obtained in a cumulative scale and
the threshold of “minimum training presence” was used to transform the data to presence
and absence binary maps. We built models for eight data sets according to Képpen—-Geiger
climatic regions (Tables 1 and 2) where the species occurs in coastal areas worldwide. The
models were calibrated based on the geographic areas where the species is observed (train-
ing areas) and the resulting model was transferred to areas with the same type of climate
(projection areas of possible invasion). For the native region, four data sets considering
Am, Aw, Bsh and Cfa, climatic regions, were built, calibrated and then projected to the
non-native areas with the same climate type, to model potential invasions for each set. For
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the non-native distribution regions, the remaining four sets were built considering Csa,
Csb, Ctb and Cwa climatic regions, where the species has been observed. These models
were calibrated in areas with occurrence records and then projected to new areas where
occurrence records are not reported to explore potential invasions (see Appendix A).

Table 2. Number of records of presence of O. drummondii for the different climatic regions (# Occurrence records); percentage

of random test (% Validation), and number of bioclimatic variables used (# Bioclimatic variables) for the construction of

the models. N = native distribution, NonN = non-native distribution. Képpen—Geiger climatic native regions: Tropical

monsoon climate (Am), Tropical savanna climate with dry-winter characteristics (Aw) hot semi-arid climate (Bsh), and

Humid subtropical climate (Cfa). Koéppen—-Geiger climatic non-native regions: Mediterranean hot summer climates

(Csa), Mediterranean warm/cool summer climates (Csb), Temperate oceanic climate (Cfb), Dry-winter humid subtropical

climate (Cwa).

Koppen—Geiger e et . # Ocurrences g # Bioclimatic Figure in
ClirI;I;tic Regigon Distribution Records “Validation Variables Appgendix A
Am N 19 15% 10 Al
Aw N 23 15% 10 A2
Bsh N 8 15% 10 A3
Cfa N 324 15% 10 A4
Csa NonN 229 15% 10 A5
Csb NonN 5 0% 10 A6
Ctb NonN 40 15% 10 A7
Cwa NonN 3 0% 11 A8

Binary models of presence-absence from each Koppen—-Geiger climatic region were
converted from raster to points in ArcMap 10.1, to extract the values of the 19 bioclimatic
variables from the Worldclim database for each point. These values were used to project
(in the environmental space) the realized niched predicted by the model combined with
the approximated fundamental niche, in each of the eight Koppen climatic (scenopoetic)
regions where the species could be distributed.

To identify the potential invasion of O. drummondii, the eight resulting models were
compiled in Arcmap 10.1, and a global scale map of the potential distribution of the species
was obtained. Regional maps were made to review in detail the areas of potential invasion.

2.4. Evaluation of the Models

We validated the discrimination ability and overfitting of the models by using the
area under the curve (AUC) resulting from the receiver operating characteristic (ROC)
curve using the statistical analyzes obtained with Maxent. This shows the fit of the model
in relation to the test and training data, describing the rate of correct identification of

s

presence, also known as the absence of errors of omission (sensitivity, on the “y” axis)
against the rate of commission errors (1-specificity, in the “x” axis). The closer the value
is to 1, the better the performance of the model [32,73]. However, the ROC curve assigns
the same weight to errors of omission and commission, and it has been documented that
errors of omission have greater weight, such that a model that omits known presences
has a lower performance than one that predicts areas that cannot be inhabited [23]. To
avoid this bias, the partial ROC curve was used, which “uses the portion of the ROC curve
that is within the predictive range of the modeling algorithm and within the range of
acceptable models in terms of error of omission” [23]. For this purpose the software “Tool
for Partial-ROC” from Barve (2008), with 50% of the test points was used to obtain the
“AUC ratio”, with 1000 iterations and an omission threshold of 5%. The values obtained in
this parameter ranged from 0 to 2, where those closest to one describe a random model with
no predictive power, while the values close to two suggest a better performance (p < 0.05)
of the model [23,74].
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3. Results
3.1. Worldwide Current Distribution

Based on the locations of O. drummondii records (n = 664) found in global databases,
the occurrence record distribution found in this study is shown in Table 3. The presence
records in the native-range distribution are relatively scarce and present small populations
mainly located in Texas and Veracruz, followed by Louisiana, South Carolina, Florida,
Tamaulipas, Tabasco and North Carolina consecutively. The native area of the species has
the oldest records in the database, since the first record was documented in 1843. However,
it was until 1869 that data collection was carried out continuously until 2016 (the time
limit in which the records were analyzed). The earliest reported introduction occurred in
1871 in the Egypt coast, following Israel (1902), South Africa (1912), North Spain (1915),
China (1924), Australia (1924 Queensland and 1947 SW Australia) and Peru (1938). The
most recent records were in New Zealand (1997) and France (2014). Localities outside
of the native area have been recorded on the coast of 21 regions in 10 countries (Egypt,
Israel, South Africa, Spain, China, Morocco, Peru, Australia, New Zealand, and France) on
the five continents. The localities of Peru and Morocco are not validated [75]. The largest
number of records outside the native range is located in Australia (245) and Israel (150).
All non-native records, except for Peru and NE Australia are found outside tropical areas
(Figure 1), with the species reaching latitudes 44° N and 36° S.

Table 3. Worldwide distribution of Oenothera drummondii subsp. drummondii. White rows indicate non-native distributions

where N: naturalized, I: invasive. Gray rows indicate native distribution (NAT: native). Koppen—Geiger climatic native

regions: Tropical monsoon climate (Am), Tropical savanna climate with dry-winter characteristics (Aw) hot semi-arid

climate (Bsh), and Humid subtropical climate (Cfa). Képpen-Geiger climatic non-native regions: Mediterranean hot summer

climates (Csa), Mediterranean warm/cool summer climates (Csb), Temperate oceanic climate (Cfb), Dry-winter humid
subtropical climate (Cwa) and Hot desert climate (BWh).

. . Koppen—Geiger Number of First Current
Country Region/Location Climatic Regions Records Record Status References
Cwa 1924 N
Queensland Cfa 1924 N
. South New Wales Cfa, Cfb 1929 N
Australia Southwestern Australia Bsh, Csa, Csb, 222 1947 N [76]
Lord Howe Island Cfa 1962 N
Adelaida Csb 1989 N
China Fujian Cfa 10 1923 1 [43]
Egypt Mediterranean coast BWh - 1871 N [44]
France Marseillan Csa 1 2014 N [77]
Tel Aviv district Central
Israel district Meridional district Csa 150 1902 I [42]
Morocco Tetouan Csa - 1930 1 [75]
Spain (North) Basque Country—Zarautz Cfb 22 1915 N [11,13,39,78]
New Zealand Auckland Cfb 12 1997 N [46]
Peru Supe Bsh 3 1938 N [11]
Spain (South) Gulf of Cadiz Csa 21 1957 I [11,13,39,79]
Western Cape Csb 1912
South Africa Eastern Cape Cfb 8 1912 N [45]
Kawa Zulu-Natal Cfa 1912
Tamaulipas Aw, Bsh, Cfa 1898 NAT
Mexico Veracruz Aw, Am 76 1903 NAT [36,80-82]
Tabasco Am 1983 NAT
South Carolina, Georgia,
USA East Florida Cfa 126 1880 NAT [36,80-82]
Gulf of Mexico states Cfa 1843 NAT
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Although information on the habitats where the species was collected is not always
available, all localities were recorded in coastal areas. Of these, the vast majority corre-
sponds to coastal dunes and frequently occurs on coastal roadsides. Oenothera drummondii
is native to coastal dunes of the southeastern USA and eastern Mexico, distributed in
areas with a humid subtropical climate (Cfa), hot semi-arid climate (Bsh), Tropical savanna
climate with dry-winter (Aw) and Tropical monsoon climate (Am) (Table 3). We found 17
non-native regions/locations (in 10 countries) where the species is currently distributed.
Of these, seven coincide with two types of climate of the native area (five with Cfa and two
with Bsh). In none of the non-native region the Am or Aw climates were observed. The
rest of the non-native regions are in dry-winter humid subtropical climate (one with Cwa),
Mediterranean hot summer and warm/cool summer climates (five with Csa and three
with Csb), Temperate oceanic climate (four with Cfb), and Hot desert climate (one with
BWh). The largest number of records in non-native areas corresponds to humid subtropical
climate zones (Cfa) of eastern Australia, and in the Mediterranean hot summer climate
zones (Csa) of Israel and southern Spain.

3.2. Environmental Analysis and Climatic Profile in Native and Non-Native Distribution

The climatic profile of the species using the occurrence records and the 19 bioclimatic
variables was analyzed in the native and non-native environmental space. An overlap-
ping between the two distributions can be observed (Figure 2). For the native area, the
bioclimatic variables that represent the average values of this distribution are: annual
precipitation (BIO12), Mean Temperature of Coldest Quarter (BIO11), Annual Mean Tem-
perature (BIO1), and Precipitation Seasonality (BIO15) (Figure 3). For the non-native area
and a fraction of the native area, the bioclimatic variables closer to the average values
of these distributions are the Precipitation of Coldest Quarter (BIO19), and Temperature
Seasonality (BIO4).

BIO 19

BIO 4

BIO 11
BIO 1

BIO 15

Figure 3. PCA biplot that represents the environmental space in the global realized niche of the species O. drummondii using

the 19 bioclimatic variables of WorldClim. The dots show the occurrence records that were used to calibrate the models. Red

and green color shaded areas correspond to the non-native and native areas. Vectors represent bioclimatic variables that are

closer to the average values of occurrence records in each axis. Annual Mean Temperature (BIO1), Temperature Seasonality
(BIO4), Temperature of Coldest Quarter (BIO11), annual precipitation (BIO12), Mean and Precipitation Seasonality (BIO15),
and Precipitation of Coldest Quarter (BIO19).
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For the Koppen—Geiger climatic regions that occur in native and non-native distribu-
tion areas, the environmental space is very heterogeneous (Figure 4). An approximation
of the fundamental niche shows a greater environmental space that O. drummondii might
occupy in different regions of the world in different positions of the environmental space
(Figure 4). For the eight climatic regions that occur in native (Figure 5: Aw, Am); native
and non-native (Figure 5: Bhs and Cfa); and non-native distribution areas (Figure 5: Csa,
Csb, Cfb and Cwa), the environmental space is distributed in very different projections
on the PCA biplot (Figure 5). This is particularly observed between hot semi-arid climate
(Bsh) and Humid subtropical climate (Cfa)—environments that are present in native and
non-native distribution areas. The hot semi-arid climate (Bhs) divides into two clouds
that separate the native areas (right quadrants) from the non-native ones (left quadrants)
(Figure 5). The climates of invaded regions (Cbf, Csa and Csb climates) occupy the same
quadrants of the analysis (Figure 5). However, the Dry-winter humid subtropical climate
(Cwa) is closer to the environmental space of the native regions (Figure 5).
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Figure 4. PCA biplot that represents the environmental space in the global realized niche of the species O. drummondii
using the 19 bioclimatic variables of WorldClim. The dots show the occurrence records that were used to calibrate the
models. Red color dots shows non-native records and green color dots shows native records. Blue dotted lines represent a
fraction of the fundamental niche from each Képpen—Geiger climatic region. Orange line represents an approximation of

the fundamental niche.

The bioclimatic variables that corresponded to the native zone in some cases are
within the ranges of non-native zones. Nevertheless, all groups were significantly different
(Figure 6). In general, the temperature values of the non-native areas presented lower
values than the native areas and can be seen particularly in the maximum temperature of
the warmest month (BIO5), in the mean temperature of the wettest quarter (BIO8) and in
the mean temperature of the warmest quarter (BIO10) bioclimatic variables. However, the
values of the mean temperature of coldest quarter (BIO11) in the invaded area are found
within the lower limit of the native zone (Figure 6a). Regarding precipitation, the main
differences between native and invaded areas are shown in the distribution of the data
in each group, where the medians of the annual precipitation (BIO1), precipitation of the
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driest quarter (BIO17) and the precipitation of the warmest quarter (BIO18) are lower in
invaded areas (Figure 6b).

Aw
Bhs Cfa
Cbf Csa
. B i
‘e [ o
NS 0] PP
3
.. ®
Csb Cwa
] Y
l'.
X

Figure 5. PCA biplots that represent the partial environmental space that indicates the climatic profile of the species
O. drummondii in each Koppen-Geiger climatic region. Dots represent the presence records of: (i) all native populations
(green) and (ii) all non-native populations (red). Clouds represent the environmental space for each climatic region; in these,
the solid line represents the fraction of the fundamental niche and the dotted line the fraction of the realized niche within
each Koppen—-Geiger climatic region.
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Figure 6. Boxplot indicating bioclimatic variability between native (NAT) and non-native (INV) distribution of O. drummondii.
(Mann-Whitney U test: *** p < 0.0001, ** p < 0.001). (a) Variables related to temperature. BIO1: Annual Mean Temperature,
BIO5: Max Temperature of Warmest Month, BIO8: Mean Temperature of Wettest Quarter, BIO9: Mean Temperature of
Driest Quarter, BIO10: Mean Temperature of Warmest Quarter, BIO11: Mean Temperature of Coldest Quarter, (b) Variables
related to precipitation. BIO12: Annual Precipitation, BIO13: Precipitation of Wettest Month, BIO14: Precipitation of Driest
Month, Biol6: Precipitation of Wettest Quarter, Biol7: Precipitation of Driest Quarter, Bio18: Precipitation of Warmest
Quarter, Bio19: Precipitation of Coldest Quarter.
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3.3. Potential of Invasion

Approximately 215,641 km? were obtained as areas of potential distribution of O. drum-
mondii on the coasts of the world (Table 4). Tropical monsoon climate (Am) is the climatic
region with more potential distribution area for the species, which represents 37.2% of
the total area of presence in the different regions. This is followed by Mediterranean hot
summer climates (Csa) with 22.7% and Humid subtropical climate (Cfa) with 18.1%. In
contrast, temperate oceanic climate (Cfb) and Tropical savanna climate with dry-winter
characteristics (Aw) showed the higher percentages of absence between all climatic regions.

Table 4. Potential area of presence/absence (km?) and percentage of presence/absence relative to the global potential
species distribution area for all Képpen—Geiger climatic regions. In green, native area; in orange, native and non-native area;
in red, non-native area.

Aw Am BSh Cfa TOTAL

Presence 15,230 80,268 2118 39,212 14,571 49,161 10,395 4686 215,641

Absence 203,185 20,762 21,838 66,884 228,329 26,560 16,770 16,668 600,996
TOTAL (km) 218,415 101,030 23,956 106,096 242,900 75,721 27,165 21,354 816,637
% presence 7 37.2 0.9 18.1 6.7 22.7 48 21 100
% absence 33.8 34 3.6 11.12 37.9 44 27 2.7 100

Within the American continent, in addition to the native zone, we obtained favorable
climatic conditions on the west coast of the United States (Figure 7a). In Central America,
several areas of potential invasion were identified along the coasts of Salvador, Honduras,
Nicaragua, Costa Rica, and Panama (Figure 7b). In South America the areas of potential
invasion correspond to a small fraction of Venezuela, Colombia; southwestern Peru and
southeastern Brazil, Uruguay and the southern coasts of Chile (Figure 7c,d). In Europe,
the areas of non-native presence include the coasts of the north and south of Spain, south
and west of Portugal, France, Italy, Greece, Turkey and Bulgaria (Figure 7e,f). For Asia,
non-native ranges are found on the coasts of Israel, western India, western Myanmar,
Bangladesh, Thailand, Cambodia, southwest and northeast Vietnam, China, Taiwan, Philip-
pine Islands, southern Japan and Indonesia (Figure 7gh). Several areas were located in
Australia and in northern New Zealand (Figure 7i,j). Finally, in Africa the coasts of Mo-
rocco, Algeria, Tunisia, Libya, Guinea, Sierra Leone, Ghana, Nigeria, Cameroon, Equatorial
Guinea, South Africa, Mozambique, and Madagascar presented potential areas of invasion
(Figure 7k,1).

3.4. Model Evaluation

According to the ROC and partial ROC curve values, evaluation indicated a good
performance of the model (Table 5). The Tropical savanna climate with dry-winter char-
acteristics (Aw), Humid subtropical climate (Cfa) and Temperate oceanic climate (Cfb)
showed AUC values close to one in the ROC curve and AUC values close to two for
the partial ROC (p < 0.001). In the Tropical monsoon climate (Am) and hot semi-arid
climate (Bsh) we also obtained AUC values of the ROC curve close to one indicating a
good performance of the model. Although, the models for Mediterranean hot summer
climates (Csa) showed AUC values of the ROC curve close to one, in the partial ROC were
not different from a random model. Dry-winter humid subtropical climate (Cwa) and
Mediterranean warm/cool summer climates (Csb) did not present test points (due to the
low representativeness of points in the area), therefore they could not be evaluated.
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Figure 7. Species distribution modeling in the Képpen—Geiger climatic regions selected. Geographic areas of presence
(red) and absence (blue) in native and non-native distribution. (a) North America, (b) Central America, (c), North of South
America, (d) South of South America, (e) Eastern Europe, (f) Western Europe, (g) Asia, (h) Southeast Asian, (i) Autralia,
(j) New Zealand, (k) North Africa, (I) South Africa.
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Table 5. AUC values for the ROC curve, average of the proportion values (ratio) for the partial ROC curve and their

significance values (p-value) in each of the models. Képpen-Geiger climatic native regions: Tropical monsoon climate (Am),

Tropical savanna climate with dry-winter characteristics (Aw) hot semi-arid climate (Bsh), and Humid subtropical climate

(Cfa). Koppen-Geiger climatic non-native regions: Mediterranean hot summer climates (Csa), Mediterranean warm/cool

summer climates (Csb), Temperate oceanic climate (Cfb), Dry-winter humid subtropical climate (Cwa).

Koppen-Geiger Climatic Region Distribution ROC Partial ROC p-Value
Am Tropical monsoon climate Native 0.967 NA NA
Aw Tropical savanna climate with dry-winter characteristics Native 0.933 1.836 <0.001
Bsh Hot semi-arid climate Native 0.923 NA NA
Cfa Humid subtropical climate Native 0.939 1.717 <0.001
Csa Mediterranean hot summer climates Non-native 0.819 0.989 >0.05
Csb Mediterranean warm/cool summer climates Non-native NA NA NA
Ctb Temperate oceanic climate Non-native 0.998 1.994 <0.001
Cwa Dry-winter humid subtropical climate Non-native NA NA NA

4. Discussion

A considerable expansion of the distribution of O. drummondii from its native range
in a regional scale in the Gulf of Mexico to its non-native distribution on a global scale in
the coastal areas of the five continents was identified. The species distributes in the same
habitat type (sand dunes). However, it has colonized new areas with different climate from
its native area of origin (without climate matching). The expansion process has occurred
since the late 19th century to the present day unintentionally by man, establishing both
naturalized and invasive populations. The species is native to areas of humid tropical
and subtropical climates, and has spread to coasts of colder climates (Cfb) and colder
and drier climates (Csa, Csb). The climate space of an invasive species is not static in
space or time, frequently occupying climatic conditions that differ substantially from those
present in the native range. This suggests that new conditions are not an obstacle for
these species to spread to a new range. Our observations coincide with the findings of
Gallagher et al. [83] who analyzed 26 exotic species, wherein 20 extended their exotic
climate range into a new environmental niche different to native distributions. According
to our results, the approximation of a fundamental niche is made of an environmental
space of the native area, in addition to the environmental space of the invaded area and the
partial overlap between realized native and non-native climate niches. Climate matching
between the native and non-native ranges is not expected to occur in the Képpen—Geiger
climatic regions, especially in the non-native distribution, where there are new climatic
regions that don’t match with the native distributions. Although it is desirable to have
more detailed climatic data to better understand the climatic tolerance of the species or
fundamental niche by experimentation, the approach that was used herein allows us to
approximate its fundamental niche.

Regarding climate conditions, temperature is a fundamental variable for the germina-
tion and survival of the species. For instance, higher temperatures from 25° to 30 °C and
lower than 10° are very limiting for germination (personal observations). For this reason we
selected temperature seasonality (BIO4), the annual mean temperature (BIO1), maximum
temperature of the warmest month (BIO5) and mean temperature of the coldest quarter
(BIO11). Seedling establishment is linked to precipitation in such a way that precipitation
seasonality (Bio15), mean temperature of the driest quarter (Bio9), mean temperature of the
wettest quarter (Bio8), precipitation of the wettest month (Bio13) and precipitation of driest
month (Biol4) were selected among the relevant variables. Furthermore, the precipitation
variables related to the temperatures that favor or limit the species during growth were
selected as the precipitation of the hottest quarter (Biol8) and the precipitation of the
coldest quarter (Bio19).
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Studies carried out in southern Spain showed that O. drummondii is very well adapted
to the Mediterranean climate (Csa), showing that the species has greater efficiency in
the use of water, light and nutrients than the native Achillea maritime [84]. This validates
that the projection of our models in this area coincides with the distribution found in the
field. Also, in drought simulation greenhouse experiments with native and non-native
populations, O. drummondii showed that individuals from both types of populations are
capable of coping with high levels of water deficits (i.e., long warm and dry Mediterranean
periods), and present a good recovery after rewatering [85].

A significant difference (p < 0.001) between bioclimatic variables was observed for all
the groups. However, for some variables, the non-native distributions occurred within the
variability of native distributions and vice versa. Regarding the environmental space in
PCA biplots for Képpen—Geiger climatic regions, there is a greater discrepancy between
the climatic space of the native and non-native distributions. For instance, four novel
regions were found in invaded zones (Csa, Csb, Cfb, Cwa). Liu et al. [86] observed
that the native and invaded niche of invasive species with wide distributions, such as
O. drummondii, exhibited more similarity among them than the observed for species with
narrower distributions. However, our results showed important differences between the
native and non-native space. This might be related to habitat where the species distribute
(coastal sand dunes), and where particular environmental conditions occur.

Oenothera drummondii is a species that presents wide dispersal mechanisms (polycoria)
that have allowed it to colonize different coastal areas of the planet and establish both
naturalized and invasive populations [39]. Studies performed in southern Spain indicate
that the successful invasion of O. drummondii is mainly explained by some features that
are considered advantages for the colonization of new habitats [87]. On a local scale, the
reproductive characteristics of the species, a mixed-mating system, allows the flowers
to interact with the local fauna (bees and sphinxes) [40]. It also has a high production
of small seeds, and has established mutualistic seed dispersal relationships with native
hares and rabbits [39]. Other characteristics such as a short juvenile period, high-flowering
capacity during almost the entire year [87], a high competitive capacity against native
species [84], and its tolerance to soil salinity and water stress [85,88] are also important.
Under Mediterranean conditions, O. drummondii is well acclimated considering its eco-
physiological performance related to the capture of resources such as CO, assimilation,
higher photosynthetic rate, and a higher efficiency to use light, water and nutrients than
other native species [84]. Latitude also performs an important role in self-compatibility
and germination (rate and final germination), which are reduced in lower latitudes, and
increase in higher latitude for both native and non-native distributions. The Australian
populations studied in Gallego and Franco [40], showed rates of self-compatibility similar
to those of other non-native populations and native populations located at similar latitudes.
Therefore, these reproductive characteristics may contribute to the successful invasion of
O. drummondii in non-native areas [40]. At global scale, it is possible that the introduction
of O. drummondii from its native areas has been as stowaways in the ground-ballast of
merchant shipping. There are two documented examples of this type of transportation.
Heyligers [47] proposed that the introduction of O. drummondii, and other non-native
species, in Australia was related to long distance transport in the ground-ballast of ships
coming from Texas ports for the coal trade during the beginning of the 1850s. The ships in
the port of origin loaded the ground ballast, and if they were surrounded by coastal dunes,
the ballast was composed of sand, but also included seeds, fruits, whole plants and even
terrestrial animals. Arriving to the ports of Australia, ships discharged unwanted ballast
on the shore (ballast heaps). Heyligers [47] also proposed that the subsequent expansion
of the species along the east and west coasts of Australia was probably related to natural
dispersal processes and transport by ship from Australian ports. Frean et al. [45] in a
study on the expansion in South Africa of 13 species of the genus Oenothera, including
O. drummondii, proposed that the seeds of the species reached Southern Africa in ballast
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ships. Campos and Herrera [78] in the case of Spain and Dufour-Dror [42] in Israel also
proposed this mode of introduction, although they did not provide data.

The unintended transport of plant species, and of many living terrestrial organisms,
into the ship ground or sand ballast has been a dispersal pathway of great qualitative
and quantitative importance since the beginning of maritime trade, especially when it
intensified in the fifteenth century [89]. Reports of the introduction of alien species from
ground ballast in North America, Oceania and Europe were published mainly from the
end of the 18th century to the beginning of the 20th [90]. However, since then, these
types of studies have been scarce [47,89,91]. At present, it is very likely that the extreme
long-distance dispersal pathway is not working for O. drummondii any more [41], because
the pathway has disappeared due to the disuse of ground ballast in the middle of the 20th
century. We consider that it is difficult, due to the great distance involved, and that the
introduction has occurred naturally through seawater dispersal of seeds. Other options
such as stowing away on a ship and even being transported directly as an ornamental
species can also be considered.

The species may also have been transported by marine currents during ocean storms,
as the seeds have been shown to survive in seawater for 15 to 30 days and still have a high
germination capacity (67-90%) [39]. This would explain the success of the species in its
non-native distribution, as the seeds could be transported from the areas where the species
has been introduced to other areas near the coast. The same process could occur in the
native zone although controlled by natural predators and competitors. However, the first
records of non-native Oenothera drummondii populations suggest that its expansion was
not due to a natural process of long-distance dispersion, but to unintended introductions
made by man over decades [41].

In the actual globalized world, expansion of the species might have been sub estimated
in this work. With considerable human movement to almost any part of the world, the
chances that the species will reach new suitable conditions are increasing. For example, we
could not validate some records of possible distribution not used in the analysis, such as
findings in Peru, Argentina and Netherlands [92-95]. This has been confirmed by Gallego-
Fernandez et al. [41] who demonstrated that the seeds can float, but do not appear to be
capable of transoceanic dispersal by themselves. However, it seems that the high capability
of this species to tolerate climatic conditions is considerably different to those in its native
range, providing for the high success of colonization in different environments. Therefore,
the fundamental niche might be much greater than the approximation we know in the
realized native and non-native niche.

Oenothera drummondii can have an impact in the native vegetation of the invaded
sites. Gallego-Ferndndez et al. [41] showed that this species reduced species’ richness,
biodiversity, and the abundance of keystone native species on sand dunes in the south
west of Spain [13]. This is very important to consider in invasion areas in order to promote
monitoring and mitigation actions. These strategies need to consider the heterogeneity of
the beach-dune gradient, and the different climate types where the species can thrive. Few
studies have looked into the eradication of O. drummondii in non-native areas. In Spain,
efforts have been made to eradicate the species with successful results through manual
grubbing [96,97]. However, this method is not viable in highly invaded areas or in areas
with compact soils that make total removal difficult [11,98], and the use of herbicides is not
recommended [11,99]. The identification of potential invasion areas allow researchers to
propose control and eradication measures prior to a generalized invasion [11].

5. Conclusions

The current geographical distribution of Oenothera drummondii is very extensive as it is
registered in the countries of USA, Mexico (as native distribution), and Egypt, Israel, South
Africa, Spain, China, Australia, Morocco, Peru New Zealand, and France (as non-native
distribution). Its expansion has been very wide due to the new non-native range, even
greater than its native distribution. The native distribution areas present higher temperature
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and precipitation values compared to non-native ones, where low temperatures and the
absence of humidity seem to limit the distribution of the species. The realized niche of
Oenothera drummondii encompasses eight types of climates according to the Koppen—Geiger
climatic regions, and the sum of these might represent an approximation to its fundamental
niche. New areas and a partial overlap between native and non-native niches occurred in
the environmental space, which indicate that climate matching is not occurring.
Ecological niche and geographic distribution models are very useful tools to identify
potential areas for biological invasions. With the information obtained, preventive or
correct measures can be designed, before and during invasion processes, and thus reduce
the various negative ecological, economic and social impacts that invasive species represent.
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Appendix A

Training and projection areas for the construction of the models of O. drummondii
corresponding to the different types of climate in the Képpen—-Geiger classification.
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Figure Al. Training (blue) and projection (green) areas for the construction of the models corresponding to Tropical
monsoon climate (Am). Black dots represent occurrence records.
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Figure A2. Training (blue) and projection (green) areas for the construction of the models corresponding to Tropical savanna
climate with dry-winter characteristics (Aw). Black dots represent occurrence records.
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Figure A4. Training (blue) and projection (green) areas for the construction of the models corresponding to Humid

subtropical climate (Cfa). Black dots represent occurrence records.
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Figure A5. Training (blue) and projection (green) areas for the construction of the models corresponding to Mediterranean

hot summer climates (Csa). Black dots represent occurrence records.
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