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The Cactaceae, and especially its most emblematic genus, Opuntia, is one of the groups of
plants with greater invasion potential in the Iberian Peninsula. One of the most recently detected
species is Opuntia aurantiaca, a small cactus with an enormous capacity of dispersion.
Probably native to Argentina and Uruguay, it behaves as a very aggressive invader in Australia
and South Africa. In Europe, it only occurs on the Mediterranean coast of the Iberian Peninsula
(Catalonia and Valencian Community). In this study, the geographic range of the species is
accurately delineated at the peninsular level. Detected firstly at the beginning of the last decade
in Navajas (Castelld Province), it has been subsequently observed in other places of Castello,
but also in Valencia, Tarragona and Barcelona, and since 2017 in Girona. With all gathered
occurrence data, the potential distribution of O. aurantiaca is estimated (for the current climatic
conditions as well as for different scenarios of global warming). Despite the fact that the species
seems to be spreading, maps of potential distribution do not forecast large expansions to other
areas of the Iberian Peninsula, both for the present and for the year 2070.
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Introduction

Although nearly all cacti (Cactaceae) are originally restricted to the New World, many
species have become naturalized outside the Americas after having been introduced by
man, for instance in Australia, South Africa, Hawaii, and the Mediterranean basin
(Verloove & Guiggi 2019). The introduction in these regions was due to their value as
ornamental or industrial plants. Initially brought from the Americas by European explor-
ers, probably at early-middle 16th century (Ochoa & Barbera 2017), they soon became
common in European collections and gardens (Anderson 2001; Novoa & al. 2015). Since
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the 19th century, some of these species rapidly became a major weed problem (e.g. Walters
& al. 2011; Chinnock 2015; Novoa & al. 2015). Among cacti, the genus Opuntia L.,
together with Cylindropuntia (Engelm.) F. M. Knuth, is the most problematic, having ca.
25 species reported as invasive (Novoa & al. 2015).

The date of the first observation of many of the Opuntia spp. and other Cactaceae now
present in the Iberian Peninsula is, however, very recent. According to Sanz-Elorza & al.
(2004), the genus has not spread considerably due to the lack of suitable areas, with the
notable exception of O. ficus-indica (L.) Mill. Indeed, in Flora Europaea (Moore 1968)
only five currently recognized species were included, although it should be taken into
account that this treatment is over 50 years old. However, in Flora iberica (Berthet 1990),
albeit published much later, only seven species are recognized. In Catalonia, where at pres-
ent up to 20 taxa of Opuntia are listed (Aymerich & Saez 2019), in the early 1990s this
genus had only two representatives according to Casasayas (1989). Since the 2000s, the
number of newly reported species in the Iberian Peninsula has grown exponentially. This
remarkable increase in the number of occurrences during the last two decades, which has
also been observed for another group of succulent plants (4gave; Burguera & al. 2019),
might be due to several reasons: (1) the increase of the number of botanists and naturalists
interested in the study of the alien flora, with several research groups specialized on alien
plants having appeared since late 1990s; apart from the pioneering work of Casasayas
(1989), the first lists and catalogues of alien flora in the Iberian Peninsula did not appear
until late 1990s/early 2000s (Sanz-Elorza & al. 2001); (2) the enormous habitat fragmen-
tation (especially in coastal areas) linked to the strong economic growth of the Portuguese
and Spanish economies after their adhesion to the European Union in 1986; such processes
often enhance the introduction of alien plants (Mack & al. 2000); (3) the spread of
coastal/suburban second-home settlements thanks to the Spanish real estate bubble of
1995-2008, being composed in most cases of detached and semi-detached villas with pri-
vate gardens; it is estimated that nearly 2 million of this kind of houses were built during
the period 1995-2006 (Pozueta 2015); and (4) the “boom” of xero-gardening in Spain
(Aymerich & Saez 2019), which involved the planting of many succulent alien species
[belonging to families including Agavaceae, Asphodelaceae (where now Aloe spp. are
included), Cactaceae, and Crassulaceae] in domestic yards. Additionally, the increase of
detections of new populations can be also linked to the more engaged regional policies to
fight against biological invasions, establishing protocols for early alert and quick commu-
nication of new locations of the most dangerous and expansive alien species. In the case
of the Valencian Community, the regional Decree 213/2009 (Generalitat Valenciana 2009)
establishes a network of early warning to detect and combat the presence of the most
aggressive species, whose introduction in natural areas is fully forbidden. This network
allows to provide fine information for species identification, and quick communication
protocols to a large network of collaborators (environmental keepers, conservation NGOs,
etc.) aiding the regional Wildlife Service to fight against the expansion of invasive species.

Opuntia aurantiaca Lindl. is a small cactus with an enormous capacity for dispersion
by means of cladodes and sterile fruits (which can produce sprouts) that detach very easily
and adhere to animals, clothing or footwear, and vehicle wheels. Its strong spines can eas-
ily penetrate the skin or can stick into the wool or hair of animals (CABI 2020). Its origin
is uncertain, but according to Arnold (1977) and van de Venter & al. (1984) it would be a
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natural hybrid between O. discolor Britton & Rose and O. salmiana Pfeiff. [=
Salmonopuntia salmiana (Pfeiff.) P. V. Heath] originated in South America (Argentina and
Uruguay). It was probably first transported to the United Kingdom in 1824 (Moran & al.
1976), and from there it was introduced in Cape Town (South Africa), probably in the
1840s (Moran & Annecke 1979). Used as a garden ornamental and as a barrier plant, it
seems that it soon escaped, with eradication activities starting already in the late 19th cen-
tury but without much success (as it infested ca. 800,000 ha in less than 60 years; Moran
& Zimmermann 1991). In Australia, although not much information exists on how and
when it was introduced (it was first noted in New South Wales in 1883; DAWE 2020), it
is also a very aggressive invader, being considered among the most noxious weeds (CABI
2020), with individual patches of over 1,600 ha (DAWE 2020); for example, in New South
Wales alone about 200,000 ha were infested in 1988 (Hosking 2002). Opuntia aurantiaca
has been declared as a “weed of National Significance” in Australia (DAWE 2020). In
recent years it has also been listed as a noxious weed in other two countries of southern
Africa (Botswana and Zimbabwe) and in the United States (Novoa & al. 2019). This cac-
tus, in addition to being potentially harmful to people and animals (cattle and dogs), has
negative impacts on the local flora (due to its ability to cover the soil densely) and on the
economy (because it reduces cultivation and grazing areas). Eradication actions developed
against this plant include chemical, mechanical and/or biological control (see Moran &
Annecke 1979; Moran & Zimmermann 1991; CABI 2020; DAWE 2020).

In Europe, its presence as a neophyte is only known from Spain (Iberian Peninsula), in
Mediterranean coastal areas. This newcomer in the Spanish alien flora has recently been
detected in few sites of Catalonia and Valencian Community, where it has established
small populations (Guardia 2016; Vazquez & Albiach 2016; Verloove & Guiggi 2019;
Guardiola & Petit 2020). However, we believe that the species is spreading fast according
to our field observations, personal communications, as well as the existence of several
unpublished records (or at least not published in standard scientific sources such as articles
or books). A proof that this cactus has already become a problem in Spain is the existence
of some recent removal actions (e.g. in the Collserola Mountains in Barcelona a few years
ago; in the Emporda Plain, in northern Catalonia, in 2019; in Borriol, Castell6 Province, in
2015-2018; in El Puig de Santa Maria and Lliria, province of Valencia, in 2015-2019).

The aims of the present study were the following: (1) to delineate accurately the present
geographic range of O. aurantiaca in the Iberian Peninsula, by gathering and validating all
the occurrences, both published in standard publications and available from other sources;
and (2) to predict the potential distribution of this species through ecological niche mod-
elling (ENM), both under the present climatic conditions and according to different sce-
narios of climate change.

Materials & methods

The study species

The typical forms of Opuntia aurantiaca are semiprostrate cacti of up to 0.6 m tall, with
cladodes of 4-23 x 1-4 cm, deep green to purplish, cylindrical to subcylindrical when mature,
and readily detachable (Fig. 1). Areoles contain 2—7 barbed spines (1-4 mm long) with minute
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Fig. 1. Opuntia aurantiaca, growing in the wild in several locations of the Iberian Peninsula. (A),
detail of the areoles and spines of a cladode, from Gava (Barcelona, 2016); (B) flowering individual
in Torreblanca (Castelld 2014), (C), individual from Gava (Barcelona, 2016); (D), large infestation in
Torreblanca (Castello, 2015); (E), in the same population (Torreblanca, Castelld, 2015), a dead indi-
vidual of least weasel (Mustela nivalis), probably because it was trapped among the spiny cladodes;
(F), fruiting individual in Ulldecona (Tarragona, 2020). Photographs: (A) and (C), C. Gomez-Bellver;
(B), P. San Lazaro; (D) and (E), P. Pérez Rovira; (F) S. Cardero.
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glochids and trichomes. The flowers are bright yellow, 2.5-6 cm wide, while the sterile, spiny
fruits are about 2-3 cm long, pear-shaped, red-purple at maturity (van de Venter & al. 1984;
Guardia 2016; DAWE 2020). Although it has been reported that O. aurantiaca can produce
apomictic seeds, these are rarely viable (Archibald 1939); therefore, it spreads mainly thanks
to vegetative reproduction, mostly by cladode detachment; stem segments can be dispersed
over long distances by animals, humans, vehicles, water or wind (Electronic Supplementary
File 1, Fig. S1; Zimmermann & van de Venter 1981; DAWE 2020). According to Moran &
Zimmermann (1991), a single individual produces a mean of ca. 170 cladodes. There are four
morphotypes of this hybrid, the naturalized one being the typical form (morphotype A2, relat-
ed to the O. discolor parent; Arnold 1977; van de Venter & al. 1984). It is a tetraploid species
with 2n = 4x = 44 (Yuasa & al. 1973). Plants are very long lived (DAWE 2020).

Search for occurrences

The distribution of Opuntia aurantiaca in the Iberian Peninsula has been updated and
completed using different sources: (1) research articles; (2) global online databases as
GBIF (GBIF 2020) or iNaturalist (www.inaturalist.org); (3) regional online databases as
the Banco de Datos de Biodiversidad de la Comunidad Valenciana (www.bdb.gva.es); (4)
grey literature (e.g. technical reports); and (5) herbarium specimens. In addition, an exten-
sive field work has been carried out by the authors of this contribution.

Ecological niche modelling

The maximum entropy algorithm implemented in MaxEnt v.3.4.1 (Phillips & al. 2006) was
used to determine the potential distribution for Opuntia aurantiaca. For modelling we used
all the occurrences detected (see ESF1, Appendix); for some of them, more than one unique
geographic coordinate has been considered to cover the total area where the species is found
in that locality (e.g. Vilajuiga and Pau populations). As these occurrences were recent and
accurate, the resolution used was 30 arc-sec (i.e. ca. 1km). The 19 bioclimatic variables and
altitude, also at 30 arc-sec resolution, were downloaded from the WorldClim website
(www.worldclim.org; Hijmans & al. 2005). The Human Footprint (HF) (Sanderson & al.
2002) was also chosen because the establishment and spread of O. aurantiaca is related to
human disturbance. A small set of eight relatively uncorrelated variables ( < |0.8|) were
selected (see ESF1, Text S1). Niche models have been developed for both current climatic
conditions and different climate change scenarios for the year 2070. For the present condi-
tions, we have built two models, one including the variable HF and the other excluding it.
For the future, we used the three widely used general circulation models in two different rep-
resentative concentration pathways (RCPs), RCP 2.6 and RCP 8.5 (see ESF1, Text Sl1).
Details on the methods of replication, model performance assessment, thresholding, map rep-
resentation, and calculations on gained/lost areas are in ESF1, Text S1.

Results and Discussion

Current distribution range of Opuntia aurantiaca in the Iberian Peninsula
There are no reports of the presence of Opuntia aurantiaca in the Iberian Peninsula (and
in the whole of Europe) until recently. The first time that it was observed with certainty
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(although mistakenly reported as O. pestifer Britton & Rose) was in 2002 in the limestone
walls around Navajas (Vazquez 2009; see also ESF1, Appendix), a small village in the
province of Castello, about 30 km from the coastline, in the Valencian Community. The
second observation of this cactus was not until 2008, from Tivenys, near the Ebro River,
in southern Catalonia. However, the number of reports since 2010 quickly increased and,
up to date, 36 occurrences have been recorded (ESF1, Appendix), distributed in five
Spanish provinces along the Mediterranean coast: Girona, Barcelona and Tarragona of
Catalonia, and Castellé and Valéncia of the Valencian Community (ESF1, Fig. S2). The
largest concentrations of occurrences (and, thus, the potential spread foci) are southern
Castello/northern Valéncia, southern Tarragona, and central Barcelona provinces; however,
the northernmost locations are particularly worrisome, since these are the largest and the
invasion seems to be progressing faster there (see below).

Most reports of O. aurantiaca till recently seem to correspond to small populations of
a few individuals (typically, less than 50) occupying a few square meters, perhaps escaping
from nearby private gardens. For example, in Navajas (the first report of O. aurantiaca in
Europe, in 2002), just a dozen individuals were observed in a small area of a few square
meters (J. R. Vazquez, pers. comm.), whereas in Tivenys (the second report, dating from
2008) the population was not much larger (around or slightly more than 20 individuals in
an area of about 25 m?; S. Pyke, pers. comm.). Other localities observed at the beginning
or middle 2010s are also of relatively small size, although with some exceptions (ESF1,
Appendix). However, according to the most recent observations (from 2017 onwards),
both own and from colleagues, most populations seem to be getting bigger in number of
individuals and thus affecting much larger areas. These observations are coinciding with
the putative spread of the cactus towards the north (province of Girona and parts of the
province of Barcelona; ESF1, Fig. S2). For example, in Vilajuiga there are over 2 ha of
land covered by O. aurantiaca (Fabregas 2018), and the species has spread to a nearby vil-
lage (Pau; ESF1, Appendix). Only a close monitoring of populations, however, could allow
to test whether this purported recent expansion is actually occurring. Fortunately, O.
aurantiaca is not a popular garden plant here, since we have not detected any shop selling
it, which may guarantee a certain level of containment.

Present and future potential distribution of Opuntia aurantiaca

The ENM models have been built with occurrence data for 41 cells of 30 arc-sec reso-
lution, a size that is enough for getting reliable results and avoid the need for using jack-
knife validation (an approach that may produce overoptimistic estimates of predictive
power with sample sizes > 25; Pearson & al. 2007). Indeed, both AUC and TSS values
indicated that the models performed well (AUC values > 0.990; TSS values > 0.887; ESF1,
Table S1). In all models the variables that contributed the most are bio8 (average temper-
ature of the wettest quarter) and altitude (ESF1, Table S1). Given that the low cold-toler-
ance is one of the most limiting factors of succulent species with a CAM (Crassulacean
Acid Metabolism) photosynthetic strategy (Liittge 2004), the absence of bio6 (minimum
temperature of the coldest month) in the list of variables used for modeling may be sur-
prising. For example, bio6 is the most important variable for the ENM in other succulent
plants, such as Dendrocereus nudiflorus (Engelm. ex Sauvalle) Britton & Rose
(Cactaceae; Barrios & Mancina 2017) and Kalanchoe x houghtonii D. B. Ward
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(Crassulaceae; Herrando-Moraira & al. 2020). However, bio6 is actually represented in
our models for Opuntia aurantiaca by the variable altitude, as they were highly correlated
in our preliminary models (» = -0.85), and we selected the latter because of its higher
weight in the model and its better (i.e. more easy to interpret) response curve (ESF1, Figs.
S3-S5). In addition, biol1 (mean temperature of the coldest quarter), a variable highly cor-
related (» = 0.98) with bio6, is also an important variable in our model (ESF1, Table S1).

The most explanatory variable in all models for O. aurantiaca is bio8, the average tem-
perature of the wettest quarter. The response curve of this variable is asymptotic, with the
probability of occurrence starting to increase at about 2—-3°C and reaching the maximum
values at about 16—17°C (ESF1, Fig. S6). In other words, the species would not be capable
to grow in too cold places when the rain season occurs, probably reflecting the climate of
the area where the species presumably originated, eastern Argentina (mostly in the Entre
Rios Province) and southwestern Uruguay (Moran & al. 1976); in this region, the rainy
season coincides with the austral summer (Inumet 2020; SMN 2020). These climatic con-
straints for O. aurantiaca could be easily explained by the lack of freezing tolerance of
most cacti and succulent plants in general. Although some cacti [such as O. humifusa
(Raf.) Raf.] have the sugar-mediated osmoregulation mechanism to control freeze dehy-
dration (for example, this allows O. streptacantha Lem. to tolerate temperatures as low as
-24°C; Goldstein & Nobel 1994), this does not seem to be the case for O. aurantiaca; nei-
ther the native areas nor invasive ones include cold-weather areas. Such effects of cellular
freeze dehydration could be enhanced under a high-precipitation regime, as it produces the
lowering of intracellular osmotic pressure, thus promoting the diffusion of intracellular
water into the apoplastic spaces where ice crystals are formed. Certainly, the negative
effects of freeze dehydration are well-known in succulents gardening—*“weather that is
most threatening to succulents is rain followed by frost” (Baldwin 2017). Interestingly,
such effects were already noted in South Africa by Zimmermann & van de Venter (1981)
for O. aurantiaca: “The plant does not establish well in winter rainfall areas”. In O. ficus-
indica, which also has the sugar-mediated osmoregulation mechanism (Goldstein & Nobel
1991) but not as effective as in O. humifusa (O. ficus-indica cannot tolerate temperatures
below -10°C), bio8 was also the most important variable for its niche model built for the
Iberian Peninsula (Guillot & al. 2015).

The maps depicting the suitable areas for O. aurantiaca at the present time do not show
very large differences between them (Fig. 2), although the model incorporating the vari-
able HF recovers somewhat smaller areas (10.444 km? vs. 13.617 km?; Table 1). The most
inland areas—those with fewer human activities—have not been considered as suitable in
the model with HF (e.g. the Ebro River basin), although a smaller area for models incor-
porating HF compared to models without HF has already been reported for the succulent
K. X houghtonii (Herrando-Moraira & al. 2020). Despite the fact that O. aurantiaca seems
to be actively spreading in Catalonia and the Valencian Community, our maps of potential
distribution for the present do not predict large expansions to other areas of the Iberian
Peninsula (Fig. 2). Although the current occurrences are far to fill all of the predicted dis-
tribution, O. aurantiaca would hardly colonize regions outside the areas of typical
Mediterranean climate (the Csa climate according to the Koppen-Geiger classification;
http://koeppen-geiger.vu-wien.ac.at/) on the Mediterranean coast of the eastern part of the
Iberian Peninsula (see also AEMET & IM 2011). A similar potential distribution for the
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Fig. 2. Potential distribution areas of Opuntia aurantiaca in the Iberian Peninsula under present cli-
matic conditions (A) not including Human Footprint (HF) or (B) including HF to perform the models.
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Table 1. Extension of suitable predicted areas of Opuntia aurantiaca for each model. The overlap area
between present (without considering Human Footprint variable; HF) and respective future models,
and the lost and gained area for future predictions with respect to present models are also presented.

Predicted | Difference Overlap with | Lost areain | Gained area

Model areain | with present present in the future in | in the future
km? in km? (%) | km? (%?; %") km? (%) in km? (%)
Present (without
HF) 13,617 — — — —
. 3,174 10,434

Present (with HF) 10,444 (-23.31) (76.62 99.91) — —
Future 2070 14393 775 12,341 1,277 2,052
CCSM (RCP 2.6) i (+5.69) (90.62; 85.74) (9.38) (15.07)
Future 2070 16.620 3,002 10,468 3,149 6,151
CCSM (RCP 8.5) ’ (+22.04) (76.87; 62.99) (23.13) (41.17)
Future 2070 11.063 2,555 10,644 2,974 419
GFDL (RCP 2.6) ’ (-18.76) (78.16; 96.22) (21.84) (3.07)
Future 2070 14.798 1,181 7,958 5,660 6,841
GFDL (RCP 8.5) ’ (+8.67) (58.43; 53.77) (41.57) (50.23)
Future 2070 MPI 17.117 3,500 12,375 1,243 4,742
(RCP 2.6) ’ (+25.70) (90.87; 72.29) (9.13) (34.83)
Future 2070 MPI 6.069 7,549 4,810 8,808 1,259
(RCP 8.5) ? (—55.43) (35.32;79.26) (64.68) (9.25)

“Percentage of overlapped area with respect to the area predicted with first model (present).
®Percentage of overlapped area with respect to the area predicted with each assayed model.

Iberian Peninsula was recovered for O. ficus-indica (with the exception that a small area
in the Portuguese central coast also appeared as suitable; Guillot & al. 2015), which may
indicate that the Mediterranean areas of central and southern Iberian Peninsula would not
be entirely suitable for the establishment of Opuntia species. Among other factors, they are
probably too dry in summer; for example, biol8, the precipitation of the warmest quarter
(summer), should reach ca. 100 mm for the niche optimum of O. aurantiaca according to
its response curve (ESF1, Fig. S6), a value of rainfall hardly occurring in the central and
southern Iberian Peninsula (www.worldclim.org; AEMET & IM 2011).

There is a high variability for the predicted range of O. aurantiaca in the Iberian
Peninsula among the models for the different future climate scenarios, although, on
average, there is a loss of 2.00% or 274 km? with respect to present scenario data
(Table 1). In general, when Figs. 2—-3 are observed, no major changes in the predicted
areca can be observed between the models for the present and the models for the future,
with perhaps the only exception of the MPI model under the RCP 8.5 scenario (with a
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Fig. 3. Potential distribution areas of Opuntia aurantiaca in the Iberian Peninsula under future clima-
tic conditions, using the CCSM model for (A) RCP 2.6 and (B) RCP 8.5, the GFDL model for (C)
RCP 2.6 and (D) RCP 8.5, and the MPI model for (E) RCP 2.6 and (F) RCP 8.5. The RCP 2.6 scenario
represents an increase of 0.3—1.7°C for ca. 2081-2100, whereas RCP 8.5 forecasts an increase of 2.6—
4.8°C for the same period (see ESF1, Text S1).

considerable loss of suitable area, of up to 55%; Table 1). Such variability between
models for the year 2070 for O. aurantiaca is not an unexpected result given that the
uncertainty of predicting suitable areas using climate forecasts and not real data (e.g.
Guevara & al. 2019) is added to the fact that we are only focusing on a part of the
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species’ world range. For example, in the succulent Kalanchoe % houghtonii all global
models show a reduction in the potential distribution area for the year 2070 with no
very large differences between them (mean = 33.5% + 17.0%), but if we “zoom in” to
the Iberian Peninsula (see Fig. 8 in Herrando-Moraira & al. 2020) the differences
become very pronounced. It should be taken into account, however, the limitation of
our niche model due the use of only Iberian occurrences; one may suppose that the
suitable area in the Iberian Peninsula would be larger if all world occurrences are used
for modeling, as native occurrences or other introduced areas occurrences could grow
under different climatic conditions than the Iberian ones. Although beyond the scope
of this study, it would be advisable, thus, to model the niche with all occurrences of O.
aurantiaca.
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