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Abstract: Eucalyptus globulus Labill. stands have been expanding in protected areas (sites) of the
Natura 2000 network in the Iberian Peninsula (Iberia). This expansion is mostly human-driven, but
there is increasing evidence of plant recruitment and escape from cultivation areas. Therefore, it is
important to assess the recruitment and invasion potential of sites and associated habitats and how
future climate may change this potential. Here, we use SDMs to project current and future climatic
suitability for E. globulus recruitment in Iberia and combine this suitability with local factors to rate
the current recruitment potential of eucalypt stands. This potential is then extrapolated to neighbour
areas in Natura 2000 sites to assess the invasion potential. The results show a wide recruitment range
along coastal regions of western and northern Iberia (83,275 km?) and a northward contraction under
climate change, similar to the trend projected for plantation suitability. Recruitment potential of any
level was identified in 989 km?2, while invasion potential was identified in 878 km? across 176 Natura
2000 sites. Heathlands and riparian forests were associated with the largest recruitment and invasion
potential areas. This study may help in preventing further negative impacts in protected areas and
habitats already affected by E. globulus expansion.

Keywords: biodiversity; environmental impacts; climate change; conservation areas; environmental
scenarios; Eucalyptus globulus; Google Street View; Natura 2000; species distribution models

1. Introduction

Eucalyptus globulus Labill. is an evergreen tree species native to southeast Australia [1].
In the native range, E. globulus occurs across a wide range of climatic and edaphic con-
ditions, being one of the eucalypt species with the largest ranges [2]. This species was
introduced in several countries since the mid-18th century and became one of the most
popular, widespread eucalypt species in the world [3]. Plantations of E. globulus have
expanded significantly in some regions of the Iberian Peninsula (Iberia), especially since
the mid-20th century, mostly aimed to feed pulp and paper markets [4,5].

Iberia is a large peninsula in southwest Europe, which includes Spain and Portugal and
extends over 583,000 km? (58 million ha). The Mediterranean biogeographical region [6]
that covers most of Iberia is characterised by hot, dry summers and cold, rainy winters.
The Atlantic region that covers northern and northwestern Iberia is characterised by milder
winters, cooler summers and moderate rainfall throughout the year (Figure 1).
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Figure 1. Eucalypts globulus Labill. distribution, biogeographical regions (italic text) and terrestrial
protected area from the Natura 2000 network in the Iberian Peninsula (Portugal and Spain).

Eucalyptus globulus is considered to be naturalised in many world regions, including
North, Central and South America, Indonesia or the Pacific Islands [7], i.e., it can originate
thriving offspring, normally nearby parent plants. In some circumstances, E. globulus can
show invasive behaviour, producing offspring into surrounding habitats [8-11], as reported
in Iberia [12-16].

The invasion of neighbour habitats may depend on the type of habitat, since some
habitats such as grasslands or native forests are more resistant to invasion than others such
as shrublands or pine forests [15-18]. Still, recruitment can occur in a variety of natural or
semi-natural ecosystems [14], especially after major disturbances such as wildfires which
disrupt the resistance to invasion [12,17,19]. However, seeds from E. globulus lack long
dispersal adaptations [20]. Dispersal distances up to 80-100 m have been recorded [12-14],
and a probable maximum distance of 175 m was reported in a study from Australia in a
drainage line [21]. The species is not legally identified as invasive in Portugal and Spain
even though different stakeholders recognise its invasive potential [22].

The rapid eucalypt expansion is raising concerns about negative environmental im-
pacts across the introduced range [23,24], particularly in Iberia [4,25-27]. Studies have
found negative ecological impacts on several aspects such as bird communities [28],
stream ecology [29], water resources [30], understorey vegetation [31] and fire behaviour [32].
Additionally, negative impacts were found on ecosystem services, including carbon seques-
tration, water quality, soil fertility and biodiversity [33-35]. There are also direct impacts
derived from the replacement of valuable habitats [26,36] and the possibility of indirect
impacts through habitat fragmentation [4,31].
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Iberia is considered a hotspot for biodiversity and hosts nearly 20% of the terrestrial
surface of the Natura 2000 network in Europe [37]. Natura 2000 is a network of protected
areas (usually called “sites”) established across the European Union aimed at preserving
and protecting the most endangered species and habitats, including over 1000 species
and 233 habitats, of which over one third are forests. Natura 2000 covers almost 20% of
the European Union’s mainland and 10% of its marine territory [38]. In Iberia, a total of
1483 sites with any terrestrial surface were established, including 1386 sites in Spain and
97 sites in Portugal, covering c. 26% of Iberia’s mainland (c. 150,000 km?).

Conlflicts and impacts from E. globulus expansion in Natura 2000 sites were shown in
previous studies. For instance, in Iberia, it was found that E. globulus has been expanding
inside many Natura 2000 sites, even after their designation as protected areas [4]. In north-
ern Spain, it was shown that E. globulus became widespread inside Natura 2000 sites [39].
In one site in northwest Spain, it was confirmed that valuable habitats such as riparian
forests, native forests, pasture and agriculture areas were partly converted into E. globulus
plantations [26]. In Portugal, it was shown that E. globulus covers considerable portions
of many Natura 2000 sites, and several invasion foci were found in some sites [40]. Given
the conservation value of protected areas in Iberia, it is important to anticipate possible
impacts in sites and natural habitats resulting from eucalypt expansion.

In the following decades, overall warming and drying in Iberia are expected to shift
regional climates and displace the range of native tree species [41,42] and alien species
such as E. globulus [4]. Climate change may also affect E. globulus recruitment, but in
different ways to how it affects plantations, because climatic requirements are different
when eucalypts are established with or without competition [43]. In Iberia, the current
climatic suitability for E. globulus recruitment was modelled, and it was found that the
recruitment range is mostly restricted to coastal regions of western and northern Iberia [44].
However, it is not known how climate change may affect the recruitment range and how
these dynamics relate to future ranges of plantations.

Anticipating invasions is crucial to preventing impacts on natural values that we
want to preserve. Species distribution models (SDMs) are widely used in ecology for this
purpose. Over the last few decades, SDMs have been increasingly used to identify key
environmental variables driving the distribution of alien invasive species [45—47] and to
predict their potential distribution under different environmental scenarios [48].

This study applies SDMs to assess the current and future climatic suitability for
E. globulus recruitment in Iberia. The present recruitment range is then combined with a set
of local scale factors to define levels of recruitment potential for eucalypt stands and levels
of invasion potential into neighbour areas inside the Natura 2000 network of protected
areas. Future recruitment ranges projected for contrasting climate change scenarios are
compared with the suitability range for E. globulus plantations projected by [4] using the
same scenarios. The sites and habitats under greater threat from eucalypt expansion and
invasion are identified, and measures to mitigate possible impacts are discussed.

2. Materials and Methods
2.1. Species Distribution Models

Climatic suitability for E. globulus recruitment across Iberia was assessed using species
distribution models (SDMs) calibrated and projected using the R [49] package biomod?2 [50].
From a set of 19 bioclimatic variables (www.worldclim.org; accessed on 27 July 2019 [51]),
after testing for highly correlated variables using Spearman correlations, 5 were included
as predictors in the models (correlation < 0.7): temperature seasonality; minimum temper-
ature of the coldest month; annual precipitation; precipitation seasonality—coefficient of
variation; isothermality.

Presence—absence data of E. globulus recruitment were included as a dependent vari-
able. Recruitment data were remotely collected using Google Street View imagery along
roadside transects, up to 100 m long, established adjacent to E. globulus plantations through-
out the introduced range. Plantations of E. globulus were identified in vectorial land cover
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maps from Portugal and Spain according to [4]. The survey transects were established in
1km x 1 km (1 km?) cells containing E. globulus plantations; transects with presence were
then upscaled into 10 km x 10 km (100 km?) grid cells. This database was retrieved from
a previous work where further details about survey protocols can be found [44], where
further details about survey protocols can be found.

Model calibration and evaluation were performed using the ten available modelling
algorithms of the biomod2 package and the selected set of five bioclimatic variables. Each
individual model was calibrated using 80% of available data and evaluated with the
remaining 20% using the area under the curve (AUC). The final ensemble model was
obtained by the predictions of all models with an AUC above 0.7, using the Mean (all)
consensus method [52]. Model projection was then reclassified into a probability ramp
from the threshold to the maximum predicted value using the “filtROC” function avail-
able in biomod2. The probability ramp was, therefore, assumed as an index of potential
E. globulus recruitment.

The SDMs were projected for future conditions according to two contrasting RCPs
(Representative Concentration Pathways) 2.6 and 8.5, for the years 2050 and 2070 in order
to be comparable with a previous work [4]. The suitability for E. globulus recruitment was
reclassified and presented into five probability classes: 0% (no recruitment suitability);
>0 <25% (very low); >25 <50% (low); >50 <75% (high); >75-100% (very high).

2.2. Classifying Recruitment Potential

The current climatic suitability for E. globulus recruitment (Section 2.1) was combined
with a set of additional local scale variables known to influence E. globulus recruitment
(Table 1), in order to define levels of recruitment potential for eucalypt stands established
inside and around Natura 2000 sites (Table 2). Eucalypt stands outside the sites, distancing
up to 100 m (maximum dispersal distance recorded in [12,13]), were also classified to
estimate the potential of invasion coming from outside stands (Section 2.3). Recruitment
potential was defined as the likelihood of eucalypt stands to originate recruitment, meaning
that stands with higher recruitment potential had more chances of originating recruitment.

Local variables included: eucalypt presence, the occurrence of wildfires, residence
time of eucalypt stands and slope (Table 1). These variables represent important drivers of
recruitment related to propagule pressure (eucalypt presence; residence time), disturbance
(wildfires), stand characteristics (residence time) and topography (slope). Eucalypts lack
long-distance seed dispersal adaptations [20], meaning that the presence of mother plants is
required for recruitment in a particular area. Wildfires are associated with recruitment and
invasion events [12,13,53,54] by triggering a massive, synchronised seed shed from canopies
in the weeks following fire [55] and by disrupting the resistance of plant communities
to eucalypt establishment [12,17,19]. Higher residence time (a proxy for tree age and
stand rotations in coppicing systems) may translate into greater propagule pressure and
enhance recruitment [12,13,56]. A minimum residence time of 15 years allows younger
stands to be distinguished from older, mature stands submitted to at least one rotation,
which is normally 10-12 years [57]. Higher slopes can facilitate recruitment by reducing
plant competition and waterlogging [12,56] and enhancing seed dispersal distances [14],
including the possibility of hydrochory for dispersal [14,21]. In the study by [58], a threshold
value of 30° was found to enhance recruitment.

All variables were mapped in GIS using a 100 x 100 m resolution (pixel size). The five
maps (climatic suitability; eucalypt presence; wildfire occurrence; residence time; slope)
were combined into an ensemble raster map to provide all possible combinations between
variables. Variables assumed different importance in the classification of recruitment
potential based on empirical knowledge and the objectives of this study. Additionally,
there was an assumption of a cumulative effect of factors enhancing recruitment, meaning
that as more factors were combined, the greater the potential for recruitment. Climatic
suitability assumed a main role in the classification of recruitment potential due to its
critical importance for recruitment and its regional scope. Wildfires also played a key
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role in the classification of recruitment potential because they are associated with massive
recruitment events. The effects of residence time and slope are more local, and for that
reason they had less importance in the classification, being considered isolated or together
as facilitating factors for recruitment. Eucalypt stands inside and around Natura 2000 sites
were therefore assigned to one of five recruitment potential levels based on an empirical
combination of variables: very low; low; moderate; high; very high (Table 2).

Table 1. List of variables used to estimate recruitment potential and invasion potential.

Variables Classes Details Map Sources
Climatic Retrieved from SDMs (Section 2.1). Highest classes (51%—75%;
suitabilitv for 0%; 1%—25%; 76%-100%) were merged because they are scarcer and to reduce SDMs
rocrui tmyen ¢ 26%-50%; >50% factorial combinations between variables, simplifying the

classification of recruitment potential (Table 2).

Retrieved from the most recent and detailed land cover maps from
both countries. Minimum mapping area (forests) = 1 ha. Eucalypt

Eucalypt Absence; presence stands include different stand types in terms of structure, Spain: [59];
presence . : . o . Portugal [60]
composition, or management, including monospecific industrial
plantations, mixed stands (normally unmanaged) and open stands.
I . Produced using MODIS satellite imagery at 250 m resolution.
Wildfires Burnt; unburnt Period: January 2008-18 March 2022; minimum burnt area = 40 ha. [61]
Calculated using land cover maps from different time periods. If
eucalypts persisted between maps, a minimum residence time was Spain: [59,62];
Residence time Low; high assured. Minimum residence time of: 15 years in Spain (maps from Poftu (;11- [ (;0 6%]
1986 to 1996 and 2011 to 2012); 28 years in Portugal (maps from gak- 1oUo:
1990 and 2018).
Slope <30°; >30° Retrieved from Digital Elevation Models. Spatial resolution = 25 m. [64]

Vertical resolution = 5 m.

Table 2. Combination of factors used for the classification of recruitment potential and invasion
potential of eucalypt stands and adjacent areas inside the Natura 2000 network.

Eucalypt Climatic Wildfire 1or2 FF2 Recruitment/Invasion
Presence Suitability Occurrence ! Potential

Yes Very High
Yes .

No High

>50%

Yes High
No

No Moderate

Yes High
Yes

No Moderate

yes 26%—-50%

Yes Low
No

No Low

Yes Low
Yes

No Very low

1%—-25%

Yes Very low
No

No Very low

! Fires occurred between 2008 and 18 March 2022; 2 yes—presence of one or two facilitating factors (FF), including
residence time (minimum of 15-28 years) and/or slope (>30°); no—absence of facilitating factors.

In order to map the recruitment potential inside and around Natura 2000 sites, a vector
map of the Natura 2000 network was downloaded from the European Environmental
Agency website [37]. Portuguese and Spanish sites were retrieved (n = 2024), and the
maritime sites or the maritime areas of some sites were discarded from the analyses. A
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total of 1483 sites were retained for analyses, covering c. 152,000 km? in Iberia (excludes
overlapping areas from different sites).

2.3. Classifying Invasion Potential

It was assumed that eucalypt stands assigned with recruitment potential of any level,
inside or around Natura 2000 sites, had the capacity to invade nearby areas, i.e., had some
invasion potential. Areas under invasion potential assumed the same level of recruitment
potential from the closest stand: very low; low; moderate; high; very high (Table 2).
Invasion potential was defined as the likelihood of finding offspring in areas adjacent to
eucalypt stands, meaning that areas with higher levels of invasion potential were more
likely to have abundant recruitment. When the same area was under the invasion radius of
two or more eucalypt stands with different recruitment potential levels, the highest level
was adopted.

Invasion potential was restricted to land covers inside Natura 2000 sites where eucalypt
invasion is feasible (e.g., forests, shrublands and grasslands). Unsuitable land covers
such as wet areas, urban areas, sand environments and agriculture areas were discarded.
Even though some studies suggest that different land covers have different degrees of
invasibility [15,18], it was assumed that E. globulus can potentially invade all “suitable”
land covers [14], especially after wildfires [12,17]. Land cover data were retrieved from the
European CORINE land cover map from 2018 (CLC’18; available in [65]), which provides
homogeneous land cover classification across both countries.

2.4. Testing Recruitment Potential Classification

The efficacy of recruitment potential classification was tested through random surveys
in Natura 2000 sites at locations hosting eucalypt stands with different levels of recruitment
potential. The survey was performed remotely using Google Street View imagery, which
has proven to be effective at detecting E. globulus wildlings [66]. A sample of 50 sites
was randomly selected for each level of recruitment potential, totalling 250 observations
(Figure S1). The samples were chosen through semi-automatic processes in GIS, using the
recruitment potential map (pixel centroids in a 100 x 100 m grid) and a vector road map
for Iberia. The centroids (points) of each pixel assigned with some level of recruitment
potential were automatically displaced into the nearest road section from the road map.
The minimum distance between survey points for the same level of recruitment potential
was 200 m to avoid surveying very close locations. Survey points displaced into a nearby
road were randomly sorted for the survey according to recruitment potential levels and
converted into a KML file to be displayed in Google Earth in order to allow the survey to
be performed in Google Street View, similarly to [66]. The number of samples in areas of
“high” and “very high” levels was scarce using this semi-automatic process. Therefore,
samples were chosen manually in Google Earth by searching for areas with available
imagery, keeping the minimum distance criteria.

Each survey was a 360° observation at a static location in order to record the pres-
ence or absence of E. globulus recruitment. The observer adopted a conservative approach
of recording “presence” only when the sighting of eucalypt offspring was unequivocal.
Evidence of E. globulus recruitment included: the presence of young eucalypts on the
roadside; the presence of young, single-stemmed eucalypts inside or near an older stand;
the presence of eucalypt stands with individuals displaying irregular distribution and
heterogeneous sizes. Observations were not performed when there were poor visibility con-
ditions (e.g., high slope; dense vegetation; visual obstacles) or signs of recent disturbances
(e.g., wildfires; recent clear felling of stands). The same observer performed all observa-
tions. A chi-square test was performed to test the independence between recruitment
presence and recruitment potential.
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2.5. Testing Invasion Potential Classification

Testing invasion potential classification was unfeasible using Google Street View due
to the lack of adequate imagery to assess invasion in most cases and because invasion may
have not yet occurred, i.e., invasion may occur in the future. As an alternative, invasion
potential data were compared between sites classified as invaded or non-invaded by [40].
In that study, E. globulus was mapped in several Portuguese sites using satellite imagery.
Sites hosting naturally-established populations outside regular plantations were classified
as invaded (n = 9). Sites classified as non-invaded (n = 6) showed no signs of invasion
despite hosting large areas with eucalypt stands. The areas under each invasion potential
level were compared between the two groups of sites (invaded vs. non-invaded) using
non-parametric Mann-Whitney tests.

2.6. Assessing the Recruitment/Invasion Potential of Sites and Habitats

Mapping recruitment potential and invasion potential allowed the assessment of which
sites and which natural habitats were associated with each level of recruitment potential
and invasion potential. It was assumed that sites and natural habitats associated with actual
or potential eucalypt expansion were more likely to experience negative ecological impacts,
either direct impacts (e.g., habitat changes or replacement) or indirect impacts (e.g., habitat
fragmentation). Sites are identified by their name and code. The first two characters of the
code indicate the country: PT = Portugal; ES = Spain. Data on habitat distribution were
retrieved from the latest reports delivered by Portugal and Spain under the frame of Article
17 of the Habitats Directive, for the period 2013-2018, aimed at evaluating the conservation
status of habitats and species [37]. These reports include vector maps with the distribution
of natural habitats (and species) displayed in a 10 x 10 km grid covering Iberia. These
maps were produced using three methods: expert opinion with very limited data (58.5% of
observations); extrapolation from a limited amount of data (36.0%); complete survey or a
statistically robust estimate (5.5%) [67]. Maps delivered by both countries were combined
in GIS, and only areas inside the Natura 2000 network were retained, allowing the total
surface of recruitment and invasion potential affecting each habitat to be calculated.

3. Results
3.1. Current Recruitment Range

The model explaining the climatic suitability for E. globulus recruitment selected five
bioclimatic variables as important predictors, namely (ordered by importance): temperature
seasonality (BIO4; importance = 43.0%); minimum temperature of the coldest month
(BIO6; 19.5%); annual precipitation (BIO12; 13.0%); precipitation seasonality—coefficient of
variation (BIO15; 9.0%); isothermality (0.9). The model had an excellent accuracy with an
AUC =0.975.

Under current climatic conditions, around 83,275 km? (c. 8,327,500 ha) of Iberia’s
territory (15%) featured climatic requirements for E. globulus recruitment (>1% climatic
suitability; Table 3). The recruitment range extended along western and northern regions
across the Mediterranean (40%) and the Atlantic (60%) biogeographical regions [6] but was
confined to a thin coastal strip in the north. The best conditions for recruitment (>51%),
covering c. 40,000 km?, were mostly found in western regions from central Portugal up to
northwest Spain, where E. globulus stands are widespread (Figure 1) and tended to decrease
towards south and inland (Figure 2). Most eucalypt stands in Iberia (85%; 16,144 km?) were
established inside the current recruitment range. Most of the current recruitment range
(c. 90%; 74,922 km?) and all of the range (100%; 39,798 km?) featuring the best climate for
recruitment (>51% suitability) overlapped with the current range for plantations projected
by [4] (Figure 3).
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Table 3. Areas (km?) in the Iberian Peninsula and inside Natura 2000 according to levels of climatic
suitability for Eucalyptus globulus recruitment for the present and the years 2050 and 2070 under
climate change scenarios RCP2.6 and RCP8.5.

Area  Chmatic o o ent RCP2.6-2050 RCP2.6-2070 RCP8.5-2050 RCPS.5-2070
Suitability
0% 498,993 524,182 521,449 527,287 539,590
1%-25% 21,771 15,243 15,943 14,601 10,856
26%-50% 21,707 14,770 15,566 13,539 10,700
Iberia  51%-75% 19,895 14,233 14,699 13,341 10,104
76%-100% 19,902 13,840 14,611 13,500 11,018
Total > 1% 83,275 58,086 60,819 54,981 42,678
0% 140,929 146,930 146,507 146,816 148,407
1%-25% 5149 1311 1569 1636 873
26%-50% 3083 1748 1644 1475 1189
Natura  51%-75% 1717 1090 1361 1179 1040
2000  76%-100% 1354 1151 1149 1125 720
Total > 1% 11,303 5300 5723 5415 3822
(n sites) (206) (175) (180) 177) (156)

year 2050 year 2070

RCP 2,6 scenatrio

e

Current climatic suitability

200 km

L

RCP 8.5 scenario

o oy T very low (1:25%) | ] 1ow (26-50%)
Climatic suitability
| Nawra2000 suitabl
orrecruitment: [ piop (51.75%) [ very high (76-1000%)
Figure 2. Current and future climatic suitability (%) for Eucalyptus globulus recruitment in Iberia in

the years 2050 and 2070 under climate change scenarios RCP2.6 and RCP8.5. Climatic suitability
corresponds to the probability (%) of finding recruitment.
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year 2050 year 2070

RCP 2.6 scenario

e

Currenl silualion

200 km

L

RCP 8.5 scenario

No R (0%), Low R (1-30%), - High R (51-100%),
Climatic suilability for E. globulus no P no P noP
D Natura 2000 yeeryitment (R) and plantations (P): D No R (0%), D Low R (1-50%), - High R (51-100%),
with P with P with P

Figure 3. Current and future climatic suitability (%) for Eucalyptus globulus plantations and E. globulus
recruitment in the years 2050 and 2070 under climate change scenarios RCP2.6 and RCP8.5. Climatic
suitability corresponds to the probability (%) of finding recruitment.

The recruitment range within the Natura 2000 network covered 11,303 km? across
206 sites, including 174 sites already hosting eucalypt stands. High and very high climatic
suitability (>50%) was found in 3070 km? across 126 sites distributed across western and
northwestern coastal regions (Table 3). There were 59 sites with E. globulus stands outside
the recruitment range. Inside Natura 2000, the recruitment range overlaps to a great extent
with the suitable range for plantations (86%; 9745 km?).

3.2. Recruitment and Invasion Potential by Site

According to recent land cover maps [59,60], eucalypt stands covered 1629 km?
(c. 162,900 ha) inside 265 Natura 2000 sites and covered 2110 km? around (1 km buffer)
335 sites. Eucalypt stands with some recruitment potential covered 988.7 km? across
157 sites, most of which were found in Portugal (834.7 km?; 84%), even though most sites
were in Spain (101 sites; 66%). Nine sites, all located in Portugal, hosted c. 60% (624 km?)
of the whole area of eucalypt stands with some recruitment potential. Eucalypt stands with
“high” and “very high” recruitment potential covered 133.8 km? (96 sites) and 20.7 km?
(18 sites), respectively. Stands with high recruitment potential were widespread across the
recruitment range, but stands with very high potential were restricted to coastal regions
featuring “very high” climatic conditions for recruitment (Figure 2).

Several sites with recruitment potential had considerable portions of their surface cov-
ered with eucalypt stands (Figure 4). There were 27 sites with more than 20% cover,
including sites Valongo (PTCON0024; 70% = 17.8 ka), Cueva del Rejo (ES1300019;
58% = 1.0 km?) and Monte Aloia (ES1140005; 52% = 4.1 km?). Sites with recruitment
potential with the largest extensions of eucalypt stands included Monchique (PTCONO0037;
256.5 km?), Costa Sudoeste (PTCON0012; 107.1 km?) and S. Mamede (PTCONO0007; 65.9 km?).
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On the other hand, 25 sites with recruitment potential had a residual portion covered by
eucalypt stands (<1%).

C

Recruitment potential (A-E)

B Very low High Eucalyptus globulus (A-E)
Low Bl Very high Invasion potential (A-E)
Moderate

[T Natura 2000 sites (A-E)

B Very low, low and moderate

Natura 2000

Bl 1igh and very high

Figure 4. Terrestrial Natura 2000 in the Iberian Peninsula (central frame) and recruitment potential
and invasion potential of Eucalyptus globulus inside some Natura 2000 sites (frames (A-E)). Sites
include: (a) Costa Sudoeste (PTCONO0012 and PTZPE0015); (b) Monchique (PTCONO0037); (c) Rio
Vouga (PTCONO0026); (d) Valongo (PTCONO0024); (e) Monte Aloia (ES1140005); (f) Gandaras de
Budifio (ES1140011); (g) Fragas do Eume (ES1110003); (h) Xubia-Castro (ES1110013).

Areas under invasion potential of any class covered 877.7 km? across 176 sites (Table 4),
mostly in Portugal (721.5 km?; 82%), even though most sites were in Spain (115 sites; 65%).
Areas under “high” or “very high” invasion potential covered 123.9 km? in 113 sites,
including 21 sites hosting 15.2 km? under “very high” invasion potential, distributed
across the coastal regions showing the most favourable climatic conditions for recruitment
(Figure 2).

Some sites had considerable portions of their surface with invasion potential, such
as Turbera de las Duefas (ES1200045; 72.6% = 14.6 km?), Cambarinho (PTCONO0016;
43.3% = 10.4 km?) and Sierra Plana de la Borbolla (ES1200042; 34.9% = 356.5 km?). Sites
hosting larger areas with recruitment potential were also those with larger areas under
some invasion potential, such as Monchique (167.8 km?), Costa Sudoeste (86.5 km?) and
S. Mamede (70.1 km?). Sites hosting larger areas under higher levels (high; very high) of
invasion potential were mostly located in Portugal (13 out of the top 15 sites) and included
the sites Monchique (22.4 km?), Serras da Freita e Arada (PTCON0047; 14.2 km?) and Rio
Paiva (PTCONO059; 12.7 km?).
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Table 4. Areas (km?) and number of sites from the Natura 2000 network according to levels of

recruitment potential and invasion potential.

Invasion Potential

Recruitment Potential Invasion Potential (Outside Only)
Class Area (km?) Sites (n) Area (km?) Sites (n) Area (km?) Sites (n) Sites 1
(n, no Eg )

Very Low 241 40 226 52 6 46 5
Low 321 55 247 66 12 63 3
Moderate 273 127 281 135 53 128 5
High @ 134 96 109 113 12 102 1
Very high P 21 18 15 21 1 17 0
All classes 990 157 878 175 83 168 11
Total (@ +P) 154 96 124 112 12 102 1

1 no Eg: sites without E. globulus stands inside but with invasion potential from the outside. Total (* + P): sum of
classes “high” (*) and “very high” ®).

Data on invasion potential included cases of E. globulus stands located outside the
perimeter of Natura 2000 sites (up to 100 m distance) that could originate recruitment
inside the sites. Stands in such conditions extended c. 2446 km along the perimeter of
168 sites and originated 61.7 km? of areas with some invasion potential, including 9.1 km?
of “high” invasion potential and 0.9 km? of “very high” invasion potential (Table 4). Among
these sites (n = 168), 19 sites had no prior record of E. globulus stands with recruitment
potential inside their limits, and 6 more sites only had residual occupation (<0.01 km?).
These sites were mostly located at the outer edges of the recruitment range of E. globulus in
Iberia, where stands were less abundant. Examples included the sites Nacimiento del Rio
Gevora (ES0000407; 0.16 km?), Rio Las Cabras-Bedén (ES1200033; 0.16 km?) or Rio Sella
(ES1200032; 0.16 km?).

Many sites had considerable areas where recruitment and invasion potential over-
lapped (Figure 4). These surfaces covered more than 20% of the area of 75 sites, and more
than 50% in 19 sites. The most affected sites included Rio Porcia (ES1200024; 93% = 0.6 kmz),
Rio Lérez (ES1140002; 94% = 1.38%), Valongo (92% = 23.3 km?) and Cueva del Rejo
(87% = 1.57 km?). In some cases, recruitment and invasion potential may have been overes-
timated due to mapping inaccuracy when, for instance, rivers were classified as other land
covers and were then assigned to some recruitment or invasion potential. Data regarding
recruitment and invasion potential in each site are available as Supplementary Materials
in Table S1.

The survey in Natura 2000 sites using Google Street View imagery, which aimed to
determine the efficacy of the recruitment potential classification (Section 2.4), showed a
positive relation between recruitment potential levels and the frequency of E. globulus re-
cruitment. A chi-square homogeneity test confirmed the existence of significant differences
between the observed and expected frequencies (df = 4, n = 250, X* = 52.56, p < 0.001). The
presence of E. globulus recruitment was more frequent in the areas assigned to higher levels
of recruitment potential, reaching 98% in locations with “very high” recruitment potential
in contrast to 52% at the “very low” level. The results were inverted in areas assigned to
“low” and “moderate” recruitment potential, with the first showing more frequent recruit-
ment (82% vs. 68%). Overall, the survey recorded the “presence” of E. globulus recruitment
in 78% of the sampled locations (195 out of 250 sampled locations) (Table 5).

Invasion potential data were compared between groups of “invaded” (n = 9) and
“non-invaded” (n = 5) Natura 2000 sites identified by [40] in Portugal. One of the sites
(Mourao/Moura/Barrancos; code: PTZPE0045) belonging to the group of non-invaded sites
was discarded because it was outside the recruitment range for E. globulus, i.e., outside suit-
able climatic conditions for recruitment, and thus was not assigned to any invasion potential.
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Table 5. Results from a survey using Google Street View to record the presence and absence of
Eucalyptus globulus recruitment in 250 random locations inside Natura 2000 sites stratified according
to classes of recruitment potential (50 observations in each class).

Number of Observations

Recruitment Potential

Recruitment Absence (%) Recruitment Presence (%)
Very low 48% 52%
Low 18% 82%
Moderate 32% 68%
High 10% 90%
Very high 2% 98%
Total 22% 78%

On average, “non-invaded” sites had larger areas with some invasion potential than
invaded sites (39.50 vs. 29.02 km?). However, “invaded” sites had larger areas with the
highest levels of invasion potential (moderate; high; very high). Mann-Whitney tests
showed significant differences between groups only for areas with “high” and “moderate”
invasion potential. Since areas with “very high” invasion potential were residual due to the
restrictive conditions of this rank, “high” and “very high” levels were merged and showed
significant differences between groups (Table 6).

Table 6. Average percentage of different levels of invasion potential inside 14 Natura 2000 sites,
classified as invaded or non-invaded by [40], and comparison between the two groups using
Mann-Whitney tests.

Invasion Invaded (n =9) Non-Invaded (1 = 5) W Value Value
Potential Levels (% =+ SD) (% =+ SD) P
Very low 0.62 (£1.18) 1.60 (+2.13) 13 ns
Low 1.92 (+4.24) 1.60 (£2.67) 21 ns
Moderate 8.69 (£8.50) 1.66 (£3.12) 40 *
High 5.96 (£3.51) 0.37 (£0.54) 45 *t
Very high 2.01 (£2.61) 0.04 (£0.06) 31 ns
High + very high 7.97 (£5.91) 0.41 (£0.59) 45 *
Total 19.22 (45.85) 5.28 (£3.63) 45 ot

Significance of p value: ns = non-significant (>0.05); * = < 0.05; ** = < 0.01; *** = < 0.001.

3.3. Recruitment and Invasion Potential by Habitat

Habitats with any level of recruitment and invasion potential were identified in the
analysis. Only 5 out of 134 natural habitats had no spatial data in Spain, even though
these habitats were less relevant to eucalypt expansion and impacts, such as “Lakes of
gypsum karst” (code 3190) or “Dunes with Euphorbia terracina” (2220). The largest sur-
faces were associated with habitats (asterisk means priority habitat): 4030—“European
dry heaths” (1664 km?; 6.9% of the habitat area in Iberia); 91E0*—*" Alluvial forests with
Alnus glutinosa and Fraxinus excelsior” (1464 km?; 9.4%); and 6430—“Hydrophilous tall
herb fringe communities of plains and of the montane to alpine levels” (1432 km?; 13.7%).
The most common habitats inside Natura 2000 sites associated with recruitment/invasion
potential were also habitats 4030 (161 sites) and 91E0* (159 sites). The third habitat in this
rank was habitat 4020*—"Temperate Atlantic wet heaths with Erica ciliaris and Erica tetralix”
(125 sites; 1073 km?).

The natural habitats with larger percentages of the whole surface with recruitment and
invasion potential of any level included three priority habitats: 6110*—“Rupicolous calcare-
ous or basophilic grasslands of the Alysso-Sedion albi” (47% covered = 175 km?), 4040*—“Dry
Atlantic coastal heaths with Erica vagans” (24% = 58 km?) and 3140*—"Cistus palhinhae for-
mations on maritime wet heaths” (23% = 168 km?). Other priority habitats included:
5230*—Arborescent matorral with Laurus nobilis (17% = 666 km?) and 4020*-Temperate
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Atlantic wet heaths with Erica ciliaris and Erica tetralix (13%; 1072 km?). If we exclude
strictly marine habitats and terrestrial caves, there are 87 habitats within Natura 2000 sites
with recruitment or invasion potential of any level. Data on recruitment/invasion potential
by habitat are available in Supplementary Materials Table S2.

3.4. Future Climatic Scenarios

Under both climate change scenarios (RCP2.6; RCP8.5), projections show a north-
ward contraction of the recruitment range, more pronounced under the worst scenario
(RCP8.5), decreasing to nearly half of the current range in 2070 (83,275 km? to 42,700 km?)
(Table 3). In both scenarios, the recruitment potential becomes zero in south Portugal. Areas
showing the best recruitment conditions (>51%) become progressively confined into the
northwest (Figure 2), even though new suitable areas emerge in northwest Iberia towards
inland, especially under RCP8.5. Maps showing gain—loss range dynamics are available in
Supplementary Material (Figure S2).

The recruitment range and the plantation range show similar range dynamics fol-
lowing climate change scenarios, with a general northward range contraction, more pro-
nounced under RCP8.5. Additionally, both ranges expand into inner areas in northwest
Spain. However, the apparent “migration” of the plantation ranges seems delayed in all
scenarios. As a result, despite overlapping to a great extent, the range for plantations is
consistently larger than the recruitment ranges (Figure 3).

As a consequence of the northward range contraction, both the recruitment range
and the number of Natura 2000 sites within it decrease accordingly. Under RCP2.6, the
recruitment range inside Natura 2000 will reduce from 11,303 km? to 5300 km? within
175 sites in the year 2050 and recovers part of the lost range up to 5723 km? within 180 sites
in 2070 (overall, —49% of the original range and —10% of sites). Under RCP8.5, the range
decreases progressively from 11,303 km? to 5415 km? within 177 sites in 2050 and down
further to 3822 km? within 156 sites in 2070 (overall, —66% of the original range and
—24% of sites) (Table 3).

Under both climate change scenarios, areas suitable for both recruitment and plan-
tations decrease to nearly half the extent in 2050, from 9745 km? to 5009 km? in 175 sites
under RCP2.6 or to 5160 km? in 173 sites under RCP8.5. In 2070, areas combining both
ranges practically stabilise under RCP2.6, while under RCP8.5, they decrease further to
3618 km? in 144 sites (Table 7).

Table 7. Areas (km?) in the Iberian Peninsula and inside the Natura 2000 network according to the
combination of climatic suitability for Eucalyptus globulus recruitment (R) and plantations (P) in current
and future times in the years 2050 and 2070 under climate change scenarios RCP2.6 and RCP8.5 1.

Area Climatic Suitability for Rand P Current RCP2.6-2050  RCP2.6-2070  RCP8.5-2050  RCP8.5-2070
No R; with P 25,027 35,234 34,674 16,589 16,342
Low R; with P2 35,124 28,634 28,779 26,355 18,341
High R; with PP 39,798 28,074 29,277 26,841 21,123
Iberia NoR;noP 473,967 488,948 486,776 510,698 523,249
Low R;no P 8355 1381 2730 1787 3216
High R;no P 0 0 35 46 0

Total ( +P) 74,922 56,708 58,056 53,196 39,464
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Table 7. Cont.

Area Climatic Suitability for Rand P Current RCP2.6-2050 RCP2.6-2070  RCP8.5-2050  RCP8.5-2070
No R; with P 6268 7040 7388 2599 2160
Low R; with P2 6677 2771 2588 2859 1858
High R; with PP 3068 2239 2474 2301 1760
Natura 2000 NoR;no P 134,642 139,871 139,100 144,198 146,229
Low R; no P 1555 288 624 251 202
High R;no P 0 0 33 0 0
Total (* +P) 9745 5009 5063 5160 3618
(n sites) (186) (175) (169) (173) (144)

1 there are residual differences in some values of climatic suitability for recruitment relative to Table 3

(e.g., +2 km? in the total recruitment range) due to the resolution of the combined maps. Total (* + b): sum
of classes “low R; with P” (*) and “High R; with P” ®.

4. Discussion
4.1. Recruitment Potential inside Natura 2000

Eucalyptus globulus has a relatively wide recruitment range in Iberia, extending across
83,277 km? in western and northern regions and across two biogeographical regions—the
Atlantic and the Mediterranean. The recruitment range is mostly associated with areas
with some oceanic influence, but the climatic suitability for recruitment decreases pro-
gressively towards the south and inland until it becomes null in regions with stronger
continental influence, where eucalypt wildlings are more vulnerable to extreme tempera-
tures and drought [1,58]. The negative effect of continentality is reflected by the variables
selected by the model of climatic suitability for recruitment, such as temperature seasonality
(43% importance). The same set of variables was uncovered and thoroughly discussed in
the work by [44].

The recruitment range overlaps to a great extent with the range for plantations, mean-
ing that recruitment is enhanced in regions where plantations are favoured. In fact, eucalypt
stands already cover extensive areas in most of these regions. This may help to explain
the widespread recruitment observed by some studies across the introduced range in
Iberia [16,44,68].

The overall recruitment frequency recorded in this study (78%) inside the Natura
2000 network, using random surveys on eucalypt stands with different levels of recruitment
potential, was higher than the frequency recorded by [44] across Iberia using Google Street
View (33%), or by [58] in Portugal through car surveys (60%). This difference becomes
more expressive considering that the surveys in this study were performed at one single
location, while in the cited studies, they were performed along road transects up to 100 m
long, thus covering potentially larger areas and occasionally more than one stand. These
results suggest that the criteria adopted in this study allowed us to identify eucalypt stands
that in fact originate recruitment.

When testing the efficacy of the levels of recruitment potential, there was an unex-
pected inversion in intermediate levels of recruitment potential, where “low” recruitment
potential areas showed higher recruitment frequency than “moderate” areas. This could
be explained by the fact that, in this study, only wildfires since 2008 were included due to
homogenisation purposes and because of limited data in Spain. Further analyses showed
that some sampled locations classified as unburnt did in fact burn previously according to
detailed Portuguese maps [69], and most of these observations showed recruitment. Coin-
cidentally, these cases were more common in “low” recruitment potential areas (28 vs. 6).
Despite this discrepancy in intermediate levels, the tests on recruitment potential levels
successfully distinguished areas of lower and higher recruitment potential.

From the initial distribution of E. globulus stands inside Natura 2000 sites (1629 km?),
this study allowed 60% of the area (990 km?) to be retained in 60% of the sites (157 sites)
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where eucalypt stands have recruitment potential of any level, and for many cases, invasion
potential of any level, as well. A few sites in Portugal concentrate most (c. 60%) of the
eucalypt cover with recruitment potential. However, eucalypt stands with recruitment
potential are scattered across many sites, and in several cases, they occupy a considerable
proportion of the site. As a result, many sites are under threat of eucalypt invasion. It is
worth noting that eucalypt distribution in Natura 2000 sites is underestimated because
land cover maps fail to identify small stands or isolated trees that can play an important
role in invasion [12,13]. Some examples of unmapped eucalypt stands are provided in
Supplementary Materials Table S3.

4.2. Invasion Potential inside Natura 2000

Eucalypt stands inside Natura 2000 sites assigned to some level of recruitment poten-
tial allowed areas under an equivalent level of invasion potential to be defined, totalling
878 km?. This area is likely overestimated because of the usual limitations of the spatial
data used, including its resolution. On the other hand, many areas with invasion potential
were not identified because data on eucalypt distribution are limited, as explained above.

The concept of invasion was used in a loose fashion. The reality of eucalypt re-
cruitment covers the whole introduction-invasion continuum along space and time [70].
Invasion, i.e., offspring establishment outside the stand limits, can occur through the estab-
lishment of a few scattered plants with few impacts in the surrounding habitats, up to a
massive occupation, completely transforming those habitats (sensu “transformers” in [70]).
Normally, most recruitment occurs in the first 15-20 m [12,14,18], and wildling densities
decrease exponentially with distance. However, massive recruitment events are frequently
recorded, especially after wildfires, and higher densities can be found at larger distances.
For instance, [13] estimated an average wildling density of 5000 + 1000 plants ha~! at 55 m
from mother-trees, the equivalent to 0.5 plants in each square meter.

Several Natura 2000 sites show considerable areas with invasion potential, especially
the ones with extensive cover by eucalypt stands. The abundance of areas with inva-
sion potential inside sites, especially under higher levels of invasion potential, seemed
a good indicator of invasion, as shown in the tests on “invaded” and “non-invaded”
Natura 2000 sites classified by Forstmaier, Shekhar and Chen [40] (Section 3.3). These tests
failed to show significant differences between the two groups of sites for the “very high”
class, despite a larger representation of this class in “invaded sites”. This is explained
by the absence of areas under “very high” invasion potential in many sites, especially
“non-invaded” sites, causing several “ties” of zeros in test ranking, therefore preventing
the delivery of an exact p-value. The restrictive criteria for this class, combining all factors
enhancing invasion, explain its scarcity in many sites. Nevertheless, the cumulative effect
of these factors suggests that invasion is very likely in these areas. As a result, the invasion
potential classification proposed here may help identify the most hazardous situations,
even though sites under lower invasion potential levels should not be neglected.

There are more sites with invasion potential than sites with recruitment potential
(157 vs. 176), because in some cases (19 sites), eucalypts only exist along the perimeter of
the sites. This may suggest that the nature protection status of these sites was effective
in preventing the establishment of eucalypt plantations, even though these sites were
either located at the fringes of the ranges for both plantations [4] and recruitment, or
they were mostly unsuitable for eucalypt establishment. The total area of invasion po-
tential under these circumstances is residual (12.66 km?) but it can affect a considerable
portion of some sites, especially riverine sites that figure among the most affected under
these circumstances.

Many areas with invasion potential will hardly register significant invasion in the
absence of fire because seedling establishment requires the combination of two critical
factors: abundant seed rain and a seedbed free from competition. Wildfires can thus play a
central role in invasion by triggering a massive seed shed [71,72] and clearing competing
vegetation, among other factors such as satiating seed predators and increasing light
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exposure [73,74]. Most regions in Iberia where eucalypt plantations proliferated are prone
to wildfires, and the fire regime has been worsening within the last few decades in terms
of fire frequency and intensity [75]. Moreover, the fire regime is forecasted to worsen in
the decades to come [76]. Wildfire maps show that the Natura 2000 network is also prone
to wildfires. Half of the sites with invasion potential (1 = 88) were affected by at least one
wildfire since 2008, totalling c. 2850 km? of burnt area [77], including c. 194 km? of eucalypt
stands with some recruitment potential, most of which (97%) were in Portugal.

4.3. Future Range Dynamics

Future projections forecast a loss of suitable recruitment range in the south due to an
apparent northward “migration” under both climate change scenarios. However, since
the recruitment range already covers the northernmost regions and any further northward
expansion is obstructed by the maritime barrier, projections show a northward range
contraction instead of an actual range “migration”. Similar trends of range dynamics were
found for native tree species in Iberia, showing a loss of suitable range [41,78] and/or a
northward (and sometimes upward) “migration” of the range [79,80], more pronounced
under worst scenarios [42,79], even though the dynamics may vary according to the tree
species [41,42]. Similarly, one study forecasted that the bioclimatic zones associated with
E. globulus will lose range in Portugal (—13%) [41]. Despite both climate change scenarios
showing a northward contraction in the following decades, the range dynamics diverge in
the mid-21st century. In the RCP2.6 scenario, the recruitment range practically stabilises,
while under the RCP8.6 scenario, the northward contraction persists.

The climate change scenarios to assess the climatic suitability for recruitment in this
study were set to match the scenarios used by [4] and to allow the comparison with the
dynamics for E. globulus plantations. Future range dynamics found in this study were
very similar with those projected for plantations. There was, however, a meaningful differ-
ence. The apparent northward “migration” of the plantation range seemed to be delayed
relatively to the recruitment range in all scenarios. As a result, the range for plantations
was consistently wider. This displacement between ranges can be understood under the
light of the concepts of fundamental niche and realised niche [43,81]. The fundamental
niche corresponds to the whole amplitude of environmental conditions that a species can
tolerate without competition. The proliferation of plantations in different Iberian regions,
due to the appeal of a growing pulp and paper industry, allowed their expansion across a
wide amplitude of environmental conditions under minimised competition, enabling their
spread towards the full potential of the fundamental niche in Iberia. In contrast, offspring
originating from these plantations must withstand competition since the moment of seed
shed. Surviving offspring define the recruitment range, which can find some parallel with
the realised niche in Iberia. For those reasons, the plantation range was always wider than
the recruitment range, explaining the effect of “delayed migration” observed within the
next few decades.

We must also consider the many uncertainties not addressed by SDMs that may
influence future E. globulus recruitment and its recruitment range. Such uncertainties
include climate-induced changes in key physiological and phenological processes influ-
encing reproduction [43,82], changes in pests and diseases [83] or advances in genetics and
breeding [84]. These uncertainties are also valid for other species interacting with eucalypts
that may influence eucalypt distribution.

4.4. Potential Impacts and Recommendations

Eucalypt stands keep expanding both inside and around Natura 2000 sites. Since a
previous report from 2006 to 2007 [4], eucalypts expanded by 11% (+166 km?), and 30 new
sites now host E. globulus. Likewise, around Natura 2000 sites (1 km buffer), eucalypt stands
expanded by 45% (+653 km?), and 39 new sites have eucalypt stands nearby. Illegal planta-
tions [85] and the establishment of wild eucalypt populations by means of invasion [40] are



Forests 2022, 13,1199

17 of 22

plausible explanations for eucalypt expansion. Examples of apparent invasion events by
E. globulus inside Natura 2000 sites are provided in Supplementary Materials Table S3.

Further research is needed to understand how and why eucalypts have been expanding
inside Natura 2000. Land cover maps do not discriminate invaded areas, and in some
cases it is hard to distinguish abandoned plantations from wild populations in the field.
New plantations inside Natura 2000 sites should be halted, and the conversion into natural
habitats should be encouraged through economic incentives. The Portuguese Sectorial Plan
for the Natura 2000 Network identifies eucalypt plantations as a threat to many habitats
and species, and management guidelines include halting and reverting eucalypt expansion,
but to our knowledge, little progress has been made in this regard. Land plots in Iberia,
particularly inside Natura 2000, are mostly privately owned, and profit-oriented private
interests frequently collide with conservation values.

It is not clear to what extent invasion plays a role in eucalypt expansion, but it is clear
that it plays some role. Despite the acknowledgement of its invasive behaviour by different
stakeholders [22] and the allocation of considerable amount of resources for control [27],
the invasive capacity of E. globulus is frequently undervalued or dismissed by comparing
eucalypts with other woody invaders that are generally more aggressive. Either way, for
both scenarios of expansion (new plantations and invasion) landowners are necessarily key
stakeholders to achieve land use conversion and to prevent or control eucalypt invasion. In
this regard, abandoned plantations deserve particular attention in terms of aggravating fire
hazard [86,87] and enhancing eucalypt recruitment [44].

This study allowed the most hazardous situations regarding eucalypt invasion to be
retained. However, the existence and abundance of areas under higher levels of invasion
potential may not correspond to a higher risk of ecological impacts. One of the main
obstacles for an accurate risk assessment is the deficient mapping of natural values to be
preserved, as pointed out by other researchers [88,89]. In fact, only a small fraction (5.5%)
of the records of habitat distribution used in this study was considered accurate, retrieved
from surveys or statistically robust estimates. Improved mapping and local assessment are
vital to accurately identify the most vulnerable and urgent situations to allow areas to be
prioritised and management resources to be rationalised. Likewise, the monitoring of areas
with invasion potential is advisable, especially after wildfires, and the control of invasion
foci is urgent, preferably in the early stages of invasion when it is more cost-efficient [53].

The most affected habitats identified in this study include a wide range of land covers
associated with varying levels of invasibility regarding E. globulus invasion, including
different types of native forests, grasslands and shrublands. For instance, they include
“European dry heaths”, shrublands that in Iberia may correspond to the Mediterranean
garrigue, comprised by species from the genera Ulex, Erica, Cistus and other Cistaceae,
which are not very resistant to invasion [15,18,90]. On the other hand, other affected habi-
tats include native forests and grasslands such as “Alluvial forests with Alnus glutinosa and
Fraxinus excelsior” or “Hydrophilous tall herb fringe communities”, which are traditionally
more resistant to invasion due to shadowing and plant competition [15,18,19,90]. These are
also some of the most common natural habitats inside Natura 2000 in Iberia. On the other
hand, there were some priority habitats that are rare and endangered that exist in areas
where eucalypts proliferate and a considerable proportion of their range conflict with euca-
lypt expansion, such as “Dry Atlantic coastal heaths with Erica vagans” or “Cistus palhinhae
formations on maritime wet heaths”, among others. Some of these habitats are vulnerable
to invasion (see a full list in Supplementary Materials Table S2).

Riverine sites were among the most affected sites regarding the total area assigned to
recruitment and invasion potential, even though in some cases these areas were inflated
due to mapping resolution. In fact, many rivers and even riparian communities were not
mapped because of their short size and width (as reported by [26]). As a result, some areas
were wrongly classified as eucalypts or as areas with invasion potential. Such cases included
sites Rio Lérez (ES1140002), Rio Tea (ES1140006) and Rio Porcia (ES1200024). Nevertheless,
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these cases reflect the pressure and the threats of eucalypt expansion over watercourses
and riparian habitats, which may lead to the replacement of riparian communities [26].

Climate-driven range dynamics for native species may foster an aggravation of con-
flicts between eucalypts and conservation goals, especially in western and northern coastal
regions. The “migration” of many species along the 21st century may be heading towards
regions heavily occupied by E. globulus stands, while pressure to establish new plantations
may increase [4]. Additionally, both climate pathways forecast a new, suitable range for
both E. globulus plantations [4,39] and E. globulus recruitment being gained in inner regions
of northwest Spain. Therefore, E. globulus may retain a relatively wide recruitment range,
except in the worst climate scenario, where the recruitment range, and especially the best
conditions for recruitment, may be confined to a small region in northwest Iberia. The
recruitment capacity of E. globulus associated with greater residence time and an aggrava-
tion of climate-driven fire danger [91] may enhance its invasive potential. Despite the loss
of recruitment range in the south, suitable conditions for plantations may persist due to
“delayed migration”, suggesting that both plantations and wild eucalypt populations may
prosper in the lost recruitment range. Therefore, E. globulus expansion must be reverted and
further invasion prevented for protected areas to act as a safe haven where native species
can find refuge, because conservation goals can be seriously threatened by a growing,
unregulated occupation by eucalypt stands.
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the recruitment and invasion potential of 87 Natura 2000 habitats from Portugal and Spain; Table
S3—Examples of probable cases of invasion and unmapped eucalypt stands inside Natura 2000.
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