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Abstract

Invasive alien plants (IAPs) are a great challenge for biodiversity conservation and management.
Multi-temporal landscape analysis has a great potential for describing plant invasion, however
conservation solutions accounting of landscape dynamics are still limited. This research aims to
explore the spatial-temporal pattern of the IAP Carpobrotus spp. in relation with landscape changes
on Mediterranean coastal dunes. Based on detailed multi-temporal Carpobrotus spp. and local land
cover maps, we described coastal dune landscape changes of invaded areas using transition matrices.
We then calculated a set of non-redundant class and landscape pattern metrics for the compared data
maps and explored invasion trends through trajectory analysis. We analyzed the relationship between
the spatial pattern of alien invasion over time (e.g., expansion or reduction) and landscape pattern
trends by examining the temporal delta values of Carpobrotus spp. pattern indices in relation to the
delta values of landscape pattern metrics, using a machine learning technique followed by Partial
Dependence analysis. The spatial-temporal characteristics of Carpobrotus spp. patches and the
contextual landscape varied across coastal tracts experiencing IAP expansion and reduction.
Carpobrotus spp. invasion expanded with more numerous, bigger and more connected patches in
tracts with stable seashore and increasing artificial surfaces. In coastal tracts affected by coastal
erosion, Carpobrotus spp declined, /remaining in few, small and regularly shaped patches. Multi-
temporal landscape analysis provides a sound framework for understanding invasion dynamics across
landscapes influenced by a variety of factors such as seashore dynamics and urban sprawl. This
approach offers valuable insights for developing tailored management strategies that account for

specific contextual nuances and enables informed planning of recovery actions.

Keywords

Coastal dune vegetation, Invasive Alien Plants, spatial pattern metrics, Invasion process, landscape

change, coastal erosion and accretion.

Introduction

Biological invasions are a major biodiversity threat (Roy et al. 2023) and monitoring and managing
them pose significant challenges (Early et al. 2016) partially addressed by global conventions (the
Convention on Biological Diversity and the Kunming-Montreal Global Biodiversity Framework,
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COP 15), and regional legislation (e.g., Regulation EU no. 1143/2014 on Invasive Alien Species).
According to the current knowledge and the legislation in force, preventing invasions, for instance of
Invasive Alien Plants (IAPs hereafter), needs of rapid, efficient, and replicable monitoring approaches
to be implemented at different scales (Branquart et al. 2016). Within this framework, the monitoring
of both invaded and not invaded landscapes is crucial to the identification of areas in need of
eradication and recovery activities as for early detection and for defining prevention measures
(Branquart et al. 2016; Lozano et al. 2023, 2024).

Landscape analysis of invasion processes is extremely important for understanding the spatial
temporal characteristics of each IAP and for defining adequate management strategies (Liebhold et
al. 2020, Vaz et al. 2018). For instance, knowing the abundance and spatial arrangement of habitats
more susceptible to biological invasion (Carranza et al. 2011), as well as of the land use categories
that facilitate the dispersal of IAPs propagules (e.g., artificial areas; Basnou et al. 2015; Rodewald
and Arcese 2016), and of elements that enhance the connectivity of suitable areas for IAPs (Glen et
al. 2013; Perry et al. 2016) may be crucial for achieving a better understanding of biological invasions
in specific landscapes and regions (O’Reilly-Nugent et al. 2016). It also may aid in identifying priority
areas for intervention to prevent and manage 1APs (Branquart et al. 2016).

Among the most vulnerable landscapes to biological invasions, coastal dunes are of particular concern
both globally (Chytry et al. 2009), and in the Mediterranean basin (Cao Pinna et al. 2020). Coastal
dune landscapes extend approximately along three-quarters of the world's shorelines and being
complex, transitional and dynamic mosaics, they represent hotspots of highly specialized biodiversity
(Martinez and Psuty 2008; Drius et al. 2016). In the Mediterranean basin, coastal dune landscapes are
deeply shaped and fragmented by natural processes amplified by human activities (e.g., coastal
erosion, sea level rise; Bazzichetto et al. 2020) and by human pressure (e.g., urbanization, tourism,
erosion, etc.; Malavasi et al. 2013; Doody 2004, 2013) both "squeezing" dune zonation to simplified
small relict areas.

Among the worst IAPs impinging Mediterranean coastal landscapes the Carpobrotus species
(Aizoaceae) are of particular concern (Campoy et al. 2018). Carpobrotus spp. invasion on coastal
dunes, alters plant diversity (Mugnai et al. 2022), and transforms important soil physical and chemical
properties (Rodriguez-Caballero et al. 2020). Carpobrotus spp. invasion on coastal landscapes is
shaped by the interplay of biotic factors (e.g., competition with native species, dispersal by native and
introduced animals), abiotic features (e.g., coastal erosion and accumulation, seashore distance), and
anthropic pressure (e.g., dune trampling, land take, artificial infrastructures; Bazzichetto et al. 2018a,
Bazzichetto et al., 2018b). Given the extensive presence of Carpobrotus spp. on the Mediterranean

coasts and their significant threat to biodiversity, considerable efforts have been directed towards
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intensive monitoring, detection, and mapping (Underwood et al. 2003; Innangi et al. 2023) as well as
for analyzing their spatial pattern (e.g., Carranza et al. 2010; Malavasi et al. 2014). Monitoring and
mapping of the Carpobrotus spp. distribution is crucial for developing and implementing targeted
management and invasion control strategies (Lazzaro et al. 2020, 2023).

However, monitoring IAPs on dynamic dune mosaics by traditional approaches performed through
field campaigns is both resource-intensive and costly. The field campaigns often cover limited areas
due to accessibility constraints, and historical distribution maps required for monitoring invasion
dynamics at landscape scale, are frequently unavailable (Mullerova et al. 2017; Cascone et al. 2021,
Charbonneau et al. 2023). Consequently, the temporal changes of invasion process were barely
explored and focused on limited number of IAP as Acacia saligna (Kutiel et al. 2004), Carex arenaria
(Nielsen et al. 2011), Oenothera drummondii (Gallego-Fernandez et al. 2019), Carex kobomugi
(Charbonneau et al. 2020).

By contrast, the growing accessibility of remote sensing data is revolutionizing landscape analysis of
alien invasions and holds the potential to provide updated tools for mapping invasion processes over
time at spatial and temporal different scales (Villalobos Perna et al. 2023). Such new tools may aid
to deal with new issues as the analysis of the intricate relationship between the temporal evolution of
invasion patterns and the changes in landscape composition and configuration within complex
environments such as coastal dunes.

In consideration of the above, the present research aims to analyze the spatial-temporal changes of
Carpobrotus spp. invasion in relation with the landscape context pattern (i.e., composition and
configuration) occurred during one decade (2012-2022) in Mediterranean coastal dunes. Based on
detailed multi-temporal land cover maps and transition matrices analysis, we have described changes
in the coastal dune mosaic and have addressed two main questions: (i) How does the Carpobrotus
spp. invasion pattern vary within the coastal dune landscapes shaped by different factors (e.g. coastal
erosion, urban expansion and ecosystems fragmentation)? (ii) How do the temporal changes of
Carpobrotus spp. invasion pattern relates to changes in the composition and configuration of other
cover classes within coastal dune landscapes?

We have hypothesized that the 1APs spread, establishment and growth are not uniform but vary across

landscapes shaped by different environmental variables (e.g. seashore dynamics, urban sprawl).
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Materials and Methods

Study area

The study area encompasses a representative tract of Mediterranean Holocene dunes on the
Tyrrhenian coast in Central Italy (Lazio Region) of approximately 280 km (Fig. 1a). These dunes,
that are low and narrow and occupy a 400-500 m wide strip parallel to the shoreline (Acosta et al.
2003), in natural conditions, host a well-developed vegetation zonation, which follows a steep sea-
inland abiotic gradient from pioneer communities dominated by annual plants to the inner sectors of
Mediterranean scrub (Acosta et al. 2003; Fig. 1b). In addition to alien plant invasions (Bazzichetto et
al. 2018a), the analyzed dunes are highly threatened by coastal erosion (Bazzichetto et al. 2020),
urban expansion, land take and ecosystems fragmentation (Malavasi et al. 2014, 2018a).
Carpobrotus acinaciformis (L.) L.Bolus and C. edulis (L.) N.E.Br. are mat-forming trailing succulent
perennial herbs that are native to South Africa (Wisura and Glen 1993). Since both species tend to
invade similar coastal dune habitats with comparable behavior and impacts (Sarmati et al. 2019), and
they commonly hybridize with each other, in their invasive range they are frequently referred to as
Carpobrotus spp. (Novoa et al. 2023). In the study area, Carpobrotus acinaciformis (L.) L.Bolus, C.
edulis (L.) N.E.Br., and probably also hybrids between the two, were introduced as ornamental plants
and for consolidating dunes (Campoy et al. 2018). As on other sectors of their invasive range,
Carpobrotus spp. tend to invade herbaceous dune vegetation growing on shifting and fixed dunes
preferentially, and to a lesser extent, clearings in shrubland and understories in woody vegetation and
fore dunes (Carranza et al. 2011; Bazzichetto et al. 2018b).
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Figure 1. (a) Map of the study area (reference system WGS84 UTM 33 N, EPSG: 32633) showing
the distribution of the invaded dune systems. (b) Schematic profile of coastal dune zonation with the
acronym of the mapped natural coastal classes: SEA — sea water, BPV — beach with pioneer
vegetation, HDV — herbaceous dune vegetation, SWV — Shrub woody vegetation, FWV — forest
woody vegetation.

Data collection and analysis

The workflow for analyzing changes in invaded coastal landscapes and for assessing the interplay
between invaded patch dynamics and contextual landscapes is illustrated in Fig. 2. It includes four
key steps: (A) multi-temporal land cover mapping, (B) coastal dune landscape change, (C) spatial

pattern analysis over time, and (D) relation between IAP dynamics and coastal landscape pattern.
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(A) Multi-temporal land cover mapping
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(B) Coastal dune landscape change
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Figure 2. Workflow for analyzing the spatial-temporal changes of Carpobrotus spp. invasion in
relation with landscape context in terms of transition matrices, spatial pattern analysis over time and
the relation between invaded patches and landscape pattern changes.

Multi-temporal land cover mapping

We mapped Carpobrotus spp. patches and their surrounding landscape on two time steps (2012 and
2022) using georeferenced field occurrence data and coeval RGB orthophotos (Fig. 2A). For each
occurrence point, we mapped invaded patches through visual photo-interpretation on QGIS of free
aerial and satellite RGB orthophotos (QGIS 3.22). These free imagery included aerial RGB
orthophotos of the year 2012 ( <1m spatial resolution) available at the Italian National Geoportal
(http://lwww.pcn.minambiente.it/mattm/servizio-wms/), and Google Earth satellite RGB orthophotos

of the year 2022 (<1m spatial resolution, provided by Maxar Tecnhologies/Airbus, Inc.).



— ARPHAPreprints Author-formatted, not peer-reviewed document posted on 26/07/2024 DOI: https://doi.org/10.3897/arphapreprints.e133102

165  Then, we extended our mapping efforts to encompass the land cover within the surrounding
166  landscape. The photointerpretation of land cover classes using aerial/satellite RGB orthophotos is a
167  sound approach to accurately map coastal dune landscapes (Acosta et al. 2005; Malavasi et al. 2013).
168  Specifically, we photo-interpreted land cover/vegetation classes on buffer areas with a radius of 100
169  meters around each Carpobrotus spp. patch, totaling 95 non-overlapping coastal tracts. For each tract
170  including Carpobrotus spp. patches, we generated a fine-scale (1:2000) land-cover/vegetation map
171 (Fig. 2A) at the fourth level of detail of the CORINE land cover legend (CL, Table 1, Acosta et al.
172 2005). The semi-natural and natural cover types are referable to habitat types of European
173 conservation concern (Annex | of the Habitats Directive 92/43/EEC; Table 1; Malavasi et al. 2013).
174  The accuracy assessment of land-cover maps was based on 440 random control points. For the 2012
175  map, the land cover class for each control point was assigned using an existing detailed land cover
176 map (Carranza et al. 2008). For the 2022 map, the assignment of each point to a land cover class was
177  determined during a dedicated field campaign carried out in Spring 2023. Confusion matrices were
178  constructed, and the following performance metrics were calculated: Overall Accuracy (OA %),
179  Producer Accuracy (PA %), User Accuracy (UA %), Cohen’s Kappa statistics (K), True Kill Statistic
180  (TSS), and Balanced Accuracy to reduce the influence of unbalanced data (Congalton and Green,
181  2018; Velez et al. 2007).

182  Table 1. Land cover acronym, along with a detailed description (including Habitats of Conservation
183  concern ex Dir. No. 92/43/EEC), CORINE land-cover category and the relative hierarchical code.

Acronym Detailed description CORINE category CORINE code

ART ARTificial areas including building, streets, urban fabrics, Artificial areas 1.
industrial surfaces

BPV Beach with Pioneer annual Vegetation. (EU 1210: annual Open Sand 3.3.1.1.
vegetation of drift lines), and open sand without vegetation.

HDV Herbaceous Dune Vegetation growing on fore dunes. (EU 2110: Partially vegetated 3.3.1.2.
embryonic shifting dunes, EU 2120: shifting dunes along the dunes and densely
shoreline with Ammophila arenaria, EU 2210: Crucianellion vegetated dunes
maritimae fixed beach dunes, EU 2230: Malcolmietalia dune
grasslands)

SDV Shrub Dune Vegetation growing on fixed dunes. (EU 2250*: Mediterranean maquis  3.2.3.1.
fixed coastal dunes with Juniperus spp., EU 2260: Cisto-
Lavenduletalia dune sclerophyllous scrubs)

FDV Forests and Woody Vegetation. (EU 9340: Quercus ilex and Forest 3.1.
Quercus rotundifolia forests, EU 2270*:wooded dunes with
Pinus pinea and/or Pinus pinaster)

SHV Semi-natural Herbaceous Vegetation: abandoned meadows and ~ Semi-natural 3.24.2.

pastures with different degrees of degradation or recolonization; herbaceous and
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190
191
192
193
194
195
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197
198
199
200
201
202
203
204
205
206

207

ruderal vegetation

WET WETIland non-forested areas of low-lying land flooded by fresh  Coastal Wetlands 4.2,
stagnant or circulating water.
SEA Thyrrhenian SEA; Marine waters 5.2.
CAR Invaded patches of Carpobrotus acinaciformis, C. edulis or their
hybrids;

Coastal dune landscape change

Based on Carpobrotus spp. and land cover maps, we analyzed invasion trends during the investigated
period (2012-2022). From this first exploration two main and contrasting tendencies emerged, namely
the expansion and the reduction of Carpobrotus spp. cover. These trends may be influenced by
different environmental forces that shape landscape processes differently. Factors such as seashore
erosion and accretion (as discussed by Bazzichetto et al. 2020) and the level of urban expansion or
stability (as outlined by Malavasi et al. 2018a) may drive landscape dynamics and consequently,
invasion processes, in contrasting ways. So, for further analysis, we split invaded patches and the
surrounding landscape tracts into two categories: a) Carpobrotus spp. expansion (hereafter EXPcar),
including 50 tracts where the IAP cover increased, and b) Carpobrotus spp. reduction (hereafter
REDcar) gathering 45 tracts where the IAP cover decreased (Fig. 2B). Conducting individual
analyses of EXPcar and REDcar tracts may aid an improved understanding of the ecological links
between invasion dynamics and the broader landscape within which invasive alien plants are
embedded (Carranza et al. 2010; Malavasi et al. 2014; Bazzichetto et al. 2018b). Notice that spatial-
temporal stability of Carpobrotus spp. patches has not been verified inside the 95 tracts.

Landscape change for EXPcar and REDcar tracts was analyzed by transition matrices comparing
landscape cover classes in the years 2012 and 2022. The stability (transition matrix diagonal), the
dynamism (other matrix elements) and the direction of change on EXPcar and REDcar coastal tracts
were summarized by Chord diagrams (Fig. 2B; Gu et al. 2014). As the outer ring of the chord diagram
represents the extension of land-cover classes in 2012, the internal arrows (e.g. size and direction)
indicate the transitions occurred towards other classes in 2022. We used the R package “circlize” and
the function chordDiagram to create the diagram (Gu et al. 2014).
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Spatial pattern analysis over time

The changes in the spatial pattern of the 95 mapped tracts invaded by Carpobrotus spp. were assessed
by calculating and comparing over time a comprehensive set of landscape metrics (LM) that depict
spatial composition and configuration at both the landscape level (LMiand) and the class level (LMcjass)
for the different time steps (2012 and 2022; Fig. 2C; Table 2; Riitters et al. 1995). We selected a set
of metrics able to depict dune landscape pattern, whether impeding or facilitating the plant invasion
process. These metrics include dune fragmentation and urban expansion (Malavasi et al. 2014, 2018a;
Carranza et al. 2018), erosion/accretion (Bazzichetto et al. 2020), loss of integrity in natural dune
mosaic (Acosta et al. 2003), and the presence of both natural and artificial corridors for alien
propagules (Bazzichetto et al. 2018b).

For landscape metrics (LMiang), We calculated and compared over time two indexes depicting
landscape richness (number of land cover classes) and evenness (relative abundance of each class).
As Shannon index (SHDI), including a logarithmic transformation of abundance values (Table 2), is
particularly sensitive to less abundant classes and constitutes a good indicator of equipartition,
Simpson’s index (SIDI; Table 2), is a reliable measure of dominance (McGarigal et al. 2012).

For class metrics (LMclass) We calculated and compared over time four indexes, illustrating spatial
composition (class abundance) and configuration (class spatial pattern, see Table 2; McGarigal et al.
2012). Among these class metrics, PLAND, representing the percentage of the landscape covered by
a given class, is a good surrogate for class dominance or rareness. PD, or patch density, describes the
number of patches per unit area and measures class aggregation or dispersion in the landscape. ED,
or edge density calculated as the ratio between class perimeter and landscape area, measures class
shape complexity or simplicity (e.g. edge effects vs. core areas) and provides an overview of the
contact of a class with other land cover classes (e.g. high values may suggest the role as landscape
matrix). AREA_MN, measured as the mean patch dimension of a given class, depicts the presence of
large or small patches and is a good indicator of natural habitats fragmentation (e.g. smaller patches
of native vegetation) as well as of invasive plants colonization (e.g. increasing size of alien species
patches over time; Table 2; McGarigal et al., 2012). Metrics were calculated with FRAGSTAT 4.2
software (McGarigal et al. 2012).

Spatial pattern changes over time at class level (LMciass2012 VS. LMclass2022) Were analyzed by trajectory
analysis (sensu Long et al. 2010) depicting the relationship between composition and configuration
metrics (Carranza et al. 2015; Malavasi et al. 2018b). For each class, a specific multi-temporal
relationship space was produced by projecting in a Cartesian diagram the class configuration metric

values (PD, ED, AREA_MN) computed for each coastal tract against the respective percent of class

10
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cover (PLAND). Then, the arithmetic mean of each class metric (mean_LMqciass) was plotted in the
relationship space, and the temporal trajectories for EXPcar and REDcar were drawn by connecting
metric means chronologically with arrows. After a visual inspection of the relationship space to
ascertain the means can be statistically compared, we assessed pattern landscape and class metric
changes (LMciass2012 VS. LMelass2022 and LMiand2012 VS. LMiand2022) by the non-parametric pairwise

Wilcoxon rank test.

Table 2. Pattern metrics acronym, formula, description, units of measure and, depicted spatial pattern
level (Class/Landscape) and facet (composition/configuration). PLAND: Percent of Landscape, PD:
Patch Density, ED: Edge Density, AREA_MN: Mean patch AREA, SHDI: Shannon Diversity Index,
SIDI: Simpson Diversity Index. A = total landscape area, nj = number of patches of j-land-cover
class, aij = area of the i-th patch of j-land-cover class, eij = total length of the i-th patch edge of j-
land-cover class, m = total number of land-cover classes, Pj = proportion of the landscape occupied
by j-land-cover class.

Acronym Formula Description Unit/ Range Pattern facet
Class level (LMgjass)
PLAND & 100 Percentage of landscape occupied by j-land-  Percent (%) Composition
A cover class. 0<PLAND<100

Measure of dominance/rareness.

PD n; Density of patches of the j-land-cover class  Number/ha Configuration
4 per unit area. PD>0, no limit.
Measure of aggregation/dispersion.
ED Z?:jl e;j Edge length of j-land-cover class on the Meters/ha Configuration
A landscape area. Length of the contact with ED>0, no limit
other classes.
Measure of shape complexity/simplicity.
AREA_MN Z:Zl a; Area of j-land-cover class divided by its Ha Configuration
n; number  of patches. Measure of AREA_MN> 0,
fragmentation/colonization. no limit
Landscape level (LMiang)
SHDI _im . inP) Shannon’s Diversity Index accounting for Natural number Composition
= land cover class richness and equitability. 0<SHDI<00
Sensitive to rare land cover classes SHDI = 0 — no
diversity
SIDI L i P Simpson’s Diversity Index depicting land 0<SIDI<I. Composition
= cover class richness and dominance. SIDI = 0 - no
Sensitive to dominant land cover classes. diversity
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The temporal changes in composition given by the mean values of PLAND, and configuration metrics
assessed as the mean of PD, ED and AREA_MN were interpreted accounting of the specific nonlinear
relation among them (Fig. 3; Long et al. 2010).

For instance, the decline of PLAND values within natural and semi-natural cover classes (BPV, HDV,
SDV, FDV, SHV, WET) may indicate habitat loss, while a decrease in PLAND values of invaded
and urban cover classes (CAR, ART) may suggest a reduction of disturbance pressure (Carranza et
al. 2010, 2018; Malavasi et al. 2014).

Acknowledging the correlation between landscape composition (PLAND) and configuration metrics
(PD, ED, AREA_MN; Long et al. 2010; Carranza et al. 2015), it becomes essential to simultaneously
analyze their temporal changes (Fig. 3). Such concomitant interpretation of pattern metrics facilitates
a correct understanding of the intricate dynamics interweaving these landscape facets (Long et al.
2010; Carranza et al. 2015). For instance, as increasing PD accompanied by decreasing PLAND
values (e.g. numerous, smaller patches) may indicate the fragmentation of natural habitats (Fig. 3a,
Carranza et al. 2015), the simultaneous rise of PD and PLAND (e.g. numerous, bigger patches) may
be related with colonization processes (Fig. 3a). Furthermore, a decrease in PD may indicate either
increasing fragmentation (if accompanied by PLAND reduction) or habitat expansion with the
aggregation of several small patches into fewer, larger ones (if accompanied by PLAND increase;
Yang and Mountrakis 2017).

The rise in ED values can be linked with two scenarios (Fig. 3b). As the simultaneous increase of ED
and PLAND (e.g. larger and irregularly shaped patches) is probably linked with habitat frontal
expansion, the increase of ED combined with the decline in PLAND (e.g. smaller irregularly shaped
patches) may be related with habitat fragmentation given by patches shrink and irregular erosion of
border (Carranza et al. 2015).

Conversely, decreased ED values are associated with fragmentation when accompanied by a
reduction in PLAND, or with habitat expansion and the aggregation of irregular patches into larger,
more regular ones if accompanied by an increase in PLAND (Yang and Mountrakis 2017).

With regard to AREA_MN (Fig. 3c), the decline of average patch size accompanied by increasing
PLAND may indicate habitat expansion with new small patches, as the simultaneous reduction of
AREA_MN and PLAND (e.g. smaller patches) indicates the fragmentation of larger patches into
smaller ones and the cover reduction of the remaining ones (Long et al. 2010; Carranza et al. 2015).
Conversely, an increase in patch size and PLAND (e.g. lager patches and higher dominance in the
landscape) may suggest habitat expansion, AREA_MN increase and PLAND reduction (e.g. big
residual patches) may depict habitat loss with the disappearance of several medium-small patches and

the persistence of one or a few large patches (Malavasi et al. 2018Db).
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Figure 3. Combined effects of temporal changes (from 2012 to 2022) in composition (e.g. increasing
and decreasing values of PLAND) and configuration (e.g. increasing or decreasing PD, ED,
AREA_MN values) of a hypothetical land cover class: (a) PLAND and PD changes, (b) PLAND and
ED changes, (c) PLAND and AREA_MN changes.

Relation between coastal dune and IAP dynamics

To analyze the relation between the spatial-temporal dynamics of invasion and the changes occurring
on dune landscape, we computed the delta values of 1AP pattern metrics (ALMcar = LMcar2022 —
LMcar2012) and of coastal mosaic pattern (ALM = LM2022 — LM2012; Fig. 2D).

The visual inspection of bi-plots reporting changes on Carpobrotus spp. metrics (ALMcar) and
landscape indexes (e.g., ALMciass and ALMjang) evidenced non-linear relations, so we explored
invasion dynamics and landscape changes adopting a machine learning approach organized in the
following steps (Fig. S1-S8). First we computed the Variance Inflation Factor (VIF) on the delta of
all the pattern variables and removed from further analysis those with high multicollinearity (VIF
values > 3), which can cause overfitting problems; then, we analyzed the relation of Carpobrotus spp.
spatial-temporal pattern (ALMcar) with coastal dune landscape change (ALMclass, ALMiand) USINQ
Random Forest algorithm (RF; Breiman 2001) and we displayed the results using Partial Dependence
Plot (PDP; Friedman 2001).
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Specifically, we implemented a series of RF models (four for areas experiencing alien expansion:
EXP_APLANDcar, EXP_APDcar, EXP_AEDcar, EXP_AAREA MNcar and, four in areas
undergoing alien reduction: RED_APLANDcAaR, RED_APDcar, RED_ AEDcar,
RED_AAREA MNcar). RF was implemented using the following settings: i) high number of
uncorrelated decision trees (Ntree = 1000); ii) increasing number of variables randomly selected at
each node of the decision tree (Mtry ranging from 2 to the total number of variables); iii) minimum
number of observations in a terminal node (minimal node size, MNS: from 1 to 5; Probst et al. 2018).
Each RF model (using the R package ‘caret’, function train; Kuhn, 2008) was computed using a 10-
fold cross-validation, and we selected for further analysis the model with the highest coefficient of
determination (R?). The performance of the RF models was evaluated using the coefficient of
determination (R?) and root mean square error (RMSE; Routh et al. 2018). The relative importance
of pattern metrics’ change (ALMclass and ALMiang) in the RF models was determined using the Mean
Decrease Importance (MDI) index (i.e., the Gini index with the sum of squares as an impurity
measure). The marginal effects of landscape dynamics (ALMclass and ALMIland) on Carpobrotus
spp. spatial pattern changes (ALMcar) in the RF models (holding other variables constant, e.g.

median; Friedman 2001) were descried by Partial Dependence Plots (PDP).

Results
Land cover maps accuracy and transition matrix analysis

The produced land cover maps are highly accurate (OA, K, TSS, and BA greater than 85.682%, 0.833,
0.773, and 0.886, respectively; Table S1-S2) and thus, reliable for further landscape analysis. A
comparison of land cover maps between the years 2012 and 2022, using transition analysis, revealed
changes in the 18% of the landscape, with most land cover classes shifting towards the neighboring
categories in a comparable manner (Fig. 4a, b, c; Table S3).

In both years, the dominant categories are Artificial areas (ART) and Open Sand (BPV) summing up
over the 40% of the mapped area, followed by herbaceous dune vegetation (HDV) and Sea (SEA)
covering over the 12% (Fig. 4a; Table S3). In EXPcar coastal tracts the landscape was relatively
stable with weak accretion processes (reduction of SEA class area; Fig. 4b), while in REDcar tracts
landscape have changed with a consistent increase in the SEA category at the expense of BPV (Fig.
4c; Table S4-A5). Four cover classes (SDV, SHV, WER, FDV), which had limited extension in both

time steps, were excluded from further analysis and modeling.
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The chord diagram of the overall landscape evidences balanced shifts between CAR and HDV (Fig.
4a) differently the separate analysis of chord diagrams reveals opposite landscape dynamics on
EXPcar and REDcar. In EXPcar areas, we observed the expansion of CAR class at the expense of
HDV class (Fig. 4b), while in REDcar landscapes we registered HDV replacing Carpobrotus spp.
class; Fig. 4c).

(@ \/\0\‘9
o

A5

Figure 4. Chord diagrams for: (a) all mapped areas, (b) areas of Carpobrotus spp. expansion
(EXPcar), and (c) areas of Carpobrotus spp. reduction (REDcar). Chord diagrams summarize the
percent (%) of each land-cover class in 2012 (out ring) that changed into another in the 2022. The
size and the direction of arrows represent transitions towards other classes at 2022. The extent (%) of
each land-cover class stable over time is described by internal colored circle. For land cover classes
see Table 1.

Spatial-temporal trends of Carpobrotus spp.

The spatial pattern of Carpobrotus spp. patches significantly changed over time (2012-2022)
presenting opposite trends in EXPcar and REDcar tracts (Fig. 5).

In tracts of IAP expansion (EXPcar), all Carpobrotus spp. spatial metrics significantly increase. The
extension of invaded areas increased (greater PLANDcar, Fig. 5a-d) with Carpobrotus spp patches
distributed on bigger (AREA_MNcar, Fig. 5a, 5b), more numerous (PDcar, Fig. 5a, 5d), and
irregularly shaped patches (EDcar, Fig. 5a, 5d). On EXPcar landscape we also registered a significant

increase of artificial patch dimension (AREA_MNAarT; Fig. S9). On the other hand, in coastal tracts
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of IAP reduction (REDcar), the decline of Carpobrotus spp. (PLANDcar; Fig. 5a-d) coincides with
simpler configuration metrics, indicated by lower values in AREA_MNcar (Fig. 5a, 5b) and EDcar
(Fig. 5a, 5¢).
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Figure 5. Comparison of Carpobrotus spp. pattern metrics (PLAND, PD, ED, AREA_MN) over time
(T1: 2012, T2: 2022) in areas of expansion (red: EXPcar) and reduction (blue: REDcar). (a) Kruskal-
Wallis comparison of means and the respective confidence intervals (upper — U. CI, lower — L. CI; *
= p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001). (b), (c) and (d) report the trajectory
analysis of Carpobrotus spp. patches area (AREA_MN), edge density (ED) and patch density (PD)
in relation to overall alien cover (PLAND). Gray dots represent the observed values of pattern metrics,
colored dots the arithmetic mean for each date (T1 and T2) and arrows the direction of change.

4
PLAND

Carpobrotus spp. spatial-temporal characteristics in relation with changes on landscape pattern

Changes on Carpobrotus spp. pattern (ALMcar) are related with landscape changes (ALMiand),
specifically concerning sea (SEA), herbaceous dune vegetation (HDV), the artificial surfaces (ART)
classes (Fig. 6, 7, Table S6). The Partial Dependence plots (Fig. 6, 7) evidence that such relation
varies among areas of Carpobrotus spp. expansion (EXPcar) and reduction (REDcar). The RF
models and their setup (Mtry, Ntree, MNS) provided an adequate description of the landscape
dynamics of Carpobrotus spp. invasion, including changes in the spatial pattern of the surrounding
landscape (ALMciass and ALMiang; Table S7). The spatial-temporal dynamics of Carpobrotus spp.
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patches (APLANDcaRr, APDcar, AEDcar, AAREA MNcar) are significantly correlated with coastal
dune landscape changes (with a minimum R? of 0.405 for the EXP_ APDcar model and 0.595 for the
RED APLANDcar model; Fig. 6, 7).

In coastal tracts of IAP expansion (EXPcar), the landscape change variables (RF_ALM) that better
explain Carpobrotus spp. evolution (EXP_ALMcar) are the size and the shape complexity of
herbaceous dune vegetation, of the sea, and of artificial areas (AAREA_MNnpv, AAREA MNsg,
AAREA_MNarT, AEDHpv, AEDsea, AEDarT; Fig. 6). Higher increment of Carpobrotus spp class
cover (APLANDcar) occurs in correspondence with the reduction of sea class surface
(AAREA MEANsea = -0.25 to -0.50), with increasing contacts with artificial infrastructures
(AEDarT = 100 to 250) and with intermediate reduction in the number of natural dune vegetation
patches (APDnpv = -150). We also registered an increase in the number of invaded patches (APDcar,
Fig. 6b) in correspondence with increasing edge length of beach pioneering vegetation (AEDgpv =
100 to 200) and of herbaceous vegetation cover (AEDnpv ~ 100 to 200) and the reduction of
herbaceous vegetation cover (APLANDHpv ~ less to -10). Concerning the increase of invaded patches
edge length (AEDcar, Fig. 6¢) it tends occur at increasing edge length of dune vegetation (AEDHpv =~
100 to 200) and of artificial areas (AEDarT =~ greater to 200) as well as at decreasing cover of sea
class (AAREA_MEANsea = less to - 0.25). As observed with invasion cover (APLANDcaRr) also the
dimension of invaded patches (AAREA MNcar, Fig. 6d) tend to increase in correspondence with the
reduction of sea class surface (AAREA MEANsea = less to -0.25), with increasing or decreasing
urban cover (0.30 < AAREA_MNarT < -0.30) and stable herbaceous vegetation edge length (EDnpv
= 0).

Partial dependence plots for less important change variables in EXPcar RF models are provided in
Fig. S10, S11, S12, S13.
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Figure 6. Partial dependence plots (PDP) using linear smoothing of the most important variables
(over of 40% in cumulate importance) on the RF models for areas of alien expansion (EXP_ALMcar).
(a) EXP_APLANDCcaR, (b) EXP_APDcar, (c) EXP_AEDcar, (d) EXP_ AAREA MNcar. Red dotted
lines represent raw PDP curves. For land cover classes see table 1 and for pattern metrics description
see Table 2.

In coastal tracts of IAP reduction (REDcar), the landscape change variables (RF_ALM) that explain
Carpobrotus spp. contraction (RED_ALMcar; Fig. 7) includes both: class metrics of the main cover
classes (e.g. ALMupv, ALMarT, ALMsea and, ALMgpv) and landscape metrics (ASIDI). Stronger
contraction of Carpobrotus spp class cover (APLANDcar; Fig. 7a) occurs in correspondence with
changing beach pioneer vegetation edges length (decreasing AEDgpv ~ -200 to -300, or increasing
AEDgpv ~ 100), with increasing herbaceous vegetation cover (APLAND#pv =~ 10) as well as with a

consistent increase of artificial areas edges (AEDarT <100 to 200). We also registered a decrease in

18



— ARPHAPreprints Author-formatted, not peer-reviewed document posted on 26/07/2024 DOI: https://doi.org/10.3897/arphapreprints.e133102

415
416
417
418
419
420
421
422
423
424

the number of invaded patches (APDcar, Fig. 7b) in correspondence with decreasing class metrics of
herbaceous vegetation as edge length (AEDHpv = -200) and number of patches (APDnpv =~ -100 to -
200) and the increment of urban class cover (AREA_MNarT > 0). Regarding the decrease in invaded
patch edge length (AEDcar, Fig. 7¢) it coincides with the reduction in herbaceous vegetation cover
(APLANDHpv= -10) and edge density (AEDnpv = -200 to -250) and with the simplification of
landscape diversity (ASIDI = -0.025). A consistent reduction on Carpobrotus spp. class patch size
(AAREA_MNCcar) seems related with increasing values of SEA class metrics as wider surface
(AAREA_MNsea > 0.25) and stable edges (AEDsea = 0), as well as with the reduction of artificial
surfaces (AAREA_MNarT < 0). The dependence trends of other change variables in REDcar areas
are reported in Fig. S14, S15, S16, S17 for RED_ALMcar models.
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426  Figure 7. Partial dependence plots (PDP) using linear smoothing of the most important variables
427  (over of 40% in cumulate importance) on the RF models for areas of alien reduction (RED_ALMcar).
428 (a) RED_APLANDcar, (b) RED_APDcar, (¢) RED AEDcar, (d) RED_AAREA MNcar). Red
429  dotted lines represent raw PDP curves. For land cover classes see table 1 and for pattern metrics
430  description see Table 2.
431
432 Discussion
433  We analyze the spatial-temporal changes in Carpobrotus spp. invasion and its relationship with
434  landscape composition and configuration over time (2012-2022) in Mediterranean coastal dunes.
435  Landscape changes have concerned approximately the 20% of the total area with most changes
436  involving significant shifts between neighboring patches. Such shifts are quite common on highly
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dynamics ecosystems as coastal dunes (Acosta et al. 2003; Drius et al. 2013). As on most of the
Mediterranean seashores, urban areas and infrastructures (ART) resulted quite extensive (= 28%) and
expanded over time at the expense of natural formations, such as beach and herbaceous dune
vegetation (Malavasi et al. 2013).

Carpobrotus spp. tends to expand in coastal zones characterized by stable accreting seashore (where
the SEA class area remains stable or diminishes) and by increasing urban surfaces (where ART class
patches increase). The expansion of Carpobrotus spp. on coastal tracts experiencing seashore
accretion and stability may be likely related with the fact that these seashore processes promote the
development of herbaceous dune habitats (Bazzichetto et al. 2020) which are known to be especially
susceptible to be colonized by invasive alien plants (IAPs) like Carpobrotus spp. (Carranza et al.
2011). Indeed, Carpobrotus spp. primarily expands by displacing herbaceous natural vegetation,
confirming the high vulnerability of this natural habitat to IAP invasions. Our results gave new multi-
temporal evidence of the habitat preference of Carpobrotus spp. to herbaceous habitats postulated in
the past based on static data (e.g., Carranza et al. 2011; Bazzichetto et al. 2018a) or using a diachronic
analyses (Sperandii et al. 2018). The observed increase of IAP’s and urban patches cover, is likely
attributable to the role of artificial areas as a source of nonnative species (Carranza et al. 2010) and
provides multi-temporal evidence in support of the propagule pressure theory.

The trajectory analysis evidenced a significant rise of all the considered Carpobrotus spp. spatial
metrics denoting a consistent process of invasion. Indeed, the extension of invaded areas increased
(greater PLANDcaRr) and Carpobrotus spp. tended to be distributed in more numerous (PDcar),
bigger (AREA_MNcar) and irregularly shaped patches (EDcar). As observed in other colonization
process as forest regrowth (Malavasi et al. 2018b), the increase in the number of patches may denote
the emergence of new nucleus of colonization, while the enlargement of patch area may indicate the
growth of already established invaded points. On the other hand, the observed increase of edge length
may indicate the maturity of invasion, with Carpobrotus spp. patches adopting the typical long shaped
pattern along the seashore of the invaded natural herbaceous dune vegetation (Carranza et al. 2010).
The pattern of expansion of Carpobrotus spp. (ALMcar) is significantly associated with landscape
dynamics (ALMiang). Among the landscape change variables that best explain Carpobrotus spp.
expansion, the seashore stability or accretion (ASEA close or higher than 0), the increasing surface
and edges of urban areas (AART) and, the size and shape complexity of herbaceous dune vegetation,
emerge as particularly influential factors. The observed increase in Carpobrotus spp. cover, patch
size, and edge length in stable or accreting coastal dunes (e.g. sea class surface reduction), highlights
the strong correlation between the presence of dunes, their stability, and the heightened susceptibility

of landscapes to Carpobrotus spp. invasion. Our multi-temporal analysis-based results provide
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additional evidence supporting the vulnerability of dunes, a principle previously suggested by
invasion risk models using the distance to the shoreline as a surrogate for dune presence (Bazzichetto
et al. 2018a, Bazzichetto et al. 2018b). Carpobrostus patches become bigger and more irregularly
shaped in correspondence with increasing cover and edge length of artificial areas, which is likely
related with the role of built-up and urban structures extension and artificial contacts as a driver of
invasion processes (Malavasi et al. 2014; Bazzichetto et al. 2018a, Bazzichetto et al. 2018b). Urban
areas may play a double role: an important source of invasive alien propagules and key ecological
corridors assuring landscape connectivity for the colonization of new areas (Boscutti et al. 2022;
Lozano et al. 2023). Our results also evidenced that altered coastal landscapes (e.g. detrimentally
changed dune vegetation composition and configuration features) might undergo further modification
due to the colonization and spread Carpobrotus spp. (Malavasi et al. 2014). The creation of new
artificial corridors (e.g. infrastructures) on fragmented coastal landscapes could aid the invasion
process with detrimental effects on dune integrity and natural habitats. As observed for other IAPs,
the registered landscape trends may be compatible with further growth of Carpobrotus spp. that
conforming dense monospecific carpets could alter coastal dune landscape composition and
configuration (Kozhoridze et al. 2022). The colonization and expansion trends pinpoint the need of
planning and implementing dedicated measures to contain and prevent further Carpobrotus spp.
expansion at the expense of herbaceous dune vegetation classes which is urgent as it includes several
habitats of European conservation concern (EU-2110: embryonic shifting dunes, EU-2120: shifting
dunes along the shoreline with Ammophila arenaria; EU-2210: Crucianellion maritimae fixed beach
dunes, EU-2230: Malcolmietalia dune grasslands). These measures encompass both reducing and
mitigating dune fragmentation and degradation processes, as well as monitoring activities in the most
susceptible landscape elements to aid the implementation of effective prevention and early warning
actions.

Within the coastal tracts of Carpobrotus spp. contraction (REDcar), landscape spatial-temporal
characteristics resulted quite dynamic with an intense seashore erosion (SEA class area increase) that
constraint the coastal dune zonation to small areas and that curtail the spatial complexity of overall
the natural mosaic (Doody 2004, 2013). In such areas the SEA category, replace beach pioneer
vegetation (BPV), that in turn substitutes herbaceous dune vegetation (HDV). The decline in
Carpobrotus spp. cover on coastal tracts experiencing seashore erosion may be linked with its
detrimental effect on the suitable habitats for the invasive plant colonization, thus beach and
herbaceous vegetation (Carranza et al. 2011, Bazzichetto et al. 2018a).

In these coastal tracts, Carpobrotus spp. tends to be substituted by herbaceous dune vegetation and

its pattern in the year 2022 resulted simplified into smaller and regularly shaped patches with respect
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to IAP pattern on the year 2012. The temporal reduction of invaded areas (lower PLANDcar) with
Carpobrotus spp patches distributed on fewer (PDcar), smaller (AREA_MNcar) and regularly
shaped patches (EDcar) suggest that Carpobrotus spp. isn't expanding but is instead undergoing
fragmentation. As observed in other fragmentation process (Wang et al. 2014; Carranza et al. 2015),
the reduction of Carpobrotus spp. area and number of patches may denote the retreat and
disappearance of invaded areas, while the reduction of patch size may indicate the contraction of the
remnant invaded points.

The reduction pattern of Carpobrotus spp. (ALMcar) is related with landscape changes (ALMiand),
specifically concerning coastal erosion (SEA), land take (ART) both processes that “squeeze” the
dune zonation, in particular the HDV and BPV communities, to simplified small relict areas (Martinez
et al. 2014; Gilby et al. 2021).

On one decade Carpobrotus spp. registered a decline on cover, patch size, and edge length which
occurred together with the simplification of natural and semi-natural land cover classes (e.g. the
reduction on cover, edge length and aggregation of herbaceous and pioneer dune vegetation) and
overall landscape diversity (SIDI). Moreover, this reduction coincides with increased artificialization
(expanding urban areas in terms of area and edge length) and seashore erosion (expansion of sea area
and edge length). The widespread decrease in landscape diversity and the deterioration of dune
integrity (Acosta et al. 2003; Drius et al. 2013), combined with the fragmentation (sensu Wang et al.
2014) observed in the invasion pattern of Carpobrotus spp., suggest a substantial influence of both
abiotic factors (seashore erosion) and human-driven forces (urbanization) on shaping the entirety of

the coastal dune mosaic, encompassing both natural and invaded areas.

Conclusion

Our results confirm the great potential of multi-temporal landscape studies for monitoring IAPs trends
on complex dynamic mosaics such as the Mediterranean coastal systems. Moreover, the multi-
temporal analysis of coastal composition and configuration has provided evidence of various
processes that make the landscape vulnerable to invasions, corroborating findings previously
suggested in existing literature based on static data.

The adopted multi-temporal mapping and modelling approach effectively captures various trends in
plant invasion, correlating them with ongoing landscape processes. This not only provides enhanced
monitoring tools but also advances our understanding of invasion processes at a landscape scale,
meeting the objectives outlined in the CBD convention and in the IAS Regulation. Indeed, our results

provide valuable insights for addressing management plans tailored to specific landscape contexts.
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For instance, on seashore accretion coastal tracts, specific monitoring activities should be
implemented with a priority on herbaceous dune vegetation in order to detect, contrast and eradicate
dune invaders. On the other hand, the proposed methodology could be also used to assess the
efficiency of IAP management actions over time and apply adaptive management strategies.

The use of multi-temporal maps and data provided a cost-effective approach for IAPs monitoring on
a broad geographic extent, overcoming the lack of resources needed for field monitoring campaigns.
Therefore, we warmly encourage the use of multi-temporal landscape analysis as a monitoring
approach in order to fill the gap in the scientific knowledge and IAP management practice, providing,

at the same time, tailored efficient solutions for environmental managers.
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