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Abstract

Brown algal forests (Cystoseira sensu lato) are key habitat-forming components of temperate
rocky coasts but have experienced widespread decline across the Mediterranean Sea. This
study investigates the current distribution and potential future shifts in brown algal forests
across the Adriatic Sea under ongoing climate change. We combined non-destructive
field-based mapping along the Slovenian coastline with remote-sensing products and
spatial environmental predictors to model basin-wide habitat suitability. A multiscale
geographically weighted regression (MGWR) framework was applied to account for spatial
non-stationarity and to explicitly capture the fact that environmental drivers of habitat
suitability operate at different spatial scales—an assumption that global models such
as GAM or standard GWR cannot adequately address. Habitat suitability maps were
generated for present-day conditions and projected under mid- and late-century climate
scenarios. The results reveal pronounced latitudinal gradients, identify areas of ongoing
canopy decline in the northern Adriatic, and highlight parts of the southern Adriatic as
potential climate refugia. Overall, the study demonstrates a likely north-south contraction
of suitable habitat for brown algal forests and underscores the value of multiscale spatial
modelling for informing marine spatial planning, conservation prioritization, and climate-
adaptive restoration under European policy frameworks.

Keywords: brown algal forests; Cystoseira s.1.; habitat suitability; spatial modelling; Adriatic
Sea; climate change; shifts

1. Introduction

Brown algal forests formed by species of Cystoseira sensu lato (including three genera—
Cystoseira, Gongolaria, and Ericaria) are key structural components of rocky-shore ecosystems
throughout the Mediterranean Sea [1,2]. Acting as autogenic ecosystem engineers, these
canopy-forming fucoids create complex three-dimensional habitats that support rich assem-
blages of algae, invertebrates, and fish [3—6]. In the upper-infralittoral zone, Cystoseira s.1.
forests function as a nursery for juvenile fishes and other motile fauna [7-11]. Their dense
canopies provide various ecosystem services: enhancing primary production, nutrient
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cycling, coastal carbon sequestration, mitigating climate change, stabilizing sediments,
and protecting shorelines from hydrodynamic stress [12-15]. These algal species produce
valuable compounds with antimicrobial and antioxidant properties, along with various
secondary metabolites such as phenolic compounds that help them adapt to complex
environmental pressures. These substances are gaining growing biotechnological inter-
est due to their potential applications across numerous industrial sectors [16-18]. The
ecological importance of brown algal forests has led to their recognition as habitats of
Community Interest under the EU Habitats Directive (92/43/EEC) and as quality elements
in the evaluation of the Ecological status according to the Water Framework Directive
(WFD, 2000/60/EC) [19-23]. With the exception of Cystoseira compressa (Esper) Gerloff &
Nizamuddin, all other Cystoseira s.l. species are listed under Annex II of the Barcelona
Convention Protocol concerning Specially Protected Areas and Biological Diversity [24]
as endangered or threatened species, and in Appendix I of the Bern Convention [25] as
strictly protected plant species. Nevertheless, despite these protection, Mediterranean
fucoid forests are undergoing a worrying regression in both extent and diversity [2,14,26].
Multiple anthropogenic pressures, such as habitat loss and coastal modification, pollution
and eutrophication, increased sedimentation, and overgrazing have been repeatedly impli-
cated in the widespread canopy loss of Cystoseira s.1. species in nearly all Mediterranean
sub-basins [27-34], including the Adriatic Sea [22,35-37]. This decline mirrors a global
trend affecting marine vegetated ecosystems and undermines multiple ecosystem services
they provide to coastal societies [38,39]. In many locations, fucoid canopies have been
replaced by opportunistic turf-forming algae that stabilize alternative, degraded commu-
nity states [35,40-42]. This shift is reinforced by overgrazing from sea urchins [43] and
herbivorous fishes [44-46] and by increased sediment resuspension in shallow bays [35,47].

Climate-related stressors are exacerbating these local pressures. Recent studies have
increasingly documented shifts in the distribution and abundance of macroalgal forests in
response to rising ocean temperatures and extreme thermal events such as marine heat-
waves [48-50]. These thermal anomalies can disrupt the phenology and physiology of
canopy-forming macroalgae, impairing their performance, increasing their susceptibility
to additional stressors, and ultimately resulting in population declines or even local ex-
tinctions [51-53]. Furthermore, such anomalies can alter the composition of associated
communities and modify species interactions [54,55], with cascading effects on ecosystem
functioning and the delivery of ecosystem services [56,57]. Consequently, the degrada-
tion of brown algal forests diminishes the ocean’s capacity to sequester carbon dioxide,
thereby undermining its role in climate change mitigation [58]. Urgent and targeted con-
servation and restoration actions are essential to safeguard these foundational species and
habitats [26,59,60].

Precise and comprehensive mapping of brown algal forests is a critical component of
monitoring initiatives and is indispensable for evaluating their status and long-term trends
in their distribution. Within the European Union, such habitat mapping directly supports
the evaluation of biodiversity under the Marine Strategy Framework Directive (MSFD),
contributing in particular to Descriptor 1 (Biological Diversity) through the assessment of
criteria D1C4 (habitat distribution and extent) and D1C6 (habitat condition), and to Descrip-
tor 6 (seafloor integrity) by informing criteria D6C2 (condition of benthic habitats). These
data form a critical evidence base for the development of effective programmes of measures
to achieve Good Environmental Status (GES) and are also fundamental for informing and
upscaling restoration actions in line with the objectives of the Nature Restoration Regula-
tion (NRR). In this context, substantial advances have been achieved in the development of
restoration techniques for Cystoseira s.1. species over the past fifteen years. Coordinated
research efforts have resulted in a range of protocols encompassing both in situ and ex situ
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approaches [59-65]. Although these interventions are still largely implemented at small to
medium spatial scales, they currently represent the most promising evidence-based option
for counteracting the decline of Cystoseira s.1. forests in the Mediterranean Sea [66].
Although habitat extent is a primary indicator for all these efforts, large-scale, system-
atic mapping of brown algal forests remains largely unavailable, particularly in the Adriatic
Sea, despite the growing number of local studies [36,37,60,64,67]. Traditional field surveys
based on SCUBA visual transects or quadrat sampling provide valuable ecological detail
but are geographically limited and resource-intensive [22,35]. These limitations hinder
the development of accurate baseline maps and the capacity to detect regional distribu-
tion trends. Consequently, new approaches integrating field observations with geospatial
technologies are increasingly used to improve monitoring coverage and efficiency [2,26,68].
Advances in remote-sensing technology have also significantly enhanced the capacity
to map and monitor marine vegetated habitats at large spatial scales [13,69]. Moreover,
remote-sensing approaches [69] facilitate the integration of environmental predictors such
as light, temperature, and wave exposure [70] into machine-learning frameworks that can
predict habitat suitability and potential shifts under changing environmental conditions.
This study aimed to (a) delineate the current distribution of brown algal forests in the
Adriatic Sea, (b) identify the main environmental drivers of their regression, and (c) project
potential future habitat change scenarios, with spatial information on the potential extent
and condition of upper-infralittoral communities across the Adriatic Sea, highlighting
areas of predicted canopy decline potentially linked to anthropogenic pressures, areas of
predicted habitat suitability increase, and temporarily stable areas.
To achieve these objectives, we integrated data from a non-destructive visual survey
of benthic infralittoral vegetation along the Slovenian coastline (northern Adriatic), with a
recently published habitat suitability map for Mediterranean Cystoseira s.1. species [2]. We
tested several spatial modelling approaches and fitted models with remote-sensing-based
environmental predictors to primarily explain the current spatial pattern of Cystoseira
s.l. habitat suitability and then, based on that, evaluate its potential development under
environmental/climate change scenarios.

2. Materials and Methods
2.1. Study Area

The Adriatic Sea is a semi-enclosed basin between the Italian and Balkan peninsulas,
connected to the Ionian Sea through the Strait of Otranto [71]. Its hydrography is strongly
seasonal and spatially differentiated into northern, central, and southern sub-basins, with
circulation dominated by a cyclonic system consisting of a southward-flowing western
Adriatic current and a northward-flowing eastern Adriatic current [72,73]. Bathymetry
ranges from the shallow northern shelf to the deep South Adriatic Pit (>1300 m), with
sills that partially restrict deep-water exchange [66]. Basin circulation and ventilation
are strongly influenced by surrounding mountain ranges that steer regional airflow [71]
(Figure 1).

The Gulf of Trieste stretches from Cape Savudrija in Croatia to the town of Grado in
Italy, forming the northernmost part of both the Adriatic and the wider Mediterranean
Sea [74]. It spans three countries and includes the entire coastline of Slovenia [75]. Its
circulation is largely wind-driven, particularly by the bora, which induces offshore transport
and a characteristic double-gyre system [66,71,72]. The combination of shallow depth,
restricted circulation, and dominant northeasterly winds results in relatively sheltered
hydrodynamic conditions compared to the adjacent open Adriatic [66,70,71,76,77].

According to da Costa et al. (2024) [78], sea surface temperature in the Adriatic Sea
shows a consistent warming trend (0.04 °C yr~! historically, 0.022 °C yr~! in projections).
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Marine heatwaves are projected to become longer and more frequent, increasing from
~29 days and 1.2 events yr~! historically to ~36 days and 1.7 events yr~! in projections.
Despite a continued mean sea-level rise (~3-5 mm yr~!), projections indicate a slight
slowdown due to compensating thermosteric, halosteric, and hydrological effects [78].
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Figure 1. The geographic position of both study areas. The Slovenian coastline and the Adriatic

Sea coastline with sub-basins and the corresponding spatial unit, adapted to the lowest-resolution
predictor variable in our analysis (hexagons; area = 8660 ha) (A), the mapping procedure along the
Slovenian coastline (B), and Cystoseira s.1. stands (C).

2.2. Spatial Data Sets
2.2.1. Cartography of Benthic Vegetation Along the Slovenian Coastline

In 2020, a comprehensive survey of the entire Slovenian coastline was conducted
using a field method based on visual observation of sea-bottom segments covered with
vegetation within the infralittoral belt. The CARLIT method [43,79] was adapted for the
specific conditions of the Slovenian coastal area. Unlike the original methodology, which
includes the mediolittoral belt, this adaptation was necessary because most macroalgal and
seagrass species in the northern Adriatic do not occur in such shallow waters [21,22].

The survey was conducted from a small boat cruising along the coastline, maintaining
proximity to the shoreline. In the absence of mediolittoral communities, upper-infralittoral
communities were identified using a large Aquascope Underwater Viewer (Figure 1B).
Observations were directly annotated onto field maps (aerial and orthophotographs) pre-
pared at an appropriate scale, allowing for the distinction of shorter sector lengths and
suitable to be used in the field. This approach facilitated the division of the shoreline into
several sectors, each characterized by a specific vegetal community category (either a single
community or a combination of communities), resulting in sectors of variable length. The
mapped distribution of community categories was subsequently vectorized and digitized
using QGIS software (version 3.40) [80].

2.2.2. Brown Algal Forest Suitability Data for the Adriatic Sea

To predict potential shifts in brown algal forest (Cystoseira s.l.) distribution in the
Adriatic Sea by mid- and end of the 21st century, the Fabbrizzi et al. (2020) [2] habitat
suitability model (HSM) output (the first continuous habitat suitability map) was utilized.
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They managed to develop a Cystoseira s.1. species (n = 20) distribution database for the
entire Mediterranean Sea based on published and grey literature analysis. Accordingly,
they successfully fitted a Random Forest (RF)-based model by considering 55 geospatial
predictor variables that, directly or indirectly, explained the existing spatial pattern of
Cystoseira s.1. canopies along the Mediterranean Sea.

2.2.3. Environmental Variable Datasets for the Adriatic Sea

In the next data acquiring step, potential predictor variables for brown algal forest
distribution in the Adriatic Sea were downloaded from several open-source data platforms
providing environmental variables. The Bio-ORACLE v3.0 database [81] was used to
gather environmental data for current conditions (2010-2020) and future time windows
(2040-2050, 2090-2100) for two potential Shared Socioeconomic Pathway (SSP) scenarios
of future climate change (SSP2-4.5, SSP5-8.5). The regional relative sea-level projection
data set [82-84] associated with the Intergovernmental Panel on Climate Change Sixth
Assessment Report was downloaded from the Zenodo web platform (URL: https://zenodo.
org/records /6382554 [accessed on 08 August 2025]). The used ar6-regional-confidence
sea-level change data set considers the following contributors/components: Antarctic Ice
Sheet, Greenland Ice Sheet, glaciers, land water storage, ocean dynamics (includes ocean
thermal expansion) and vertical land motion (non-climatic processes). We considered the
0.5 quantile for sea-level change levels (unit = mm) and medium- and low-confidence
intervals for the SSP2-4.5 and SSP5-8.5 emission scenarios for the future time windows
2040-2050 and 2090-2100. In order to unify the sea-level change data with environmental
variables acquired from the Bio-ORACLE database for the current status time window
(2010-2020), we set the 2020 sea-level change prediction (0.5 quantile, medium- or low-
confidence level) for each of the emission scenarios (SSP2-4.5, SSP5-8.5) as the baseline.
However, to consider potential anthropogenic influences from the shoreline on brown
algal forest distribution in the Adriatic Sea, the CORINE landcover database (2018) [85]
was used. This product offers a pan-European land cover and land use inventory with
44 thematic classes. It is freely available on the Copernicus web platform (DOI (raster
100 m): https:/ /doi.org/10.2909/960998c1-1870-4e82-8051-6485205ebbac).

2.3. The Dependent Variable

As mentioned above, we utilized the Fabbrizzi et al. (2020) [2] product (the cys
suitability raster; pixle size = 0.004166 DD) to produce the dependent variable. Before
doing that, we compared their product with our field-based mapping data along the
Slovenian coastline, which ranged among those areas where RF Cystoseira s.l. median
suitability values shifted beyond the optimal cutoff value of 0.61, to evaluate its use and
applicative value from the local and regional level perspectives. Thus, our predictions of
potential shifts in Cystoseira s.1. suitability scores for areas above the optimal cutoff value
(the eastern coast of the Adriatic Sea) could potentially reach higher reliability. However,
to avoid any misleading conclusions regarding the ecological value of our predictions
in the study area (such as probability of presence or percentage of canopy cover), we
operated only with the mean suitability scores. Owing to environmental data spatial reso-
lution limits, models to evaluate potential development of brown algal forest (Cystoseira
s.l.) distribution under environmental change scenarios were created for the entire Adri-
atic Sea area (the regional perspective). Thus, we generated repeating shapes (hexagons;
area = 8660 ha) with the Create Grid tool in the QGIS environment [80] along the Adriatic
coast and calculated the mean brown algal forest suitability score per each hexagon unit
with the Zonal statistics algorithm. We applied this procedure for the following reasons:
(1) to adopt to the weakest spatial resolution of used predictor variables (the sea-level
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change predictions; pixel size = 0.25 DD), (2) to create a suitable matrix for implementing
several spatial modelling approaches (GLM [Generalized Linear Models], GAMM [Gen-
eralized Additive Mixed Models], and MGWR [Multi-scaled Geographically Weighted
Regression]), and finally (3) to secure the best possible visualization of the produced re-
sults/predictions (potential brown algal forest) suitability shifts by the mid- and end of the
21st century.

2.4. The Predictors

Three spatial databases [81-85] provided altogether 53 predictor variables for our
target area (the Adriatic Sea). However, all these predictors were initially treated with
the Zonal statistics algorithm in the QGIS environment [80] to produce mean values per
each hexagon unit. This procedure simultaneously minimized the scale mismatch between
used data sources for predictor variables. Afterwards, all predictor mean values were
standardized and analyzed for intercorrelation/multicollinearity by applying Spearman’s
correlation coefficient (p) (some did not meet the normal distribution requirements) and
the Variance Inflation Factor (VIF) in the R statistical environment [86] by applying the
Remdr [87] and rvif [88] packages. To filter out correlated variables the following criteria
were applied: (1) p > 0.6 or p < —0.6 and (2) VIF < 5. Thus, 13 predictor variables, listed
in Table 1, were selected to calibrate geospatial models to evaluate and predict potential
spatial shifts in brown algal forest suitability in the Adriatic Sea.

Table 1. Summary of the selected predictor variables for the potential brown algal forest (Cystoseira
s.l. canopies) suitability shifts modelling in the Adriatic Sea.

N Variable Name Spatial Resolution Source Abbreviated Name
1 Euclidean distance from urban land Derived from ua_dis
2 Euclidean distance from coast Copernicus CLC2018 coast_dis
3 Euclidean distance from river [85]; processed in river_dis
4 Maximum ocean/sea temperature [°C] QGIS [80] t_max
5 Sea water velocity [m-s~1] SWV

6 Sea water direction [degree] swd

7 Silicate [mmol~m*3? 0.05DD S

8 Mixed layer depth [m] BIOORACLE, 2025 [89] mld

9 Bathymetry [m] bat

10 Maximum air temperature [°C] at_max
11 Minimum pH ph_min
12 Phosphate [mmol-m~—3] p

13a Medium confidence sea level, SSP2-4.5, 2020
13b Medium confidence sea level, SSP5-8.5, 2020

slr_2020_45_med_c

0.25 DD NASA, 2025 [90] slr_2020_85 _med c

However, some predictor variables in our modelling procedure were considered as
temporary stable (ua_dis, coast_dis, river_dist, bat) and others as dynamic (t_max, swv,
swd, s, mld, at_max, pH_min, p and slr_2020_45_med_c, slr_2020_85_med_c). The latter
practically enabled (our) predictive brown algal forest suitability modelling. Moreover, the
impact of lower spatial resolution data (sea-level change data) on our predictive modelling
should not be neglected.

2.5. Spatial Modelling and Prediction

After preparing and standardizing the dependent and predictor variables for each
hexagon unit in the study area, the following spatial modelling algorithms were fitted:
(1) the Generalized Linear Model (GLM), (2) the Generalized Additive Mixed Model
(GAMM), and (3) the Multiscale Geographically Weighted Regression (MGWR) model.
Models 1 and 2 were prepared in R statistical environment [86] by applying the Remdr
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package [87], whereas model 3 was designed with the self-standing version of the MGWR
software (version 2.2.1), provided by Florida State University [91,92]. In the next step,
model performance indicators (the Akaike Information Criterion [AIC], the Bayesian
Information Criterion [BIC], and the adjusted determination coefficient [adez]) were used
to select the best-performing algorithm. In addition to that, standardized residuals of all
four models were tested for spatial autocorrelation with Moran'’s spatial autocorrelation
index (Moran’s I) by applying the Hotspot Analysis Plugin [93] in the QGIS environment.
Thus, areas along the Adriatic coast, where the selected predictor variables were lacking
informative power, were identified. To visualize, additionally measure, and evaluate model
performance, scatterplots with the corresponding R? values and predicted real/current
status standardized brown algal forest suitability scores for each model were designed.

After selecting the best-performing model (algorithm), future predictions were calcu-
lated for two-time windows (2040-2050 and 2090-2100), two emission scenarios (SSP2-4.5
and SSP5-8.5), and two sea-level rise confidence levels (medium and low) by leaning on
the MGWR predictor variable coefficients (3 values). Finally, the predicted brown algal
forest suitability scores were de-standardized and rescaled to values between 0 and 1. Each
of the predicted time window, emission scenario, and confidence level map representing
potential brown algal forest suitability in the Adriatic Sea were then subtracted with the
real/current status suitability score to highlight areas where most change in brown algal
forest(Cystoseira s.1.) suitability score can be expected.

3. Results

3.1. Brown Algal Forest Distribution Along the Slovenian Coastline—Data Validation
for Modelling

The 2020 mapping of benthic vegetation along the Slovenian coastline showed that
the upper-infralittoral belt is overgrown with approximately 265.1 ha of benthic vegetation,
of which seagrass meadows covered 204.9 ha. This survey also revealed clear spatial
patterns in the distribution of brown algal forests. These assemblages covered nearly
26 ha (Figure 2A). Stands dominated by Cystoseira compressa were the most extensive and
widespread, occupying approximately 17.4 ha. Areas where Gongolaria barbata (Stackhouse)
Kuntze formed the dominant canopy covered about 8.1 ha. In contrast, forests dominated by
Ericaria crinita (Duby) Molinari & Guiry were limited to 0.2 ha, and those characterized by
Cystoseira corniculata (Turner) Zanardini to only 0.1 ha. Other macroalgal species commonly
associated with these assemblages included Halopithys incurva (Hudson) Batters, Padina
pavonica (Linnaeus) Thivy 1960, Halopteris scoparia (Linnaeus) Sauvageau, Dictyota dichotoma
(Hudson) J.V.Lamouroux, and Corallina spp.

By comparing the used brown algal forest suitability scores with real presence/absence
data along the Slovenian coastline (Figure 2A), spatial differences at this local level were
clearly evident, considering that this product was developed for the Mediterranean scale
and reached, in this part, suitability score values beyond the optimal cutoff of 0.61. Thus,
the suitability scores were significantly lower (p < &; & = 0.05) in areas where Cystoseira
s.l. communities were not developed (Figure 2B). Based on this validation, we proceeded
to use the first Mediterranean Cystoseira s.1. continuous habitat suitability map to model
potential change in brown algal forest suitability in the Adriatic Sea under several environ-
mental/climate change scenarios.

https://doi.org/10.3390 /jmse14020196


https://doi.org/10.3390/jmse14020196

J. Mar. Sci. Eng. 2026, 14, 196

8 of 22

Suitability

| I N
I Legend
2020 Cystoseira s.l. presence
i Cystoseira s.|. suitability
w 0.47
" 0.26

asemap solirce: HOMGIS, 8024

-
© !
< | |
o I E—
1
1
!
|
<4 '
o |
|
! b
|
!
|
a 1
o - .
™
R
|
|
—_—
T T
Absence . Presence
Cystoseira s.|

Figure 2. Cystoseira s.1. species suitability scores (red = high, blue = low) along the Slovenian coastline,

overlaid with our field mapping results (A), and significant differences (p < o; = 0.05) in habitat

suitability scores between Cystoseira s.l. presence and absence localities (B).

3.2. Brown Algal Forest Suitability in the Adriatic Sea

The spatial pattern of brown algal forest habitat suitability in the Adriatic Sea fol-

lows a latitudinal gradient (Figure 3A). The colder and shallower northern part reached

significantly lower average suitability scores compared to the deeper and warmer central
and southern parts. The Kruskal-Wallis post hoc test indicated that all three geographic
units (northern, central, and southern parts) differ in brown algal forest habitat suitability

(Figure 3B).

55
-

<,

x“,dgenma: - .:-

P ot "3

Southern "8
< x F&
'(

ourt

:t,X 0

Y
=

150 km| ol =
« N | - 3
s G.nlfo di ' =
:Legend Taranto —
| Adriatic sea
| Cystoseira s.|. suitability |
| w High
| == Low } JTonian

Basemap source: HCMGIS, 2024

0.6 0.8

Suitability

0.4

0.2

0.0

\B‘g_

-
|
|
:
—— !
X c
!
! b
!
a , :
' |
' |
\ |
' |
[ :
. | —
!
|
| 179
— 1l 39,
a1
8l 481
T T T
Northern Central Southern
Region

Figure 3. The spatial pattern of the dependent variable (average Cystoseira s.1. species suitability) (A),
with significant regional differences (p < ; « = 0.05) (B).

https:/ /doi.org/10.3390/jmse14020196


https://doi.org/10.3390/jmse14020196

J. Mar. Sci. Eng. 2026, 14, 196

9 of 22

However, in the northern and central parts of the Adriatic Sea, high brown algal
forest habitat suitability is predominately found in the eastern coastline, whereas in the
southern part, both coastlines offer habitable conditions. The highest suitability scores were
estimated along the south-eastern Italian coastline, along the southern coast of Albania,
along the coastline of Montenegro, and along the southern coastline of the archipelago of
Croatia. In the northern part of the Adriatic Sea, high habitat suitability for brown algal
forests were estimated south of the Istrian peninsula in the Kvarner Gulf archipelago. Low
suitability scores were estimated along the eastern Italian coastline (beginning in the region
of Gargano) towards the Gulf of Trieste.

3.3. Predictor Correlation Matrix

Prior to modelling procedure, all acquired predictor variables (n = 53) were tested
for potential intercorrelation to avoid informative power overlap. In Table 2, Spearman’s
correlation coefficients for those predictor variables are listed (n = 13) that passed the
filtering procedure (p > 0.6 or p < —0.6 and VIF < 5).

Table 2. Spearman’s correlation coefficient values for selected predictor variables.

o o
£ g ® «
| | 5 % = % 5 .8
10 1n - ] o] 2 s
Variable = ®, % g ] E o g ® 3 2 g 5 S
o = < - = » » o g g
I Q 5] 5] 4 2
(=] [=} v -
() o~
> I
slr_2020_45_med_c 1.00 0.96 0.16 0.60 0.10 -014 -035 -036 —0.55 0.09 0.25 0.82 0.00 —0.04
slr_2020_85_med_c 0.96 1.00 0.20 0.53 0.04 —-0.05 —-041 —-053 —0.60 0.21 0.18 0.78 —-0.01 —-0.07
coast_dis 0.16 0.20 1.00 0.21 —0.41 0.15 —-0.06 —-015 —-0.19 0.17 0.06 0.10 0.04 0.15
at_max 0.60 0.53 0.21 1.00 —0.11 0.07 —-028 —-0.07 -044 -0.15 0.18 0.59 0.15 0.13
bat 0.10 0.04 —-041 —0.11 1.00 —0.59 0.15 0.35 0.32 —0.25 0.18 0.16 —-022 —-0.26
mld —-0.14 —-0.05 0.15 0.07 —0.59 1.00 —-036 —055 —043 0.25 —041 —-0.18 0.27 0.27
P —035 —041 —-0.06 —0.28 0.15 —0.36 1.00 0.53 0.51 —0.02 0.20 —041 —-0.19 —0.08
ph_min -036 —-053 —-0.15 —-0.07 0.35 —0.55 0.53 1.00 0.60 —0.47 0.38 —0.21 0.08 —0.01
s —-055 —-0.60 —-019 —0.44 0.32 —043 0.51 0.60 1.00 —0.42 0.32 —044 0.16 —0.10
swd 0.09 0.21 0.17 —-0.15 —-0.25 0.25 —-0.02 —-047 —-042 1.00 —-021 —-0.07 -0.16 0.11
SWV 0.25 0.18 0.06 0.18 0.18 —0.41 0.20 0.38 0.32 —-0.21 1.00 0.18 0.35 —0.15
t_max 0.82 0.78 0.10 0.59 0.16 —-0.18 —-041 -021 -—-044 —-0.07 0.18 1.00 —0.03 0.01
river_dis 0.00 —0.01 0.04 0.15 —0.22 0.27 —0.19 0.08 0.16 —0.16 0.35 —0.03 1.00 0.07
ua_dis —0.04 —-0.07 0.15 0.13 —0.26 0.27 —-0.08 —-0.01 —-0.10 0.11 —0.15 0.01 0.07 1.00

We made only one exception because the considered sea-level baseline variables
(slr_2020_45_med_c and slr_2020_85_med_c) did reach a higher p score than the set thresh-
old with the t_max predictor variable. However, both those predictors were/are temporally
dynamic, and their spatial pattern might be similar from our spatial analysis perspective,
but their informative power in predicting potential brown algal forest suitability shifts is
most definitely unique and differs locally.

3.4. Model Comparison

Three models were developed to evaluate potential spatial shifts in brown algal forest
suitability in the Adriatic Sea. All were fitted with same predictor variables (Table 1)
known for their direct, or in-direct, influence on brown algal forest spatial distribution
in general. The GLM approach yielded the highest AICc (624.3) and BIC (682.9) values.
Nine (9) predictors had statistically significant (p < o; « = 0.05) influence on the dependent
variable (standardized mean Cystoseira s.1. canopies suitability) (Table 3). However, the
simultaneously significant standardized residuals spatial autocorrelation test (Moran’s
I=0.031; p < «; o = 0.05) indicated clusters in several locations along the Adriatic Sea
coastline in this case, which led us to the conclusion that the used predictor variables
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were lacking informative power in this modelling procedure. Thus, a GAMM was fitted
in the next step to improve predictive power. Here, three predictor variables (ua_dis,
p, and pH_min) had a significant linear relation with the dependent variable, whereas
the remaining 10 predictors (coast_dis, river_dis, bat, mld, s, swd, swv, at_max, t_max,
slr_med_con) indicated a significant non-linear behaviour (Table 4). The GAMM reached
an ade2 value of 0.88 and had a remarkably lower AICc (326.7) and BIC (556.5) values
compared to the GLM approach. The GAMM algorithm produced less spatial clusters
of (low and high) standardized residuals as well, thus additionally indicating modelling
improvement. However, in the desire to prepare the best possible algorithm for evaluating
potential brown algal forest spatial distribution development in the Adriatic Sea, a third
modelling approach (MGWR), which relaxes the assumption that all the processes being
modelled operate at the same spatial scale, was calibrated (Table 5). The fitted MGWR
model thus reached the highest ade2 value (0.90) and the lowest AICc (251.2) and BIC
(453.6) values (Table 5).

Moreover, to visualize model performances, Figure 4C-E was created. By analyzing the
relation between observed and predicted (standardized) values of the dependent variable,
the relative model fit can be further assessed. Again, the MGWR modelling approach
reached the highest determination coefficient, explaining 91% of variation (compared to
GLMs 71% or GAMMs 89%). Despite high modelling performance values, the MGWR
approach did not fully capture the current brown algal forests” suitability spatial pattern
in the entire study area. Some clustered over- and under-predictions were nevertheless
present in the southern part of the Adriatic Sea, especially along the Italian eastern coastline,
in the northern part of the Puglia region, and along the coast of Albania (Figure 4B). This
directly indicates missing predictors or possibly local biotic factors.
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Figure 4. MGWR local R? values (A), cold (blue; under-predictions) and hot (red; over-predictions)
spots (B), and model validation scatter plots ((C) = GLM, (D) = GAMM, (E) = MGWR).

The fact that our MGWR model predictions of current (average) brown algal forest
suitability scores were the strongest in the northern part of the Adriatic Sea can be observed
by mapping local R? values (Figure 4A). The observed variation in R? values, ranging
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between 0.75 and 0.90, provided an additional rationale for selecting the MGWR algorithm

as the sole approach to predict potential shifts in brown algal forest suitability under several

climate/environmental change scenarios.

Table 3. Summary of the GLM.

GLM Coefficients Estimate Std. Error t Value Pr(>1tl)
(Intercept) 0.000 0.029 0.000 1.000
Z.slr_2020_45_med_c 0.039 0.071 0.545 5.864 x 1071
Z.ua_dis 0.028 0.033 0.836 4.037 x 1071
Z.coast_dis —0.070 0.034 —2.056 4.052 x 1072 *
Z.river_dis 0.126 0.037 3.429 6.760 x 1074
Zp 0.370 0.076 4.878 1.620 x 1076
Z.ph_min —0.478 0.082 —5.814 1.360 x 108
Z.at_max 0.005 0.044 0.122 9.028 x 1071
Z.bat —0.048 0.045 —~1.076 2.825 x 107!
Z.mld 0.433 0.058 7.427 8.230 x 10713 ok
Z.s —0.219 0.051 —4.269 2.520 x 1075
Z.swd 0.135 0.037 3.677 2.730 x 1074
Z.swv 0.115 0.039 2.929 3.622 x 1073 **
Z.t_max —0.419 0.055 —7.629 2170 x 10713 ok
Null deviance 370.000 on 370 degrees of freedom
Residual deviance 107.780 on 357 degrees of freedom
AIC 624.240
Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001.
Table 4. Summary of the GAMM.
Parametric Coefficients Estimate Std. Error t Value Pr(>1tl)
(Intercept) 0.000 0.018 0.000 1.000
Z.ua_dis 0.058 0.026 2.206 2.811 x 1072 *
Zp 0.246 0.063 3.898 1.190 x 1074 *
Z.ph_min —0.388 0.071 —5.492 8.250 x 108
Approximate significance of smoothed terms edf Ref.df F p-value
s(Z.slr_2020_45_med_c) 5.69 6.93 3.32 2.143 x 1073 *
s(Z.coast_dis) 8.13 8.77 8.38 2.000 x 10716 *x
s(Z.river_dis) 7.86 8.65 8.24 2.000 x 10716 =
s(Z.at_max) 6.75 7.88 3.64 4.840 x 1074 *=
s(Z.bat) 1.75 2.17 6.64 9.990 x 1074  *
s(Z.mld) 6.89 7.99 10.13 2.000 x 10716 ==
s(Z.s) 8.08 8.74 15.19 2.000 x 10716 wx*
s(Z.swd) 6.55 7.64 4.50 5.870 x 1075 *
s(Z.swv) 1.00 1.00 37.85 2.000 x 10716
s(Z.t_max) 1.00 1.00 35.57 2.000 x 10716 ==
adjR? 0.878
Deviance explained 89.70%
GCV 0.14431
Scale est. 0.12187
n 371

Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 5. Summary of the MGWR model.

Diagnostic Information MGWR Model

Residual sum of squares 32.349
Effective number of parameters (trace(S)) 50.704
Degree of freedom (n-trace(S)) 320.296
Sigma estimate 0.318
Log-likelihood —73.878
Degree of Dependency (DoD) 0.770
AIC 251.164
AlCc 268.286
BIC 453.647
R? 0913
adjR? 0.899
MGWR bandwidths
Variable Bandwidth ENP_j A(dg]_,)t(;:’)al DoD._j
ua_dis 60.000 12.446 2.895 0.574
coast_dis 370.000 1.141 2.023 0.978
river_dis 370.000 1.180 2.037 0.972
t_max 370.000 1.080 2.000 0.987
SWV 355.000 1.290 2.074 0.957
swd 367.000 1.294 2.075 0.956
s 169.000 2.164 2.281 0.870
mld 57.000 10.579 2.842 0.601
bat 370.000 1.339 2.090 0.951
at_max 48.000 12.147 2.887 0.578
ph_min 370.000 1.088 2.002 0.986
) 367.000 1.053 1.989 0.991
slr_2020_45_med_c 120.000 3.903 2.501 0.770
Monte Carlo Test for Spatial Variability
Variable p-value
ua_dis 0.000 e
coast_dis 0.985
river_dis 0.932
t_max 0.923
SWV 0.655
swd 0.523
S 0.000 e
mld 0.000 o
bat 0.604
at_max 0.000 o
ph_min 0.103
) 0.003 **
slr_2020_45_med_c 0.000 o

Significance levels: ** p < 0.01; *** p < 0.001.

3.5. Potential Brown Algal Forest Spatial Distribution Shifts

The MGWR algorithm fitted with spatio-temporary static and dynamic predictor
variables produced average brown algal forest suitability scores for each hexagon unit
along the Adriatic Sea coastline for the 2040-2050 and 2090-2100 time windows, the SSP2-
4.5 and SSP5-8.5 emission scenarios, and the medium- and low-confidence relative sea-level
rise scenarios (Figures 5A-H and 6A-H).
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Figure 5. Predicted average Cystoseira s.1. habitat suitability for the 2040-2050 time window (A-D)
and the corresponding difference maps (E-H).
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Figure 6. Predicted average Cystoseira s.1. habitat suitability for the 2090-2100 time window (A-D)
and the corresponding difference maps (E-H).

The SSP2-4.5 emission and low-confidence sea-level rise scenarios indicated a potential
decrease (for —77 to —117% [—88% in average], Figure 7A) in brown algal forest average
habitat suitability, especially in the northern part of the Adriatic Sea, already by 2040-2050.
Moderate and high average suitability scores could then be expected in the central and
southern part of the study area. However, in this scenario, there are some locations where
average suitability scores for brown algal forest habitats are predicted to potentially improve
(the most remote islands of Dalmatia, parts of the Montenegro coastline, and along the
coastline of Apulia [Italy]). An even more intense negative spatial pattern habitat suitability
shift in the northern part of the Adriatic Sea is predicted by considering the low-confidence
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sea-level rise scenario (from —87 to —120% [—100% in average]). The latter estimates there is a
potential complete disappearance of suitable conditions for brown algal forests by 2040-2050.
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Figure 7. Average growth rates (bold lines) with standard deviations (dotted lines) (in %) for Cystoseira
s.1. habitat suitability in the northern (A), central (B), and southern (C) parts of the Adriatic Sea and
along the Slovenian coastline (D) according to all considered time windows, SSP, and sea-level rise
confidence scenarios.

According to the prediction, considering the pessimistic SSP5-8.5 emission scenario and
the medium- and low-confidence sea-level rise scenarios for the time window 2040-2050, the
most stable area for brown algal forests in the Adriatic Sea could be the southern part. Yet,
in both predictions, conditions could potentially improve in the Kvarner Gulf (Croatia), in
areas along the southern Croatian coastline, continuing to Bosnia and Montenegro, as well as
along the Apulian coastline in Italy. However, from the whole central part perspective, overall
suitability conditions for brown algal forests are expected to decrease (from —74 to —173%
[—72% on average]) (Figure 7B).

By the end of the century (2090-2100), high average suitability for brown algal forests
could potentially be expected only in the southern part of the Adriatic Sea, although still
lower than our baseline year 2020 (ranging from —6 to —89%, with an average decline
of —32%; Figure 7C), under both emission (SSP2-4.5 and SSP5-8.5) and sea-level rise
confidence scenarios (medium and low). There, in some areas, suitable conditions for
brown algal forests may even improve (green hexagons). Conversely, all predictions
indicate that the northern (from —73 to —121%, averaging —90%) and most of the central
(from —20 to —100%, averaging —50%) basins of the Adriatic Sea could almost completely
lose their potential to host brown algal forests by the end of the century.

Regarding the Slovenian coastline, the average habitat suitability for brown algal forest
is expected to decrease intensively already by 2040-2050 (Figure 7D) under three of the
four considered emission and sea-level rise confidence scenarios. Only the combination of
the SSP2-4.5 emission and medium sea-level rise confidence scenarios suggests a potential
more gradual decrease, ranging from —20 to —29% (—19% on average) compared to the
baseline reported by the Fabbrizzi et al. (2020) [2] baseline, of average brown algal forest
habitat suitability. Unfortunately, all considered predictions are indicating a tipping point
in habitat suitability by mid-century, beyond which recovery is unlikely.
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4. Discussion

The results of this study highlight a clear biogeographical gradient and alarming future
trajectory for Adriatic brown algal forests. Present-day habitat suitability follows a latitu-
dinal pattern, with the shallow and semi-enclosed northern Adriatic having significantly
lower suitability for canopy-forming algae than the deeper central and southern regions.
In our 2020 field survey of the Slovenian coast—at the Adriatic’s northernmost tip—we
found smaller brown algal forests (~26 ha total) dominated by the less sensitive and more
widespread Cystoseira compressa (17.4 ha) and Gongolaria barbata (8.1 ha), with negligible
cover of more sensitive species like Ericaria crinita (~0.2 ha). This underscores that northern
sites already represent a “collapse zone” for several canopy-forming species, likely the
outcome of cumulative local stressors documented over the past decades [22,35,37,67,94].
These findings align with Mediterranean-wide observations that healthy Cystoseira s.1.
forests persist primarily in less impacted locations, often in areas of high water quality and
widespread suitable substrata [2,26].

Critically, our projections indicate that regional differences will become more pro-
nounced in the coming decades. Under mid-21st century conditions, even a moderate
climate scenario (SSP2-4.5 with low-end sea-level rise) predicts steep declines in brown
algal habitat suitability, especially in the northern Adriatic, with average suitability values
decreasing by approximately 88% relative to present-day conditions. This magnitude of
change reflects a marked reduction in the environmental suitability required to sustain
canopy-forming Cystoseira forests, rather than a direct estimate of areal forest loss. In
practical terms, such low suitability scores indicate that large portions of the northern
Adriatic would fall below thresholds compatible with the persistence or recovery of brown
algal forests, even if local remnants currently remain. By the end of the century, both
intermediate- and high-emission scenarios suggest that most of the northern Adriatic and
substantial parts of the central basin may lose the capacity to support Cystoseira forests
altogether, implying a high risk of functional habitat collapse. Additionally, three out of
four tested scenario combinations indicate that the Slovenian coastal sea—which still hosted
healthy brown algal forests in 2020—will reach a tipping point of irretrievable habitat loss
by mid-century. Only under the most optimistic combination of moderate emissions and
lower sea-level rise might the decline in Slovenian marine waters be somewhat gradual
(~20% reduction by 2050), but even that scenario points toward continual degradation
thereafter. The highest present-day suitability in our models occurs along the southern
and eastern Adriatic coasts—e.g., the south-eastern Italian (Apulian) shores, Montenegro,
southern Albania, and the offshore Croatian archipelagos—which coincide with known
hotspots of extant macroalgal forest diversity and cover [43]. However, by the end of the
21st century, our projections converge on a further contraction of suitable brown algal
forest habitats: high habitat suitability is expected to persist only in the far south, and
even there at levels 30-90% lower than present. But even a 30-50% reduction in suitabil-
ity could translate into more patchy forests and local extirpations of the more thermally
sensitive species. A contraction to only southern sites would shrink the biogeographic
range of Adriatic Cystoseira s.1. forests, potentially eliminating unique genotypes adapted
to the northern conditions [95]. The extinction of these edge populations would reduce
the overall genetic diversity and adaptive capacity of the species complex, as well as break
the connectivity between Mediterranean populations [53]. Our model outcomes paint
a sobering picture of latitudinal retraction—essentially a climate-driven range collapse
from north to south—consistent with global observations of warming-induced shifts in
marine foundation species [54,55]. Ecologically, the implications of these distribution shifts
are profound. Cystoseira s.1. algal forests are biodiversity hotspots, and the local declines
we observe in the northern Adriatic already correspond with impoverished associated
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communities [5,10,11]. This pattern mirrors broader Mediterranean trends: widespread
Cystoseira s.1. declines over past decades have left fragmented, isolated populations and, in
some areas, complete local extinctions [31,34,96].

From a methodological standpoint, the use of a Multiscale Geographically Weighted
Regression (MGWR) model was pivotal in capturing the spatially heterogeneous drivers
underlying these patterns. By allowing coefficients to vary geographically, the MGWR
approach accommodated the notion that environmental processes influencing Cystoseira
s.l. distribution operate at different spatial scales across the Adriatic. This yielded a
markedly improved fit (adjR?> ~ 0.90) compared to a traditional GLM (adjR? = 0.71)
or even a GAMM with mixed linear and non-linear terms (adjR? ~ 0.88). In practical
terms, MGWR not only increased overall predictive accuracy but also unveiled local
patterns that the global models obscured. For instance, our MGWR’s local R> mapping
showed that the model explained the spatial pattern of Cystoseira s.l. habitat suitability
best in the northern Adriatic (up to ~90% of variability) and slightly less so in parts of
the south. This likely reflects the strong, spatially consistent relationship between certain
predictors (e.g., coastal urbanization or water clarity) and algal forest presence in the
north, versus more complex or unmeasured influences in the south (where pockets of over-
or under-prediction persisted). The presence of clustered residuals along the southern
Italian and Albanian coasts in our MGWR outputs is telling—it suggests that additional
factors (perhaps localized herbivory pressure, unaccounted water quality issues, or biotic
interactions) influence suitability there, highlighting directions for future data collection.
Nonetheless, the MGWR'’s superior performance—lowest AICc and BIC, highest explained
variance—demonstrates the value of moving beyond classical global models in spatial
ecology. Traditional GLMs in our case suffered from significant spatial autocorrelation in
residuals, indicating that important spatially variable drivers were missing. The GAMM
improved on this by incorporating non-linear responses (for 10 out of 13 predictors) and
random effects, reducing but not eliminating spatial clustering of errors (under- or over-
predictions). MGWR, by comparison, effectively “built in” a spatially explicit structure,
capturing fine-scale variations—for example, it could adjust the influence of maximum sea
temperature or pH in one subregion independently of another. For ecologically complex
coastlines like the Adriatic, this flexibility is indispensable. It recognizes that, say, distance
to river mouths (a proxy for nutrient and sediment input) may strongly limit Cystoseira
s.l. in one locality but be less relevant elsewhere, or that tolerance to thermal maxima
may differ between northern and southern populations. By calibrating such nuances,
MGWR provided more credible forecasts of habitat suitability under future scenarios. This
methodological advance is significant for marine habitat modelling broadly: as calls grow
for more spatially explicit predictions of climate change impacts on biodiversity, tools like
MGWR offer a means to integrate multiscale processes and improve predictive power [39].
We note, however, that even MGWR is only as good as the input data—the remaining
unexplained variability pinpoints the need to incorporate biotic factors (e.g., grazers or
competitors) and higher-resolution oceanographic data in future models. Our approach
thus illustrates both the promise and the challenges of cutting-edge spatial modelling in
marine ecology, advocating for its broader application while underscoring that careful
validation (e.g., with local surveys like our 2020 Slovenian dataset) is essential to ensure
realism in model outputs.

The implications of our results resonate with urgent policy and conservation challenges
in the Adriatic and the wider Mediterranean. Under the EU MSFD, Member States have to
achieve Good Environmental Status of their marine waters, which implicitly includes the
“health” of coastal habitats such as macroalgal forests. Our projected losses of brown algal
forests in the northern Adriatic therefore raise alarm bells for MSFD assessments: if these
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key habitats disappear, the associated community degradation will likely compromise the
status evaluation according to multiple MSFD descriptors (D1 biodiversity, D4 food webs,
D6 seafloor integrity). To counter these trends, both immediate protection and adaptive
restoration efforts are needed [97]. Reducing local stressors (such as coastal pollution
and construction activities, high sedimentation rates, and overgrazing) can strengthen the
resilience of remaining brown algal forests [44,47]. Continuous monitoring programmes
and an improved management framework are essential to adjust strategies as conditions
evolve [98]. Developing a coordinated observing system for marine macroalgae [38],
combining field surveys and remote sensing [69], is also crucial to track the changes that
our model predicts and to detect early warning signs of local declines or recoveries. The
relevance of these findings is further reinforced by the EU Nature Restoration Law (EU
Regulation 2024/1991) [99], which sets legally binding targets to restore at least 20% of
degraded ecosystems by 2030 and all ecosystems in need of restoration by 2050. Within this
framework, our spatially explicit model outputs offer a practical decision-support tool for
restoration planning by identifying areas where environmental conditions are projected to
remain suitable for brown algal forests under future climate scenarios. For example, parts
of the southern Adriatic that consistently retain higher habitat suitability in our projections
may represent priority areas for conservation and restoration planning, as they are expected
to maintain suitable environmental conditions over the coming decades. Conversely,
northern Adriatic areas projected to fall below suitability thresholds may require more
intensive management interventions or may not represent sustainable restoration targets
under high-emission scenarios [14]. Our results therefore indicate that the restoration of
Cystoseira s.]. forests in climate-sensitive northern regions must be coupled with both local
pressure mitigation and realistic climate projections; otherwise, restoration gains are likely
to be short-lived and vulnerable to rapid reversal [46,62,92].

In conclusion, our integrated approach, combining high-resolution local surveys with
advanced spatial modelling, reveals the gravity of the predicted distribution of brown algal
forests under climate change. Without intervention, we are likely to witness a significant
contraction of these algal forests toward the few remaining favourable pockets, with a
concomitant loss of biodiversity and ecosystem function in vast areas that historically
housed these habitats. Methodologically, we demonstrate that tools like MGWR can greatly
enhance our understanding of spatial ecological processes and thus inform more nuanced
management decisions—a step change over conventional modelling techniques in predict-
ing fine-scale habitat shifts. From a policy perspective, meeting international conservation
and restoration commitments will require urgent, innovative efforts to bolster these un-
derwater forests now, in the narrow window, before climate impacts become irreversible.
Integrating model-based foresight into these efforts and with strong conservation and
restoration activities could tip the balance in favour of these crucial ecosystems. Trying to
protect and preserve brown algal forests in the Adriatic Sea in the face of climate change
will test our ability to integrate science, conservation policy, and field actions. However,
local conservation actions can only delay declines, whereas global climate mitigation is
essential to ensure long-term persistence.
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