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A B S T R A C T

Fishing gear poses a serious threat to coralligenous habitat, causing several damages both during fishing ac
tivities and when lost on the seafloor. Further impacts can arise during the removal of abandoned, lost or 
otherwise discarded fishing gear (ALDFG). The slow growth rate of the coralligenous species suggests a reduced 
ability of this habitat to recover after an extensive damage. This work proposes a protocol to assess the impact of 
ALDFG removal on coralligenous habitat. Seven coralligenous reefs in the Capo Carbonara Marine Protected Area 
affected by ALDFG were compared with nearby unaffected reefs in three time-periods (before the ALDFG 
removal, immediately after, and one year later), applying the BACI (Before-After/Control-Impact) design. Data 
collection followed the STAR protocol (STAndaRdized coralligenous evaluation procedure) to apply the COARSE 
index (Coralligenous Assessment by Reef Scape Estimate) for the assessment of the ecological status of these 
habitats. Results showed a decline in ecological status only at two impact stations immediately after the ALDFG 
removal, followed by a recovery one year later. The intermediate layer of the coralligenous reefs was the most 
affected due to the loss of fast-growing species that colonized the ALDFG and were removed with them. The 
proposed protocol proved effective in assessing the impact of ALDFG removal on coralligenous habitat. 
Considering the importance of maintaining the seascape integrity, which includes the cleaning of ALDFG, this 
study highlights how the ALDFG removal is recommended only after careful evaluation and carried out in a 
manner that does not create further damage to sessile communities.

1. Introduction

Approximately 10 % of marine debris worldwide is attributed to 
discarded fishing gear, which includes used nets, longlines, and cages 
that are either lost or abandoned (Macfadyen et al., 2009). In the 
Mediterranean Sea, the amount of abandoned, lost or otherwise dis
carded fishing gear (ALDFG) is estimated at around 2637–3342 t 
annually (Golik, 1997). Since fishing gear is designed to catch marine 
organisms, ALDFG has a greater impact on marine life than any other 
marine debris (Consoli et al., 2019; Richardson et al., 2022). Any type of 
gear lost on the seafloor during fishing activities can continue to operate, 
capturing or harming marine species while also scraping the substrate 

(Stevens, 2020). This can result in additional negative effects on the 
entire ecosystem, including a loss of biodiversity (Appolloni et al., 
2017), alterations in community composition (Sheehan et al., 2017), 
and the degradation of nursery areas (Melli et al., 2014). Considering the 
threat posed by derelict fishing gear to the conservation of the Medi
terranean biodiversity, the European Union has introduced laws, mea
sures, and monitoring programmes, such as the Marine Strategy 
Framework Directive (MSFD; European Commission, 2008) and the 
Nature Restoration Law (NRL; European Parliament, 2024), to detect, 
protect, and restore vulnerable habitats that are sensitive to ALDFG.

Coralligenous reefs are among the most impacted habitats by ALDFG 
(Ferrigno et al., 2017; Enrichetti et al., 2019a; Ruitton et al., 2019; 
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Gimenez et al., 2022). Although it covers only 0.1 % of the total area of 
the Mediterranean basin, coralligenous habitat hosts 20 % of the Med
iterranean species (Martin et al., 2014), representing one of the most 
important marine habitats globally due to its extensive coverage, rich 
biodiversity, and high productivity (Ballesteros, 2006). Coralligenous 
habitat occurs typically at depths starting from 30 to 40 m and extends 
to the limit of the photic zone, even up to 200 m (Ferrigno et al., 2018a). 
Due to the wide bathymetric distribution and the presence of commer
cially important species, coralligenous habitat is particularly exposed to 
local fishing activities and the subsequent ALDFG impact compared to 
other Mediterranean ecosystems (Bo et al., 2014; Enrichetti et al., 
2019a; Ferrigno et al., 2021). Moreover, nets and longlines often get 
entangled in the complex three-dimensional structure that characterizes 
these habitats, causing breakage and necrosis in many erect species, 
other than capturing vagile organisms and suffocating sessile algae and 
animals (Bo et al., 2014). These effects often result in a decrease in 
habitat heterogeneity, structural integrity, biodiversity, and ecosystem 
function (Bavestrello et al., 1997; Ballesteros, 2006; Martin et al., 2014; 
Enrichetti et al., 2019a; Do and Armstrong, 2023).

Coralligenous habitat is structured into three distinct layers (basal, 
intermediate, and upper) with unique ecological characteristics, and 
responding differently to the presence of ALDFG. The basal layer, pri
marily composed of encrusting organisms that grow to heights of less 
than 1 cm (Gatti et al., 2012), provides essential foundational support 
and is susceptible to physical obstruction and abrasion (Saldanha et al., 
2003; Clark and Koslow, 2007). The intermediate and upper layers are 
generally characterized by vertically growing organisms, which reach 
heights of 1–10 cm in the first layer and more than 10 cm in the second 
one (Gatti et al., 2012, 2015). These canopy-forming species are 
particularly vulnerable to entanglement or physical damage (Ferrigno 
et al., 2021; Macfadyen et al., 2009), and their necrotic tissue can 
become overgrown by epibionts, further altering the habitat structure 
(Ferrigno et al., 2021; Macfadyen et al., 2009).

Numerous quantitative studies have been conducted to understand 
the impact of ALDFG on soft and hard bottom communities (Williams 
et al., 2010; Bo et al., 2014; Ruitton et al., 2019; Angiolillo and For
tibuoni, 2020; Enrichetti et al., 2021; Ferrigno et al., 2021). However, 
little is still known on the recovery capacity of coralligenous habitat in 
response to impact from fishing gears (Auster and Langton, 1999; Fer
rigno et al., 2018a). The slow growth rates of the most abundant and 
structurally important species within the coralligenous habitat indicate 
a limited capacity for recovery after extensive mechanical damage 
(Piazzi et al., 2012). This slow regeneration means that once impacted, 
this habitat may take years, or even decades, to return to its original 
state (Pinna et al., 2024). Evidence has shown that the presence of 
ALDFG on coralligenous habitat contributes to significant biodiversity 
loss (Ferrigno et al., 2021). Additionally, the removal of ALDFG may 
cause further damage, particularly if it takes place long after their 
abandonment on the seafloor, as all the species that have colonized the 
debris are inevitably removed along with it (Ruitton et al., 2020). While 
some knowledge is available, a comprehensive understanding of the 
impact of ALDFG on coralligenous habitat, especially concerning the 
consequences of its removal from the seafloor, remains limited. Mean
ingful insights into the resilience of coralligenous habitat to this type of 
disturbance requires long-term monitoring efforts conducted after the 
removal of ALDFG. Such studies are essential to assess recovery dy
namics, identify potential thresholds of resilience, and guide the 
development of effective management and restoration strategies.

This study presents a new protocol aimed at enhancing our under
standing of the impact of ALDFG on the ecological status of cor
alligenous habitat. It also provides a framework for evaluating the 
effects of ALDFG removal and assessing the subsequent recovery ca
pacity of this ecosystem. The ecological status of coralligenous reefs in 
the Capo Carbonara Marine Protected Area (SE Sardinia, Italy) affected 
by ALDFG was assessed using the BACI sampling design (Before-After/ 
Control-Impact; Underwood, 1992, 1997). Evaluations were conducted 

before, immediately after, and one year following the ALDFG removal, 
with results compared to nearby control sites where no ALDFG was 
present. Data collection followed the STAR protocol (STAndaRdized 
coralligenous evaluation procedure; Piazzi et al., 2019; Piazzi et al., 
2025) for a standardized monitoring on coralligenous habitat. The 
ecological status of the coralligenous reefs was measured with the 
COARSE index (Coralligenous Assessment by Reef Scape Estimate; Gatti 
et al., 2012, 2015), as it allows for separate analysis on the three distinct 
layers of the coralligenous habitat, each responding differently to the 
impact of ALDFG.

2. Methods

2.1. Study area

The Capo Carbonara Marine Protected Area (MPA) is located near 
the town of Villasimius in south-eastern Sardinia (Italy) and was 
established by the Italian Ministry of the Environment in 1998. The MPA 
covers an area of 14,360 ha and includes the Cavoli Island, the Ser
pentara Island and numerous smaller islets and shoals. The MPA is 
divided into four different zones (Fig. 1): i) zone A, which is the integral 
reserve; ii) zone B, which is the general reserve; iii) zone C, which is the 
partial reserve; and iv) zone D, which is the experimental reserve. 
Fishing activities are forbidden in zone A, while in zones B, C, and D they 
are permitted exclusively for residents of Villasimius.

Around the islands and along the coast, rocky reefs of the deeper 
infralittoral and the circalittoral zones are characterized by cor
alligenous habitat that hosts assemblages dominated by calcareous 
algae, gorgonians, and sponges (Orrù et al., 2005; Azzola et al., 2023). 
The seafloor of the Capo Carbonara MPA is characterized by granitic 
rocks that create numerous pinnacles and shoals, which promote the 
entanglement and accumulation of lost fishing gear and other anthro
pogenic debris (Moschino et al., 2019).

2.2. Field activities

Surveying activities were carried out at seven sites within the zones B 
and C of the MPA (Fig. 1), where the presence of ALDFG was reported 
(Fig. 2): Capo Boi (9.44066◦E, 39.11313◦N), Dotti (39.0764◦N; 
9.53995◦E), Gorgonie (39.08426◦N; 9.49423◦E), Punta Karalis 
(9.607633◦E, 39.136667◦N), Punta la Guardia (9.606083◦E, 
39.133800◦N), Santa Caterina (9.49272◦E, 39.08910◦N), and Secca di 
Mezzo (9.52820◦E, 39.05938◦N).

According to the BACI sampling design (Before-After/Control- 
Impact), each site was surveyed at three distinct time periods: before the 
removal of ALDFG (B), immediately after (A), and one year later (O). 
The sites Capo Boi, Punta Karalis, Punta la Guardia, Santa Caterina and 
Secca di Mezzo were firstly surveyed in July 2022, then in September 
2022, and in September 2023. The sites Dotti and Gorgonie were sur
veyed in July 2023, then in September 2023, and in September 2024. At 
each site, two stations were designated: the impact station (I), where 
ALDFG was present, and the control station (C), which did not have any 
ALDFG and was located nearby, sharing the same environmental char
acteristics. A total of 14 stations were investigated.

Data collection followed the STAR protocol (Piazzi et al., 2019; 
Piazzi et al., 2025) and the ecological quality was evaluated through the 
COARSE index (Gatti et al., 2012, 2015). At each station, three repli
cated visual assessments were conducted, each covering an area of 1.5 
m2, at depths ranging from 30 to 40 m. During each replicate, various 
descriptors were recorded for each of the three layers that compose the 
coralligenous habitat. In the basal layer, the percent cover of four 
benthic categories was visually estimated: i) encrusting calcified Rho
dophyta (ECR), ii) non-calcified encrusting algae (NCEA), iii) encrusting 
animals (EA), and iv) turf-forming algae and sediment (TURF/SED). In 
addition, a semi-quantitative assessment of the borer species marks (e.g., 
clionid papillae and bivalve holes) was performed by attributing three 
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classes of abundance (common, occasional, absent). Lastly, the thickness 
of the calcareous concretion was measured in millimetres using a 
handheld penetrometer. In the intermediate layer, a list of conspicuous 
species was compiled. In the upper layer, visual estimates were made for 
the percent cover of each erect species and the percent cover of necrosis 

within each population, and the maximum height of the tallest specimen 
was measured with a ruler (Gatti et al., 2012, 2015).

The removal of ALDFG at each impact stations was carried out by the 
MPA staff under the supervision of biologists to minimise the damages 
on coralligenous assemblages during the removal operations. Once the 
gear was retrieved from the water, its length and total surface area were 
measured. A list of visually identifiable species that were either entan
gled in or encrusted on the gear was compiled, and a semi-quantitative 
assessment of their abundance (expressed as percent cover) was 
performed.

2.3. Data analysis

2.3.1. Ecological status of coralligenous reefs
The COARSE index (Gatti et al., 2012, 2015) was applied to define 

the ecological status of coralligenous reefs at both the impact and the 
control stations across the three time periods, allowing for the identifi
cation of any change before, immediately after, and one year following 
the ALDFG removal. The ecological status of each individual cor
alligenous layer (basal, intermediate, and upper) was also assessed at 
each station to identify the most affected layer by the ALDFG.

A total of nine descriptors were considered for the three layers (Gatti 
et al., 2015). For the basal layer: (i) cover of ECR, NCEA, EA, TURF/SED, 
(ii) thickness and consistency of calcareous layer, and (iii) borers marks. 
For the intermediate layer: (iv) species richness (SR), (v) erect calcified 
organisms (ECO), and (vi) sensitivity of bryozoans. For the upper layer: 
(vii) total cover of erect species, viii) maximum height (MH) of each 
species, and (ix) percentage of necrosis for each species. The criteria 
adopted to assign scores to each descriptor, for each replicate, are 
summarized in the Table S1. Likewise, the classification to define the 
ecological status of coralligenous habitat is showed in the Table S2.

To analyse temporal changes in the basal and intermediate layers 
descriptors, used to compute the COARSE index, two-way analyses of 
variance (ANOVAs) were performed with two fixed and orthogonal 
factors: ‘station type’ (control vs. impact) and ‘time period’ (before, 
immediately after, and one year after the ALDFG removal). Sites served 
as replicates. Tukey's tests were conducted to identify differences in 
descriptor's values across station type and time period. Due to data 

Fig. 1. Map of Capo Carbonara MPA with the zones at different levels of protection and the seven sites (black triangle) where monitoring activities for the evaluation 
of abandoned, lost or otherwise discarded fishing gears (ALDFG) impact were conducted.

Fig. 2. Examples of abandoned, lost or otherwise discarded fishing gear 
(ALDFG) on the Capo Carbonara MPA sea bottoms (Photos by Egidio Trainito).
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heterogeneity in the upper layer descriptors, caused by an over
abundance of zero values where certain species were absent in some 
sites, ANOVA was deemed inadequate for our analysis. Thus, a Linear 
Mixed effects Model (LMM) was applied to assess before/after and 
control/impact effects as well as their interaction, on each upper layer 
descriptors (i.e., erect species).

All statistical analyses were performed using the software R-Studio 
(R Core Team, 2021) and PaSt (Hammer et al., 2001).

2.3.2. Coralligenous community composition
Presence/absence data of species recorded in the intermediate and 

upper layers of the coralligenous reefs were organised into a data matrix 
with dimensions [(time period × station type) × species]. For the ‘time 
period’ factor, three periods were considered: before ALDFG removal 
(B), immediately after (A), and one year after (O). For the ‘station type’ 
factor, two types were included: impact station (I) and control station 
(C). Sites served as replicates.

The data matrix was analysed using the Correspondence Analysis 
(CA) to assess changes in the composition of the coralligenous com
munity immediately after ALDFG removal and after one year. To test for 
significant differences in community composition, a two-way permuta
tional multivariate analysis of variance (PERMANOVA) was performed 
with the same model of univariate analyses, followed by a PAIRWISE 
test for significant terms.

3. Results

3.1. Retrieved fishing gears and entangled species

A total of 1 line, 7 nets, 41 fish traps and 2 ropes have been removed 
between July and September 2022 during the ‘Cleaning coralligenous 
reefs from ALDFG in the Capo Carbonara MPA’ project (Fig. 3, Table 1). 
The most abundant species found in the retrieved ALDFG were: the 
encrusting red algae Lithophyllum stictaeforme, which covered about 10 
% of the total surface area of the retrieved ALDFG, and the erect red 
algae Osmundaria volubilis, whose cover at Punta Karalis reached 70 %; 
the erect bryozoans, which covered about 50 % of the total surface area 
of the ALDFG, mainly composed by the species Pentapora fascialis, 
Smittina cervicornis, and Turbicellepora avicularis; the gorgonians Euni
cella cavolini, for which a total of 11 colonies were found entangled in 
the retrieved ALDFG, Eunicella singularis, with 4 colonies, Leptogorgia 
sarmentosa, with 2 colonies, and Paramuricea clavata, with 10 colonies 
entangled. The same data on the Dotti and Gorgonie sites were unfor
tunately not available.

3.2. Ecological status of coralligenous reefs

The COARSE index revealed an overall good ecological status for the 
coralligenous reefs within the Capo Carbonara MPA at nearly all sites 
and stations (both control and impact), before (B) the ALDFG removal 
(Fig. 4, Table S3). The only exception was Punta la Guardia, where both 
control and impact stations showed a moderate status. Immediately 
following the ALDFG removal (A), the ecological status at the impact 
stations of Punta Karalis and Santa Caterina declined to a moderate 
level. However, within one year after the removal (O), both stations 
exhibited signs of recovery, with the ecological status returning to a 
good level (Fig. 4, Table S3). No changes in ecological status were 
observed over time at the other stations, with Punta la Guardia consis
tently remaining at a moderate status throughout the monitoring period.

Layer-specific analysis revealed different responses to ALDFG 
removal (Fig. 5, Table S4). The basal layer remained stable, with no 
declines in ecological status observed. In the intermediate layer, five 
impact stations experienced a decline in ecological status, with only 
partial recovery recorded one year later. The upper layer also showed 
declines at two impact stations, particularly at Capo Boi and Punta 
Karalis; and no recovery was observed after one year. Control stations 

generally maintained stability, except for Secca di Mezzo, where im
provements in both the intermediate and upper layers were noted, due 
to reduced epibiosis and necrosis.

Two-way ANOVA revealed no significant differences between con
trol and impact stations, nor across time periods, for the descriptors AN 
and TURF/SED cover (Table S5). In contrast, NCEA cover was signifi
cantly affected by time period (p = 0.002), and ECR was significantly 
influenced by the interaction between station type and time period (p =
0.012). The Tukey's test showed no statistically significant differences 
between any pair of station types within each time period (e.g., control 
after vs. control one year after), indicating that the basal layer de
scriptors did not vary significantly between station types, regardless of 
time. These results suggest that the removal of ALDFG had no measur
able effect on this layer (Table S5). In the intermediate layer, species 
richness was significantly affected by removal (p = 0.011), with no 
significant impact from station type (Table S5). The Tukey's test 
revealed a change in species richness in the intermediate layer at impact 
stations, with a significant difference between the period before and 
after the removal of ALDFG (p = 0.004). However, no statistical differ
ences were observed in control stations over time, or between impact 
stations after the removal and one year post-removal. In the upper layer, 
Eunicella cavolini was the most abundant gorgonian species, followed by 
Paramuricea clavata and Eunicella singularis. Linear Mixed Models 
(LMMs) indicated no statistically significant effect of ALDFG on the 
abundance of erect species overall (Table S6.1, S6.2, S6.3).

Fig. 3. Fishing gears (nets, traps, and ropes) retrieved in the Capo Carbonara 
Marine MPA and dead colonies of Eunicella cavolini found entangled within 
them (Photos by Capo Carbonara MPA staff).
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3.3. Coralligenous community composition

Correspondence Analysis (CA) showed no significant shifts in com
munity composition across stations immediately after the ALDFG 
removal (Fig. 6). However, a possible time-related effect was observed 
along the first axis one year after removal, affecting both control and 
impact stations.

PERMANOVA confirmed significant temporal changes in community 
composition (p = 0.009), while neither station type (control vs. impact, 
p = 0.885) nor the interaction between time period and station type (p =
0.996) showed significant effects (Table S7). Consistently, the PAIR
WISE test highlighted significant differences among one year after (O) 
and the other time periods (B and A) (Table S8).

4. Discussion

The removal of abandoned, lost, or discarded fishing gear (ALDFG) 
remains a highly debated issue. While the goal is to protect the marine 
environment, it is not always guarantee that ALDFG removal is the most 
effective strategy (Ruitton et al., 2019, 2020). For instance, when 
ALDFG has been on the seafloor for an extended period, it may have 
already become colonized by a variety of species, including those of high 
conservation priority (Costa et al., 2024). In such situations, removing 
the gear could inadvertently cause further damage, disrupting estab
lished ecological relationships and potentially leading to greater 
ecological impacts.

The new protocol outlined in this study allowed to investigate the 
effect of ALDFG removal on the coralligenous reefs of the Capo Carbo
nara MPA. The ecological status of these habitats was compared before, 
immediately after, and one year after the ALDFG removal by applying 
the COARSE ecological index (Gatti et al., 2012, 2015). A subsequent 

analysis of the coralligenous community composition was conducted to 
offer a more comprehensive understanding of the ecological changes 
resulting from ALDFG removal, as well as the recovery capacity of 
coralligenous reefs following mechanical disturbance. Application of the 
COARSE index showed an overall good ecological status of the cor
alligenous reefs in the before period. After the removal of ALDFG, a 
reduction to a moderate ecological status was observed for two out of 
the seven sites monitored. As a first hypothesis, this could be due to 
organisms that quickly overgrow on ALDFG (e.g., encrusting and erect 
bryozoans, encrusting corallinales, erect algae, Peyssonnelia spp.) that 
increase the specific richness in a given habitat, as it happens with 
artificial substrates (Ostalé-Valriberas et al., 2018). These organisms are 
inevitably removed together with the ALDFG (Moschino et al., 2019). Of 
course, this does not imply that ALDFG enhances the biodiversity of a 
given area. While ALDFG may provide artificial substrates for species 
that colonize them, they also suffocate and contribute to the death of 
many organisms that become entangled or covered (Norris et al., 2011; 
Ruitton et al., 2019). As a positive outcome, the coralligenous reefs 
ecological status at both impact sites showed recovery one year after the 
removal of ALDFG, returning to a good ecological status similar to that 
observed before the gear's removal.

A better understanding of the effect of ALDFG removal on the cor
alligenous habitat was obtained by analysing the three coralligenous 
layers (basal, intermediate, and upper) separately, both in the impact 
and control stations. Before the removal of the ALDFG, the basal layer 
showed either a high or a good ecological status in all the monitored 
sites, and in both control and impact stations, and no changes were 
observed over time after the removal of ALDFG on this layer. The species 
inhabiting the basal layer (mainly encrusting species, such as algae, 
bryozoans, and sponges) are less sensitive to mechanical damages than 
the erect species of the intermediate and the upper layers, although 
during the monitoring activities some bleached corallinales were 
observed, likely due to being covered by ALDFG. A similar effect has 
been described in coralligenous reefs affected by benthic mucilage 
(Piazzi et al., 2018) and a decrease of encrusting coralline algae is re
ported for coralligenous assemblages subjected to high sedimentation 
rate (Balata et al., 2005). These patterns suggest that the impact due to 
the presence of ALDFG may be comparable to that described for other 
alterations affecting this habitat and relate to a covering effect. Never
theless, the analysis conducted on the cover of the basal layer descriptors 
(i.e., encrusting calcified Rhodophyta, non-calcified encrusting algae, 
encrusting animals, turf-forming algae and sediment) did not show 
significant differences between any pair of station types within each 
time period suggesting that ALDFG removal did not significantly affect 
the basal layer of the coralligenous habitat. It is worth highlighting that 
this could also be related to the size of the ALDFG, which may have 
covered only a limited area of the seafloor, and/or to their residence 
time, which may have been too short to suffocate a significant amount of 
the organisms below (Macfadyen et al., 2009; Ruitton et al., 2020; 
Enrichetti et al., 2021).

The intermediate layer showed the most significant response to 
ALDFG removal when comparing control and impact stations. In fact, a 
reduction in the ecological status from high/good to moderate was 
observed in five out of the seven impact stations monitored immediately 
after the ALDFG removal. In three of these stations, a recovery in 
ecological status was observed one year later. Moreover, the mean 
number of conspicuous species in the intermediate layer was 

Table 1 
Characteristics of the fishing gears that were measured upon retrieval, and the cover of entangled species that was visually assessed.

Capo Boi Punta Karalis Punta la Guardia Santa Caterina Secca di Mezzo

Gear type Net Net Trap Net Net Net Net Net Rope Net Trap Trap Rope Line Net Trap

Length (m) 15 130 29 26 25 25 50 30 20 20 5 6 50 25 15 1
Width (m) – – 0.4 1 1 1 0 0.2 – – 0.45 1 – – – 0.45
Species cover (%) 70 60 75 75 70 80–85 40 70 0 60 0 0 80 0 85 0

Fig. 4. COARSE Index scores (represented by circles) for the seven monitored 
sites in the Capo Carbonara MPA, at each station (control and impact), across 
the three time periods (B: before, A: immediately after, and O: one year after 
ALDFG removal). Colours indicate ecological status level (see Table S2): green 
represents good ecological status and yellow represents moderate ecological 
status. Changes in ecological status through time are highlighted with arrows. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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significantly affected by time period, which number decreased from 9 to 
7 after the removal in the impact stations and then increased to 8 one 
year later. This is confirmed by the qualitative observation done on the 
retrieved ALDFG, where the most abundant entangled species were 
bryozoans, filamentous algae and Osmundaria pelagosae, all erect species 
that characterise the intermediate layer of the coralligenous habitat.

An overall high or good ecological status resulted from the upper 
layer of the coralligenous reefs (apart for Punta la Guardia, where it was 

moderate). A reduction in ecological status was observed at two impact 
stations immediately after the ALDFG removal. Due to their three- 
dimensional structure, gorgonians that characterise the upper layer of 
coralligenous habitat are among the most vulnerable to the impact of 
ALDFG, making them particularly prone to entanglement (Giusti et al., 
2019; Betti et al., 2020). However, in the present study the abundance of 
gorgonians did not significantly change over time, and the observed 
reduction in ecological status can be mainly attributed to a reduction in 
their height. For both impact stations, no recovery in ecological status 
was observed one year later. In contrast, an improvement in the 
ecological status of the upper layer at Secca di Mezzo was noted, 
attributed to a reduction in gorgonian epibiosis and necrosis.

Overall, the intermediate and upper layers were the most affected by 
ALDFG removal and should therefore be prioritized during such oper
ations. Minor changes in species abundance were detected, consistent 
with the community composition analysis, which revealed little change 
before and immediately after ALDFG removal, followed by a significant 
shift one year later. This community shift might be due to a combination 
of natural and anthropogenic pressures, which can occur in addition to 
the impact of ALDFG. The fact that both control and impact stations 
showed similar trends clearly suggests that the observed changes are not 
attributable to ALDFG removal, but rather to an ‘outside effect’, which is 
unfortunately difficult to identify. However, the analysis on each 
COARSE index descriptor (each of which responds differently to pres
sures) and community composition raised hypotheses about the role of 
climate change in this community shift. A decline in the abundance of 
gorgonians and bryozoans between 2016 and 2020 following heat waves 
has already been reported in the Capo Carbonara MPA (Piazzi et al., 
2018, 2021). Similarly, rocky reef communities within this protected 
area have experienced significant changes over the past 20 years, pri
marily driven by seawater warming (Azzola et al., 2022). All these 

Fig. 5. COARSE Index scores for the coralligenous layers (basal, intermediate, and upper) of the seven monitored sites in the Capo Carbonara MPA, at each station 
(control and impact), across the three time periods (before, immediately after, and one year after ALDFG removal). Colours indicate ecological status level (see 
Table S2): blue represents high ecological status, green represents good ecological status, and yellow represents moderate ecological status. Changes in ecological 
status through time are highlighted with arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 6. Correspondence Analysis (CA) plot of the Capo Carbonara MPA moni
tored stations represented by alphabetic codes, with the time period (B: before 
ALDFG removal in orange; A: immediately after the removal in brown; O: one 
year after the removal in red), followed by the station type (C: control; I: 
impact). Centroids of the replicates for each time period are in bold. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

A. Azzola et al.                                                                                                                                                                                                                                  Marine Pollution Bulletin 216 (2025) 118004 

6 



additional factors may have blurred the analysis on the effects of ALDFG 
removal, as well as could have slowed down or reduced the cor
alligenous habitat recovery capacity in the short time. Considering the 
slow growth rate of many coralligenous species, it would be advisable to 
extends monitoring efforts over a longer time frame in the future.

Preliminary analyses on the areas affected by ALDFG are essential to 
determine whether removal actions should be conducted or not. An 
existing robust approach for assessing the effects of ALDFG and deter
mining the most appropriate removal strategy (Ruitton et al., 2019, 
2020) considers factors such as the scale of the impact, the size and type 
of fishing gear, and information about species that colonized or became 
trapped in the nets. Notwithstanding these considerations, the new 
protocol proposed in this study proved successful in assessing the impact 
of ALDFG removal on the coralligenous habitat. The application of the 
protocol, employing divers, is limited to shallower coralligenous reefs, 
but most of ALDFG involves deeper reefs (Bo et al., 2014; Ferrigno et al., 
2018b; Enrichetti et al., 2019a) where monitoring and removal activities 
are normally conducted by ROV. However, the approach followed to 
develop the protocol described in this paper may potentially also be 
valid for deeper coralligenous reefs, by appropriately modifying sam
pling methods and descriptors, for example by using ROV and applying 
MACS Index (Mesophotic Assemblages Conservation Status; Enrichetti 
et al., 2019b).

The monitoring activities carried out at Capo Carbonara MPA are an 
effective example of how the ALDFG removal is recommended when it is 
done by trained operators and in a way that does not create further 
damages on the sessile communities. In addition to its natural value, 
coralligenous habitat also has an aesthetic and economic value, as it 
represents an attractive for divers (Rodrigues et al., 2016). The main
tenance of the seascape integrity, which also includes the cleaning of 
ALDFG, must be widely considered in the conservation activities of any 
MPA.
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Ostalé-Valriberas, E., Sempere-Valverde, J., Coppa, S., García-Gómez, J.C., Espinosa, F., 
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