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Abstract This study investigates the genotoxic
effects of tourism on two sentinel crab species (John-
garthia lagostoma and Grapsus grapsus) in the Fer-
nando de Noronha Archipelago, Brazil, a Marine
Protected Area and World Natural Heritage Site—
sampling (October 2020-June 2022) covered periods
of varying tourist influx due to COVID-19 restric-
tions. Genomic damage was assessed using micronu-
cleus (macrolesions) and comet assays (microlesions)
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in hemolymph samples from crabs at two sites: Dol-
phin Trail (low visitation) and Porto de Santo Ant6nio
Beach (high visitation). DNA damage increased with
tourist numbers. In J. lagostoma, macrolesions rose
from 3.2 MN/1000 cells (October 2020, 3261 tour-
ists) to 8.8 MIN/1000 cells (February 2022, 10,918
tourists), while microlesions increased from a dam-
age index (DI) of 119.1 to 231.5. Grapsus grapsus
was a more susceptible species, with macrolesions
rising from 5.4 to 10.2 MN/1000 cells and microle-
sions from 184.7 to 303.1 DI (October 2020-October
2021, 12,085 tourists). Regression analysis revealed
a strong correlation between tourist numbers and
DNA damage, particularly in J. lagostoma (R*=0.99;
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p<0.001). G. grapsus experienced more signifi-
cant genomic damage due to its exposure at Porto
de Santo Antdnio Beach, a major tourist site, while
J. lagostoma presented lower damage in the less dis-
turbed Dolphin Trail. On average, G. grapsus had a
1.5-fold higher microlesion index (240.1 DI) than J.
lagostoma (159.0 DI), highlighting interspecific dif-
ferences. These findings highlight island ecosystems’
vulnerability and the urgent need for conservation
strategies to mitigate tourism-induced genomic dam-
ages in biota.

Keywords DNA lesions - Tourism impact -
Johngarthia lagostoma - Grapsus grapsus

Introduction

The effectiveness of Marine Protected Areas (MPAs)
in preserving biodiversity remains a highly debated
topic. Within these areas, conflicts of interest have led
to varying approaches to land use, occupation, and
access to natural resources (Jeronymo et al., 2021).
As a result, the core objective of MPAs—conserving
ecosystems, ecological processes, and species—has
been increasingly challenged by human expansion
and resource exploitation. Consequently, anthropo-
genic pressure is the primary reason for implement-
ing effective management plans to mitigate negative
human impacts and preserve ecological integrity
(Geldmann et al., 2019; Jeronymo et al., 2021; Witt
et al., 2023).

Given the significant advancements in environ-
mental science and technology, it is no longer justi-
fiable to establish ecological management protocols
that lack a foundation in scientific evidence. Scientific
knowledge provides essential tools for MPA planning
and management, enhancing the effectiveness of con-
servation efforts. However, this knowledge remains
underutilized and insufficiently integrated into man-
agement plans for MPA (Mills et al., 2020).

A primary concern regarding Fernando de
Noronha is that oceanic island ecosystems are highly
vulnerable to environmental disturbances, requir-
ing stronger protective measures (Delgado & Riera,
2020; Delgado et al., 2017; Fernandes & Pinho, 2017,
Pereira et al., 2024). Due to their high biological
value (Delgado et al., 2017; Kueffer & Kinney, 2017)
and limited ability to recover from ecological impacts
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(Delgado & Riera, 2020), these islands demand spe-
cific conservation strategies. Tourism-related activi-
ties further exacerbate their vulnerability, as their nat-
ural beauty and habitat diversity attract many visitors
(Ma et al., 2020). These impacts can be long-lasting
and, in some cases, irreversible, threatening the sta-
bility of island ecosystems (Nogué et al., 2021).

Fernando de Noronha is recognized for its eco-
logical significance. It is classified as a World Natural
Heritage Site by UNESCO (Pereira et al., 2024) and
a priority MPA for conserving endemic species and
marine communities in the South Atlantic (Aradjo
et al., 2023). This archipelago is in the Atlantic Ocean
(03°51" S-32°25" W), northeast of Brazil, covering
26 km? and comprising 21 volcanic islands (Aratjo
et al., 2023; Pereira et al., 2024). Two MPA define
the archipelago: the Fernando de Noronha Marine
National Park (PARNAMAR-3°45" S to 3°56
S/32°20" W), which accounts for 70% of its total area,
and the Environmental Protection Area (APA) of Fer-
nando de Noronha-Rocas-Sdo Pedro and Sao Paulo
(3°45" S to 3°57' S/32°19" W to 32°41" W), occupy-
ing the remaining 30% (Aradjo et al., 2023; Pereira
et al., 2024). The resident population of approxi-
mately 3500 people lives within the APA on the main
island. However, tourism, the archipelago’s primary
economic activity, significantly increases the transient
population, with over 123,000 visitors recorded in
2023 (Globo, 2024).

Like other island ecosystems, Fernando de
Noronha has faced governance failures, particularly
in tourism control (Fioravanso & Nicolodi, 2021;
Pereira et al.,, 2024). Globally, tourism is recog-
nized as a major driver of environmental degradation
in these settings (Bennett & Dearden, 2014; Car-
valho et al., 2016; Rees et al., 2015). In Fernando de
Noronha, environmental challenges resemble those
of urban areas, exacerbated by weak institutional
integration and non-compliance with environmental
regulations, contributing to socio-environmental con-
flicts. The current situation could lead to social, eco-
logical, and economic collapse (Bennett & Dearden,
2014; Pereira et al., 2024).

Unusually, tourism’s influence on the archipelago
was temporarily interrupted when Fernando de Noronha
was closed to visitors on March 21, 2020, due to the
COVID-19 pandemic. Within days, the floating popu-
lation of around 7100 people per month dropped to
approximately 3500, matching the resident population
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(CNN, 2021). The island remained closed until Sep-
tember 1, 2020, when access was granted only to indi-
viduals who had recovered from SARS-CoV-19 (Globo,
2020; Correio Brasiliense, 2020). About 2 weeks later,
entry was permitted to vaccinated individuals who
tested negative, following strict health protocols (Folha
de Pernambuco, 2020). These restrictions provided a
unique opportunity to study the effects of tourism on the
archipelago. The temporary decline in visitors allowed
researchers to monitor the gradual return of tourism
and assess its ecological impact. Strengthening the link
between science and society, this study aimed to evalu-
ate the effects of tourism in Fernando de Noronha by
analyzing genomic damage in two sentinel crab species:
Grapsus grapsus (Linnaeus, 1758), a crab inhabiting
intertidal rocky shores, and Johngarthia lagostoma (H.
Milne Edwards, 1837), a terrestrial crab distributed only
in terrestrial environments.

Measuring genomic damage in sentinel species,
such as DNA macrolesions through the micronucleus
assay (MN%o) and microlesions using the comet assay
(CO), offers a direct and sensitive assessment of expo-
sure to genotoxic environmental stressors (Picinini-
Zambelli et al., 2025). These biomarkers have been
widely applied in ecotoxicological studies across vari-
ous coastal ecosystems (Truchet et al., 2025), including
mangroves and estuaries (Lima et al., 2019; Silva et al.,
2024), as well as in Marine Protected Areas (Pinheiro
et al., 2013). Their use enables the early detection of
sublethal effects on biota, often preceding visible signs
of ecological degradation. This approach strengthens
ecological monitoring, supports the identification of
pollution sources, and informs conservation and man-
agement strategies (Adam et al., 2023). Therefore, gen-
otoxic biomarkers in sentinel species represent a robust
tool for assessing the environmental quality of sensitive
or impacted habitats.

The aim of this study was to assess the environ-
mental effects of intensified tourist activity in Fer-
nando de Noronha by applying genomic damage
quantification techniques, using two crab species as
sentinel organisms.

Material and methods

After the admission of non-infected and/or vaccinated
individuals to the island was permitted, researchers

were able to initiate sampling campaigns on Grapsus
grapsus and Johngarthia lagostoma. The first sam-
pling occurred in October 2020, followed by subse-
quent campaigns in July 2021, October 2021, Febru-
ary 2022, and June 2022.

Study area

Two collection sites were established on the main
island of the archipelago (Fig. 1): Dolphin Trail (DT)
and Porto de Santo Antonio Beach (PSAB). These
sites represent distinct environments: DT, a terrestrial
area within the Marine National Park, where John-
garthia lagostoma was collected; and PSAB, a rocky
coastal area within the Environmental Protection
Area (APA), where Grapsus grapsus was sampled.

Sentinel species

Johngarthia lagostoma is a terrestrial crab spe-
cies belonging to the family Gecarcinidae, one of
the most adapted to terrestrial life (Marin & Tiunov,
2023; Jodo et al., 2023) and has an omnivorous diet
(Entringer-Jr & Srbek-Araujo, 2023; Teschima et al.,
2016). It is endemic to only four oceanic islands in
the Atlantic Ocean. From the juvenile phase, this spe-
cies is found exclusively in terrestrial environments
(e.g., from beaches to mountains, generally associated
with grassy and arboreal forests), among the main
areas of tourism impacts.

Conversely, Grapsus grapsus is a semi-terrestrial
crab from the family Grapsidae, inhabiting intertidal
rocky coastal environments on tropical and subtropi-
cal oceanic islands in the Atlantic and Pacific Oceans,
where both terrestrial and marine factors influence
its behavior. This species is also omnivorous, feeding
on a wide range of food items, from algal matrices
on rocks to newborn seabirds and turtles (Teschima
et al., 2016), representing the aquatic matrix, which
is also impacted by human activities. The contrasting
feeding habits and lifestyles of these species trans-
late into distinct associations with biotic and abiotic
matrices (Pinheiro et al., 2021), making them valu-
able sentinel species for monitoring environmental
quality (Adam et al., 2023).

All specimens collected in Fernando de Noronha
were adult males, with carapace widths exceeding
the species-specific maturity sizes (G. grapsus: 51.4
mm, Freire et al., 2011; J. lagostoma: 58.0 mm, Jodo
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32°27' 00" W

Fig.1 Map of Fernando de Noronha Island, a Brazil-
ian oceanic archipelago in the South Atlantic Ocean. Sam-
pling locations are indicated on the map: DT (Dolphin Trail;
3°50"10.00"S, 32°23'60.00"W) and PSAB (Porto de Santo

et al., 2022). As recommended by Pinheiro et al.
(2012) and Duarte et al. (2016), this ensured sex and
maturity standardization, minimizing biomarker bias
and enhancing size homogeneity for more reliable
comparisons. Size uniformity also favors consistent
responses to chronic contaminant exposure, reduc-
ing confounding effects. The carapace width was
measured using a plastic reference template, and
only mature individuals were selected.

Sampling of biological material from sentinel species
A total of ten animals of each species were col-

lected during each expedition, from which 0.5
mL of hemolymph was extracted using syringes
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Antdnio Beach; 3°5126.00"S, 32°26'30.00"W). A north arrow
and scale bar are included for spatial reference. Image source:
Google Earth™, CNES/Airbus, Maxar Technologies, Coperni-
cus. Image date: July 23, 2023. Coordinates in WGS84 format

containing 0.1 mL of hemolymph anticoagulant. A
drop of this mixture was placed on a microscope
slide to prepare a smear. Two slides per animal
were made for the subsequent analysis of genomic
macrolesions using the Micronucleus Assay. The
remaining cellular solution was stored in Eppen-
dorf tubes, protected from light, for transport to the
processing site and preparation for the analysis of
micro lesions using the comet assay.

The microlesion analysis could not be performed
on the animals collected in June 2022 due to field
sampling issues. After the biological material was
collected, all animals were released at their original
capture sites. The environmental agency authorized
the sampling procedure (License SISBIO/ICMBio
#75,834).
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Table1 Statistical Month/year ~ MN (MN cells/1000) CO (damage index) NT*

summary of the genome

macrolesions (MN, n Min Max x+s n Min Max xz+s

micronucleus assay as MN

cells/1000) and genome Johngarthia lagostoma

microlesions (CO, comet Oct 2020 10 2 6 32+14 10 104 144  119.1+125 3261

assay as damage index) Jul 2021 10 4 13 85+3.0 10 109 152  1265+13.8 10,367

for two crab species

(Johngarthia lagostoma Oct 2021 10 7 12 94+19 10 122 198  159.0+212 12,085

and Grapsus grapsus) Feb 2022 10 5 13 88+27 10 216 252 2315+95 10,918

at Fernando de Noronha Jun 2022 8 3 19 7.6+51 - - - - 10,535

Archipelago from samples Total 48 2 19 75436 40 104 252 159.0+47.2

obtained between October G

2020 to June 2022, in rapsus grapsus

function of the number of Oct 2020 10 3 8 54+18 10 157 201  184.7+124 3261

tourists (NT). n, number of Jul 2021 8 3 11 73424 10 209 242  2284+10.6 10,367

samples; Min, minimum; Oct 2021 10 8 14 102422 10 214 289  244.0+23.5 12,085

Ma, maximum; x, mean; 5, b 2022 0 7 10 80+£12 10 278 335  303.1+164 10918

standard deviation Fe e A+ 10. ’
Jun 2022 10 5 11 75+18 - - - - 10,535
Total 48 3 14 77+24 40 157 335  240.1+45.8

Genotoxicity tests

Both laboratory procedures for genome damage used
in this study followed the protocols described by
Adam et al. (2023). The results for DNA microlesions
(comet assay) were expressed as DNA damage lev-
els, quantified by tail length, percentage of tail DNA,
and tail moment, during electrophoresis. In contrast,
the macrolesions (micronucleus assay) results were
expressed as the number of micronucleated cells per
1000. As previously mentioned, the number of tour-
ists visiting the island during the sampling months
was obtained from data provided by the Fernando de
Noronha State District Administration.

Statistical analyses

Statistical analyses were performed in R Core Team
(2021) using the methods described by Sokal and
Rohlf (2003). Empirical data on quantitative vari-
ables of DNA damage (microlesions, assessed by
the comet assay; and macrolesions, evaluated by the
micronucleus assay) were first subjected to a normal-
ity test (Shapiro—Wilk, SK) and a variance homoge-
neity test (Levene, L). If normality and homoscedas-
ticity were confirmed, means were compared using
ANOVA followed by Tukey’s HSD post hoc test. If
these assumptions were not met, means were com-
pared using the Kruskal-Wallis test, followed by

Nemenyi’s post hoc test (Pohlert, 2014; Zar, 1999).
Thus, data for each variable for J. lagostoma and G.
grapsus were compared between sampling months
based on their statistical assumptions, with a 5% sig-
nificance level.

Results

The DNA macrolesion (MN) variable for both species
met the assumptions of normality (Shapiro—Wilk test:
SW>0.952, P>0.553) and homogeneity of variances
(Levene’s test: L>0.309, P>0.667). Accordingly, each
dataset was analyzed by ANOVA, followed by Tukey’s
HSD post hoc test when appropriate. The monthly aver-
ages of DNA macrolesions (MN) for both species fol-
lowed the same variation trend, with this biomarker
being associated with the impact caused by tourism
activity (Table 1, Fig. 2). The lowest MN averages
recorded for both species occurred in October 2020 (J.
lagostoma, 3.2 MN/1000; G. grapsus, 5.4 MN/1000),
linked to a lower tourism impact in this same month
(3261 tourists). These averages significantly contrasted
with those of this parameter in subsequent months,
from July 2021 to June 2022 (J. lagostoma, 7.6 to 9.4
million per 1000; F=7.17, P<0.001; and G. grapsus,
7.3 to 10.2 million per 1000; F=6.26; P<0.001), when
the tourism impact exceeded 10,000 tourists.

The DNA microlesion (CO) variable showed
homogenous variances between species (Levene’s test:

@ Springer
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Fig. 2 Genome-damaging by macrolesion data (MN, micro-
nucleus assay) registered for two crab species (Johngarthia
lagostoma and Grapsus grapsus) at Fernando de Noronha
Archipelago from samples obtained between October 2020 and
June 2022; bars, biomarker mean; vertical line, the standard
deviation of the means. Means of the same species associated
with different letters have statistically significant differences
(P<0.05) by ANOVA followed by Tukey HSD post hoc test

L=0.030, P=0.864), but normality was only confirmed
for G. grapsus (Shapiro—-Wilk: SW=0.958, P=0.160;
J. lagostoma: SW=0.857, P=0.00013). Thus, com-
parisons were made using the Kruskal-Wallis test with
Nemenyi’s post hoc.

This analysis revealed a gradual increase in the
averages of microlesions over the 18-month study
period (Table 1, Fig. 3), with the damage index rising
by 1.6 to 1.9 times for G. grapsus and J. lagostoma,
respectively, when comparing the averages from
October 2020 (the first month of analysis) to Febru-
ary 2022 (the final month of analysis).

A gradual and significant increase in microlesions
(CO) was detected over the months in both species (G.
grapsus: KW=33.04, P<0.0001; and J. lagostoma:
KW=30.49, P<0.0001), with a more pronounced
pattern in G. grapsus, as indicated by its higher values
(184.7-303.1) compared to J. lagostoma (119.1-231.5).
Nonetheless, both species showed similar relative varia-
tion (45.8% and 47.2%, respectively).

It is also important to note that the two crab spe-
cies responded differently to anthropogenic impact
(number of tourists). In G. grapsus, a significant con-
trast in the damage index averages emerged starting in
the second month of analysis (July 2021), coinciding
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with a 3.2-fold increase in monthly tourist numbers
compared to the initial analysis in October 2020. In
contrast, J. lagostoma was only observed starting
from the third month of analysis (October 2021),
when the tourism impact had risen 3.7-fold compared
to the initial analysis (October 2020).

The genotoxic impact (MN) showed a positive
correlation with tourism intensity (NT) for both spe-
cies (r>0.850), although this association was only
significant for J. lagostoma (r=0.995; P <0.0001)
(Fig. 4A). Nevertheless, the fit of the points using a
simple linear function was significant when these
two species were evaluated separately in terms of
the relationship between MN vs. NT—J. lagos-
toma (MN=0.0007-NT+0.904; R>=0.990) and
G. grapsus (MN=0.0004-NT +3.73; R>=0.726)—
or grouped (MN=0.0006-NT+2.32; R>=0.848)
(Fig. 4B), enabling the conversion between these var-
iables in each case.

Regarding the total genome damaging (MNs)
analyses conducted for the two species, the mean
frequency of micronucleated cells (J. lagostoma,
7.5+3.6 MN%o; G. grapsus, 7.7+2.4 MN%o) did
not differ significantly (F=0.16; P=0.688). Over-
all, the MN%o results for both species in Fernando

OJohngarthia lagostoma

CO (DNA Microlesions) OGrapsus grapsus
@Tourism (x 1,000)
350 30
300 1 o 258
=
% 250 =
% c k20 x
£ b c 3
o 200 1 2
2 a L 15 'g'
E 150 - B 2
Z k]
=4 a L10 2
8 100 8
s E
50 3
0 - T T T — 0
Oct/20 Jul/21 Oct/21 Feb/22
Month / Year

Fig. 3 Genome-damaging by microlesion data (CO, comet
assay) registered for two crab species (Johngarthia lagostoma
and Grapsus grapsus) at Fernando de Noronha Archipelago
from samples obtained between October 2020 and February
2022; bars, biomarker mean; vertical line, the standard deviation
of the means. Means of the same species associated with differ-
ent letters have statistically significant differences (P <0.05), by
Kruskal-Wallis, followed by Nemenyi’s post hoc test
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12
© Johngarthia lagostoma
MN =0.0007- NT + 0.904 (R? = 0.990)
10 1 r=0.995 (P = 0.000372)
© Grapsus grapsus
MN =0.0004- NT + 3.73 (R* = 0.726)
r=0.852 (P = 0.0669)

MN (micronucleated cells / 1,000)
[}

0 2000 4000 6000 8000 10000 12000 14000
NT (number of tourists)

Fig. 4 Regression analysis and correlation to the relation-
ship MN (micronucleated cells/1000) vs. NT (number of tour-
ists) registered at Fernando de Noronha Archipelago (Brazil)

de Noronha were much higher than those observed
on Trindade Island (J. lagostoma, 1.3+1.2 MN%o;
F=28.18, P<0.0001; G. grapsus, 4.6 +4.2 MN%o;
F=10.21, P=0.0023), showing 5.8 and 1.7 times
increases, respectively.

On the other hand, there was a significant contrast
between the two species regarding genome microle-
sions (comet assay), with the mean value for G. grap-
sus (240.1+45.8 DI) being 1.5 times higher than that
of J. lagostoma (159.0+47.2 DI) (Kruskal-Wallis:
KW =32.35; P<0.0001).

Discussion

The fragility of an environment is often only revealed
over time. In this context, quantifying genome dam-
age in sentinel species can uncover the impact of
potential environmental stressors, even when they
may not initially appear harmful. This is evident in
the case of tourism in Fernando de Noronha. The
results of this study demonstrated a growing effect of
genome damage in sentinel species (Grapsus grapsus
and Johngarthia lagostoma) as tourism intensified on
the island following the lifting of visitation restric-
tions imposed during the COVID-19 pandemic.

B

12
© Johngarthia lagost + Grap grap
10 MN = 0.0006-NT + 2.32 (R* = 0.848) (o)
r=0.921 (P = 0.000154) 15
OO
8 @

MN (micronucleated cells / 1,000)
(=]

0 2000 4000 6000 8000 10000 12000 14000
NT (number of tourists)

for Johngarthia lagostoma and Grapsus grapsus, in 5 months
comprising from October 2020 to June 2022 for each species
separately (A) and grouped (B)

Both sentinel species responded negatively to the
increase in tourists on the island, exhibiting high lev-
els of genome damage, as indicated by the presence
of micronucleated cells and microlesion indices.
Comparatively, J. lagostoma exhibited lower impacts
than G. grapsus, generally showing lower genotoxic
effects as measured by both biomarkers: micronu-
cleus (MN) and comet (CO) assays. This may reflect
the terrestrial habits of J. lagostoma, suggesting that
tourism impacts insular terrestrial habitats as well,
although to a lesser extent than aquatic environments.

The Dolphin Trail, where J. lagostoma was sam-
pled, is located within the Marine National Park and
is primarily used for dolphin-watching, as dolphins
use the bay for feeding and reproduction. This land-
based tourist attraction contrasts with the island’s
main draw—its beaches and the opportunity to
observe dolphins from boats during tourist excur-
sions. As a result, visitation to the trail is compara-
tively lower than to the island’s main beaches. How-
ever, despite the lower human footprint in the trail
area, we still detected associated genome disturbance
effects. This difference may have contributed to the
lower expression of genome damage in J. lagostoma
compared to G. grapsus, as specimens of G. grapsus
were collected on the rocky coast from one of the

@ Springer
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most visited beaches on the island, Porto de Santo
Antodnio Beach.

Porto de Santo Antonio Beach, part of the Envi-
ronmental Protection Area (APA), serves as a port
and receives numerous boats for tourist excursions,
sport fishing, diving, and island supply operations,
resulting in a high number of daily visitors. The
disparity in genome damage between the two spe-
cies likely reflects the different characteristics of
their sampling sites. This conclusion is further sup-
ported by the rising microlesion indices in G. grap-
sus starting from the second sampling (July 2021),
when tourism increased 3.7 times compared to
October 2020. In contrast, in J. lagostoma (a more
terrestrial species), microlesion indices (comet
assay) only increased in October 2021, 3 months
later. These findings suggest that tourism may have
a faster and more pronounced impact on environ-
ments with a higher influence on the water.

Importantly, this hypothesis can serve as founda-
tional evidence to support the development of new
and updated regulations addressing the frequency
and intensity of human activities in aquatic insular
environments. Specifically, this includes controlling
the number of tourists and regulating the frequency
and number of boats operating in Marine Protected
Areas (MPAs).

It is also worth noting that no entrance fee is
charged for accessing Porto de Santo Antdnio
Beach, making it one of the few freely accessible
beaches on the island. In contrast, a fee is required
to visit the beaches and attractions within the
Marine National Park, where the Dolphin Trail is
located. The easy access to Porto de Santo Antonio
Beach likely contributes to its higher visitation
rates, including by island residents, leading to a
more significant impact, as demonstrated by the
higher frequency of genome damage in G. grapsus.

The influence of human activity on the environ-
ment of Fernando de Noronha was also highlighted
by Aratjo et al. (2023). Similar to the genotoxic
impacts observed in crabs in this study, Aradjo
et al. (2023) reported high genotoxic effects in
shark species, Negaprion brevirostris (Poey,
1868) and Galeocerdo cuvier (Péron & Lesueur,
1822), sampled in Fernando de Noronha, using
two genomic damage biomarkers (micronuclei and
nuclear morphological alterations). The research-
ers attributed this high impact to surfactants in

@ Springer

the water, which were linked to the large influx
of tourists on the island. Surfactants, commonly
found in cleaning products, cosmetics, and pesti-
cides, are closely associated with human activities
and are released into the island’s environment due
to inadequate waste treatment and sanitation sys-
tems (Aradjo et al., 2023).

In a separate study, Aratjo et al. (2024) also found
various metals in the blood of the same shark spe-
cies, which exhibited high levels of genome damage
in their erythrocytes. This research similarly linked
these effects to anthropogenic activities and the
island’s inadequate waste management and environ-
mental policies.

Fernando de Noronha faces challenges like those
of many Environmental Protection Areas in Bra-
zil and globally, particularly regarding management
(Belsoy et al., 2012; Fioravanso & Nicolodi, 2021;
Sezerel & Karagoz, 2023; Witt et al., 2023). In this
context, the absence of a strategic sustainability plan
for the island’s activities has become a significant
concern. Currently, Fernando de Noronha lacks a
Local Tourism Plan. However, the findings of Araijo
et al. (2023), Aragjo et al. (2024), and this study pro-
vide strong scientific evidence to support the urgent
development of such a plan. These studies encompass
vertebrate and invertebrate species inhabiting terres-
trial and aquatic environments under different eco-
logical conditions, allowing for a comprehensive and
integrative approach.

The existing policy falls under the Integrated Sus-
tainable Tourism Development Plan for the Costa dos
Arrecifes region, developed in 2012 (Pereira et al.,
2024). This plan’s outdated nature, combined with
insufficient enforcement, has hindered the archipela-
go’s sustainable development. Some non-governmen-
tal organizations have attempted to create educational
and awareness programs promoting sustainable tour-
ism in Fernando de Noronha. However, these efforts
have not addressed the island’s broader ecological
challenges (Pereira et al., 2024).

A 2007 study established Fernando de Noronha’s
carrying capacity, estimating the island’s global
capacity at 6000 people. At that time, the Environ-
mental Vulnerability Index (EVI) had already classi-
fied the island as a “highly vulnerable environment.”
Despite these estimates, and with a resident popula-
tion of approximately 3300 people in 2024 (IBGE,
2024), the floating population of tourists significantly
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contributes to the ecosystem’s degradation, as evi-
denced by the genome damage observed in sentinel
species.

The maximum carrying capacity determined by
the island’s administration permits a daily flow of
675 visitors. However, in contrast to the regulations
designed to ensure sustainability, tourism growth has
resulted in a daily flow of 812 tourists. In 2021, the
island received 114,106 tourists (Pereira et al., 2024).
Recent data comparing the first six months of 2023
(50,235 tourists) with the same period in 2024 show
a 13.36% increase, reaching 56,948 tourists in 2024
(ICMBio, 2024).

This scenario raises concerns about the propor-
tionality of ecological and biological disturbances,
including those at the genomic level, which are not
immediately visible to the naked eye but are demon-
strated in this study.

The apparent failure to regulate the island’s visi-
tor population has compromised its environmental
health, biodiversity, and overall ecosystem, devi-
ating from the conservation goals of its protected
areas. Therefore, the results highlight the urgent need
to establish continuous monitoring programs and
implement an effective tourism management plan in
Fernando de Noronha to mitigate the environmental
impacts on its two Marine Protected Areas.

Conclusions

Our analysis identified a strong correlation between
tourist activity and DNA damage, particularly in J.
lagostoma. Grapsus grapsus exhibited significantly
greater genomic damage, especially at Porto de Santo
Antonio Beach (a major tourist hotspot), whereas J.
lagostoma showed lower levels of damage along the
less disturbed Dolphin Trail. On average, the microle-
sion index in G. grapsus was 1.5 times higher than
in J. lagostoma, underscoring clear interspecific dif-
ferences. These findings highlight the vulnerability
of island ecosystems and underscore the urgent need
for effective conservation strategies to mitigate the
genomic impacts of tourism on local biota.

The use of sentinel species and specific genetic,
physiological, and enzymatic biomarkers offers a
promising approach for identifying contaminants and
assessing environmental quality on oceanic islands.
In the case of J. lagostoma, a species threatened with

extinction in Brazil, effective monitoring depends
on validating these biomarkers by integrating their
responses, testing interactions with known pollutants
(e.g., metals and microplastics), and prioritizing non-
lethal methods. This strategy enables the early detec-
tion of environmental changes and supports timely
actions by environmental agencies.
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