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Abstract: The Fernando de Noronha archipelago is one of the key areas for biodiversity conservation
on the Brazilian coast and one of Brazil's most sought-after destinations for ecotourism. We assessed
the potential Archipelago's risk from climate changes based on climate-related hazards, calculated
through the percentage of changes between future and present values for each climatic and
bioclimatic variable from the WorldClim database. Two radioactive force models were considered for
the forecasts, considering an optimistic scenario and a business-as-usual scenario of greenhouse gas
emissions. Our data indicated that minimum and maximum environmental temperatures are likely to
increase homogeneously throughout the year, while a possible intensification of the dry season is likely
to occur with a decrease in precipitation. In addition, our results indicate a decrease in isothermality,
representing a decrease in the ratio between diurnal temperature variation and interannual
temperature variation. Our results indicate that this important Archipelago is becoming potentially at
risk of climatic and bioclimatic variation due to anthropogenic climate changes. We argue that the
planning of local environmental policies should include adaptation and mitigation measures of
negative effects of climate change, and conservation actions should be carried out under an integrative
approach basis, including environmental conservation and remediation, sustainable use of resources,
and regional and national governance.
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Resumo: O arquipélago de Fernando de Noronha é uma das principais areas para a conservagao da
biodiversidade do litoral brasileiro, e um dos destinos mais procurados para o ecoturismo no pais.
Neste estudo avaliamos o risco potencial causadas pelas mudancgas climaticas para o arquipélago com
base nos riscos relacionados ao clima, calculados por meio da porcentagem de mudanga entre os
valores futuros e presentes para cada variavel climatica e bioclimatica do banco de dados WorldClim.
Dois modelos de forga radioativa foram considerados para as previsdes, um deles considerando um
cenario otimista e um outro cendrio que prevé a manutenc¢ao das taxas atuais de emissdes de gases
de efeito estufa. Nossos resultados indicam que as temperaturas ambientais minimas e maximas
tendem a aumentar homogeneamente ao longo do ano, com uma provavel intensificacdo da estacao
seca em fungao da redugdo da precipitagao. Além disso, nossos resultados indicam um declinio da
isotermalidade, representado por uma diminuigdo na razdo entre a variagdo de temperatura diurna e
a variacdo de temperatura interanual. Nossos resultados indicam que este importante arquipélago
estd em risco potencial de variacdo climatica e bioclimdtica devido as mudancgas climaticas
antropogénicas. Argumentamos que o planejamento de politicas ambientais locais deve incluir
medidas de adaptagdo e mitigacdo dos efeitos negativos das mudancas climaticas, e as a¢des de
conservacdao devem seguir uma abordagem integrativa, incluindo conservacdo e remediagdo
ambiental, uso sustentavel de recursos e governanca regional e nacional.

Palavras chave: Emergéncia climatica. Emissdo de gases do efeito estufa. llhas pequenas. Risco
climatico.

Resumen: El archipiélago de Fernando de Noronha es una de las principales areas de conservacion de
la biodiversidad en la costa brasilefia y uno de los destinos mds buscados para el ecoturismo en el pais.
Evaluamos el riesgo potencial de cambio climatico para el archipiélago con base en los peligros
relacionados con el clima, calculado utilizando el porcentaje de cambio entre los valores futuros y
presentes para cada variable climatica y bioclimatica en la base de datos WorldClim. Se consideraron
dos modelos de fuerza radiacti va para las previsiones, considerando un escenario optimista y un
escenario que prevé el mantenimiento de las tasas actuales de emision de gases de efecto invernadero.
Nuestros resultados indican que las temperaturas ambiente minima y maxima tienden a aumentar de
manera homogénea a lo largo del afio, y una posible intensificacidon de la estacién seca puede ocurrir
de acuerdo con la reduccidn de las precipitaciones. Ademds, nuestros resultados indican una
disminucién de la isotermalidad, representada por una disminucién en la relacién de proporcion entre
la variacion de la temperatura diurna y la variacion de la temperatura interanual. Nuestros resultados
indican que este importante archipiélago esta en potencial riesgo de variacion climatica y bioclimatica
debido al cambio climatico antropogénico. Argumentamos que la planificacion de la politica ambiental
local debe incluir medidas para adaptarse y mitigar los efectos negativos del cambio climdtico, y las
acciones de conservacién deben seguir un enfoque integrador, que incluya la conservacion vy
remediacion ambiental, el uso sostenible de los recursos y la gobernanza regional y nacional.
Palabras clave: Emergencia climatica. Emisiones de gases de efecto invernadero. Islas pequenfias.
Riesgo climatico.
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INTRODUCTION

The World's average temperature is currently 1.2°C higher than the preindustrial
period and is expected to increase 4.8°C by 2100, assuming a business-as-usual scenario of
greenhouse gas emissions (GHG), where current emission rates will be kept for the next
decades (BABIKER et al., 2018; VAN VUUREN et al., 2011, 2014). Changes in precipitation
patterns, water cycle, the extension and frequency of droughts, and sea levels are also
expected to occur (STOCKER et al., 2013). In South America, the frequency and intensity of
extreme temperature and precipitation events are likely to increase steadily (MAGRIN et al.,
2014). In addition, a decrease in the reliability of coastal structures is predicted due to the
increase in wave height estimates, mostly in the Southeast and Northeastern Brazilian coast
(MAGRIN et al., 2014). It may lead to a flooding of 46% of the sandbanks in southeast Brazil,

resulting in an associated extinction of 7% of all endemic species (MENON et al., 2010).

Small tropical islands may be particularly vulnerable to climate change (NURSE et al.,
2014). Multiple threats facing islands include loss of area due to rising sea levels, loss of
human-made infrastructures, degradation of coral reefs, ocean acidification, tropical cyclones,
warmer temperatures, altered precipitation patterns (NURSE et al., 2014), and changes in
coastline and coastal water quality (RAFAILIDIS et al., 1996). Climate stress may lead to
decreases in adaptive capacity of small islands and on the thermal adequacy for their local
biodiversity, which may cause changes in ecosystem services and impair local tourism,
economy, and livelihood (NURSE et al., 2014; WONG et al., 2014). Also, islands with limited
freshwater supplies are likely to be even more vulnerable to climate change impacts since it
may cause alterations in hydric balance and an increase in soil salinization (TOMPKINS, 2005).

The Fernando de Noronha archipelago is the easternmost portion of Brazilian territory,
located about 350 km from the coast. Originated from orogenic events, it consists of a main
island surrounded by several islets and smaller islands of volcanic origin, which together have
an estimated area of about 25 km? (ROCHA et al., 2009). The archipelago is under protection
of two conservation units; the Parque Nacional Marinho de Fernando de Noronha (full
protection) and the Area de Protecio Ambiental de Fernando de Noronha (sustainable use of
natural resources). Ecotourism is the Archipelago's primary source of local economic activity,
being the main Island one of the most searched destinies in the Brazilian Northeast (SOUZA;

FILHO, 2011). The Archipelago is also a key site for biodiversity conservation, being a
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repository for the maintenance of marine biodiversity and a Global Centre of Bird Endemism
(CLAUDINO-SALES, 2019). The Archipelago houses terrestrial endemic species, such as the
lizard Trachylepis atlantica and the Amphisbaena ridleyi (ROCHA et al., 2009), besides housing
the only remaining sample of Insular Atlantic Forest and Oceanic Mangrove in the South
Atlantic region (CLAUDINO-SALES, 2019). The United Nations Educational, Scientific, and
Cultural Organization (UNESCO) recognized its outstanding value to world biodiversity,
promoting its inclusion on the World Heritage List (UNESCO, 2021). Thus, its preservation is
paramount to avoid the extinction of many species and environments that are only — or mostly

- found in these islands.

While many studies have investigated the potential impacts of climate change on
species or groups of species (e.g., URETA et al., 2018; DIELE-VIEGAS et al., 2020), much less
attention has been given to the risk of sensitive environments, such as small tropical islands
like the Fernando de Noronha Archipelago. Accessing the potential effects of climate change
on these environments is essential to support public policies to mitigate such impacts on local
human populations and biodiversity. Therefore, we aimed to quantify the climate change risk
in the Fernando de Noronha Archipelago, considering two GHG emissions scenarios, the first
predicting a decrease in the emissions for the following years (RCP 4.5), and the second

predicting the maintenance of the current rates of GHG emissions (RCP 8.5).

METHODS

The Fernando de Noronha Archipelago (3°51'S, 32°25'W, Figure 1) presents a tropical,
oceanic climate, consisting of a wet season extending from February to July and a dry season
from August to January (BARCELLOS et al., 2011). Despite the high interannual variability, the
average annual air temperature is about 25 * 2.5°C, and the total annual precipitation is
1400mm (BARCELLOS et al., 2011). Its prevailing winds reach 11 ms™ during the wet season,

and waves can reach 4-5 m high in more energetic swells (BARCELLOS et al., 2011).
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Figura 1 - Location and topography of Fernando de Noronha Archipelago. The map was generated
based on the WGS84 datum, adopting the geographic coordinate system.
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Source: Elaborated by the authors (2019)

The geographic boundaries of the Archipelago were extracted from Google Earth
(GOOGLE, 2018). To characterize the historical and future climate of this Archipelago, we
considered monthly average precipitation (Prec), minimum (Tmin) and maximum (Tmax)
temperatures, and nineteen raster-based bioclimatic variables (HIJIMANS et al., 2005): Annual
mean temperature; Mean Diurnal Range; Isothermality; Temperature Seasonality; Max
Temperature of Warmest Month; Min Temperature of Coldest Month; Temperature Annual
Range; Mean Temperature of Wettest Quarter; Mean Temperature of Driest Quarter; Mean
Temperature of Warmest Quarter; Mean Temperature of Coldest Quarter; Annual
Precipitation; Precipitation of Wettest Month; Precipitation of Driest Month; Precipitation

Seasonality; Precipitation of Wettest Quarter; Precipitation of Driest Quarter; Precipitation of
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Warmest Quarter; Precipitation of Coldest Quarter. All variables were obtained from the

WorldClim datasets at 2.5 minutes spatial resolution (HIJMANS et al., 2015).

The historical climate was characterized by interpolating data from meteorological
stations worldwide from 1970 to 2000 (FICK and HIJMANS 2017). In order to covera  broader
range of possibilities regarding climate variation (LIU; LI; DING, 2021), our future climate
projections considered the ensemble of two General Circulation Models (GCMs) of the
Coupled Model Intercomparison Project Phase Five (CMIP5; TAYLOR et al., 2012): HadGEM2-
ES and MIROC-ESM. Both the Hadley Centre Global Environmental Model version 2 - Earth
System (HadGEMZ2-ES) and the Model for Interdisciplinary Research on Climate - Earth System
Model (MIROC-ESM) include atmospheric, ocean, and terrestrial components to predict how
the climate may evolve in the future (COLLINS et al., 2011; WATANABE et al., 2011). The
complexity of such earth system models and consequent uncertainty lead to a more realistic
assessment of the knowledge of climatic evolution in the future (COLLINS et al., 2011).
Besides, both HadGEM2-ES and MIROC-ESM present outstanding accuracy in predicting the
observed temperature and precipitation patterns for South America during the control period

(1970-2000; ANAV et al., 2013; WATANABE et al., 2011; YIN et al., 2013).

We considered two models of Representative Concentration Pathways (RCP, the
model available when data of the present study were modeled): the first assuming +4.5 W/m?
(RCP 4.5), and the second assuming +8.5 W/m? (RCP 8.5) of radiative forcing by 2100 (HIJMANS
et al., 2005; VAN VUUREN et al., 2011). RCP 4.5 predicts a change in the energetic system,
including shifts to lower emissions technologies and carbon capture and geologic storage
technology (THOMSON et al., 2011). RCP 8.5, in turn, predicts high energy demand and
greenhouse gas emissions without climate policies (RIAHI et al., 2011). We focused our
analyses on the period between 2061 and 2080 (referred to as 2070) since it is the most distant
period available for RCP projections. By focusing on a less urgent temporal scale, we can
discuss the potential medium-term impacts of climate change on the Archipelago so that it is
possible for the decision-makers to implement mitigation measures promptly to reverse such
impacts.

We calculated the difference between current and future predictions of each climatic
and bioclimatic variable tested for each scenario. Then, we assessed the Archipelago's risk

from climate change based on climate-related hazards, calculated through the percentage of
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change between future and historical values for each climatic and bioclimatic variable (IPCC
2018, LIU et al., 2021). All analyses were performed on the statistical environment R 3.5.1 (R
CORE TEAM, 2018).

RESULTS AND DISCUSSION

Risk from the climatic variation

Our results indicate that both minimum and maximum environmental temperatures
are likely to increase homogeneously throughout the year in Fernando de Noronha. In the
optimistic scenario, the minimum temperature can vary from 6.6% (1.6°C) in October to 8%
(2°C) in January, while the maximum temperature can vary from 5.8% (1.7°C) in October and
November to 6.8% (2.1°C) in January. For RCP 8.5, the minimum temperature can vary from
10.9% (2.7°C) in September and October to 12.3% (3°C) in December, while the maximum
temperature can vary from 9.1% (2.7°C) in September to 10.3% (3°C) in December (Table 1).
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Table 1 - Risk from climatic variation predicted by 2070 for the Fernando de Noronha archipelago, considering monthly precipitation (Prec), monthly
average minimum temperature (Tmin) and monthly average maximum temperature (Tmax) for both RCP 4.5 and RCP 8.5. PV = Predicted variation; % = Percent
changes. Wet season is highlighted in gray.

RCP 4.5 RCP 8.5

o o 0 o 0 0
PV Prec (mm) Pr/o.oec PV Tmin (°C) Tfin PV Tmax (°C) T:;x PV Prec (mm) Pr/:ec PV Tmin (°C) Tfin PV Tmax (°C) Tfax
January 11 22.9 2 8.0 2.1 6.8 15 31.3 3 12.1 3.1 10.1
February 14 11.5 1.9 7.8 6.5 27.25 22.4 2.9 11.5 3 9.9
March 14 7.1 1.9 7.7 6.6 2.5 1.3 2.9 11.6 2.9 9.7
April 24.5 8.8 1.8 7.3 1.8 6.1 8.75 3.1 2.8 114 2.8 9.5
May 6 2.3 1.7 7.1 1.8 6.2 -20 -7.5 2.7 11.2 2.8 9.7
June -6.5 -3.5 1.8 7.5 1.8 6.4 -56.25 -30.2 2.8 11.5 2.8 9.9
July -38 -25.3 1.8 7.3 1.8 6.2 -47.5 -31.7 2.7 11.3 2.7 9.6
August -10.5 -22.3 1.7 7.1 1.7 5.9 -15.5 -33.0 2.7 11.0 2.7 9.2
September -0.75 -3.9 1.7 7.0 1.7 5.9 -2.5 -13.2 2.7 10.9 2.7 9.1
October -1.5 -13.6 1.6 6.6 1.7 5.8 -0.5 -4.5 2.7 10.9 2.7 9.2
November -1 -7.7 1.7 6.9 1.7 5.8 1 7.7 2.8 11.2 2.8 9.4
December 4 25.0 1.9 7.8 1.9 6.3 5.25 32.8 3 12.3 3 10.3

Source: Elaborated by the authors (2019)
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We predicted the intensification of the dry season between August and November and
an increase in precipitation for most of the wet season, excepting May (in RCP 8.5), June, and
July (for both RCPs). The precipitation change will likely vary from -25% to +25% for RCP 4.5
and from -33% to 32.8% for RCP 8.5, indicating that seasonal variation will be stronger. These
changes are also predicted for the Caribbean Islands, where the rainfall is likely to increase
from November to January, and there is a strong tendency to dry from June to October (NURSE
et al., 2014; TAYLOR et al., 2013). Due to the aseasonality of tropical environments, local
species are usually physiologically specialized concerning environmental temperature,
presenting limited acclimation capacity (TEWKSBURY et al.,, 2008). Thus, the rising
environmental temperature and intensification of seasonal variation predicted for Fernando
de Noronha is likely to negatively impact local biodiversity (TEWKSBURY et al., 2008),
especially terrestrial ectotherms such as Trachylepis atlantica and Amphisbanea ridleyi, which
depends on the environmental temperature to regulate their body temperature and keep

their metabolism active (ROCHA et al., 2019; DIELE-VIEGAS et al., 2020).

Risk from bioclimatic variation

We predicted an increase of 1.8 °Cin annual mean temperature for the RCP 4.5 and
2.8 °C considering the RCP 8.5. No relevant variation is predicted in the mean diurnal range,
reflecting the homogeneous increase of the minimum and maximum monthly average
temperature. In addition, our results indicate a reduction in isothermality, representing a
decrease in the ratio between diurnal temperature variation and annual temperature range.
Such patterns are related to the predicted shift in temperature seasonality, reaching 13.3%

considering RCP 4.5 and 17.6% considering RCP 8.5 (Table 2).
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Table 2 - Risk from bioclimatic variation predicted by 2070 for the Fernando de Noronha archipelago, considering both RCP 4.5 and RCP 8.5. PV = Predicted
variation; % = Percent changes considering historical values and future projections.

RCP 4.5 RCP 8.5

Bioclimatic variable PV % PV %

Annual Mean Temperature 1.80°C 6.70 2.80°C 10.43
Mean Diurnal Range (Mean of monthly (max temp - min temp)) 0°C 0.00 0.05°C 1.04
Isothermality (Diurnal range/Annual range) (* 100) -0.38 -4.87 -3.5 -4.55
Temperature Seasonality (standard deviation *100) 6.28 °C 13.27 8.30°C 17.60
Max Temperature of Warmest Month 2.05°C 6.82 3.05°C 10.15
Min Temperature of Coldest Month 1.75°C 7.34 2.70°C 11.32
Temperature Annual Range (Max temperature-Min temperature) 0.30°C 4.84 0.35°C 5.65
Mean Temperature of Wettest Quarter 1.87 °C 6.98 2.88 °C 10.71
Mean Temperature of Driest Quarter 1.78 °C 6.55 2.83°C 10.42
Mean Temperature of Warmest Quarter 2.00°C 7.34 3.00°C 11.01
Mean Temperature of Coldest Quarter 1.78 °C 6.80 2.8°C 10.54
Annual Precipitation 16.00 mm 1.18 -81.75 mm -6.04
Precipitation of Wettest Month 24.50 mm 8.81 8.75 mm 3.15
Precipitation of Driest Month -1.5mm -13.64 -0.5 mm -4.55
Precipitation Seasonality (Coefficient of Variation) 3.50% 4.12 2.50% 2.94
Precipitation of Wettest Quarter 45.00 mm 6.08 -8.25mm -1.11
Precipitation of Driest Quarter -4.25 mm -10.63 -0.75 mm -1.88
Precipitation of Warmest Quarter 39.00 mm 10.66 -95.5 mm -26.09
Precipitation of Coldest Quarter -54.75 -14.28 -119 mm -31.03

Source: Elaborated by the authors (2019)
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The warmest month in Fernando de Noronha is likely to become 6.82% hotter
considering RCP 4.5 and 10.15% hotter considering RCP 85. Similarly, the coldest month can
present a temperature increase of 7.34% considering RCP 4.5 and 11.32% considering RCP 8.5.
For a three-month range, the warmest quarter is likely to become 7.34% hotter considering
RCP 4.5 and 11.01% hotter considering RCP 8.5, while the coldest quarter can reach 6.8% and

10.54% warming, respectively.

Annual precipitation is likely to present a modest increase of 1.18% considering RCP
4.5 and a 6.04% decrease for RCP 8.5. Precipitation seasonality is likely to increase considering
both RCPs, which is associated with the forecasts for the wettest and driest periods. The
wettest month will likely become 8.81% wetter for RCP 4.5 and 3.15% wetter for RCP 8.5. On
the other hand, the driest month can become 13.64% drier for RCP 4.5 and 4.55% for RCP 8.5.
For a three-month range, the wettest and hotter quarters are likely to become wetter
considering RCP 4.5 and drier considering RCP 8.5. The driest and coldest quarters are
predicted to become drier in both RCPs. Such changes are likely to impose severe water
stresses on the Island's hydrological resources (SANTOS et al. 2004). Furthermore, endemic
species may not adjust to the new thermal regime, thus showing increased extinction risk
(SANDEL et al., 2011). Trachylepis atlantica, for example, is an endemic lizard with preferred
body temperature varying from 29°C to 31°C (Diele-Viegas, pers. comm.), indicating that our

predictions for the warmest quarter are likely to be harmful to the species.

Changes in environmental temperature and precipitation are also predicted for the
Small Island Developing States in the Atlantic, Pacific, and Indian Oceans (EBI; LEWIS;
CORVALAN, 2006). This increased variability can lead to changes in other climatic factors, such
as the speed and direction of winds and the patterns of wave action (EBI et al., 2006), and can
promote changes in coastline and coastal water quality and quantity in coastal areas (Rafailidis
et al., 1996). Although the Fernando de Noronha archipelago currently presents high wind
persistence monthly (SILVA; STOSIC; STOSIC, 2021), this pattern can change in the future
considering the predicted changes in environmental temperature and precipitation (EBI et al.,
2006). A major environmental threat in Fernando de Noronha is coastal erosion, which is

potentialized by tourism and urban growth (CLAUDINO-SALES, 2019; CASTRO, 2010).

The Archipelago's primary indicators of coastal erosion are the remobilization of beach

sediments by wind action, longitudinal changes in sediment transportation by waves, and
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seasonal changes in the beach profile under rainfall conditions (CASTRO, 2010). With the
predicted changes in precipitation patterns and its potential impacts on wind patterns, climate
change is likely to potentialize coastal erosion further, leading to dry-land losses that can harm
local ecotourism and human subsistence (CASTRO, 2010, WONG et al., 2014), especially if the

quality and water amount are to be altered (Rafailidis et al., 1996).

With the rise of environmental temperature, the sea level rise and ocean acidification
can also influence coastal erosion, besides coral bleaching (SOARES 2018). The reef mortality
because of coral bleaching has immediate and long-term impacts on environmental balance
and socio-economic activities in coastal areas, leading to changes in ecological processes and
impacting the diversity and abundance of the local fish fauna (WESTMACOTT et al., 2000).
Therefore, Noronha's economy is likely to be greatly impacted in future scenarios of climate

change since marine ecotourism is the major economic activity of the Archipelago.

CONCLUDING REMARKS

The consequences of climate change to small islands such as the Fernando de Noronha
Archipelago can be harmful to both human and natural systems if no mitigation strategies are
taken to soften its effects. A global commitment to decrease greenhouse gas emissions is
needed to avoid the potential collapse of such environments worldwide. It is important to
highlight that the management effectiveness of the local conservation unities in the
Archipelago was recently considered satisfactory (LEAL FILHO et al., 2020). However, more
integrated management using large-scale marine spatial planning is paramount to cope with
the predicted environmental changes (SOARES, 2018, LEAL FILHO et al., 2020). In general
planning for the impacts of sea-level rise (Nicholls, 2011), shore protection projects must be
included planning (STAKHIV et al., 1991).

Our results indicate that this important Archipelago is potentially at risk of climatic and
bioclimatic variation due to anthropogenic climate change. However, the lack of quantitative
and qualitative evaluations of climate change impacts local biodiversity and human livelihood,
impairing adequate mitigation policies. Thus, we suggest that such data must be prioritized in
local assessments to inform management practices that include climate change adaptation

measures. Conservation actions should take an integrative approach, including environmental

() DSO Revista Brasileira de Climatologia, Dourados, MS, v. 29, Jul. / Dez. 2021, ISSN 2237-8642 352



conservation and remediation, sustainable use of resources, and regional and national

governance.
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