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Natural and human-induced hazards and climatic risks threaten marine

and coastal ecosystems worldwide, with severe consequences for these

socio-ecological systems. Therefore, assessing climate vulnerability (exposure,

sensitivity and adaptive capacity) and the cumulative environmental impacts

of multiple hazards are essential in coastal planning and management. In this

article, we review some approaches used in climate vulnerability assessment

and marine and coastal cumulative environmental impacts to learn about

state-of-the-art on the subject. Besides, we qualitatively evaluated the climatic

vulnerability of five coastal regions of Venezuela using the IPCC concept of

Reasons for Concern (RFCs) to determine their level of climatic exposure.

We also assessed the cumulative environmental impact of multiple stressors

on marine and terrestrial ecosystems using a well-known impact assessment

method partially modified to explore the feasibility of this model in data-poor

areas. However, we found no standardization of the methodologies used in

evaluating Coastal Climate Vulnerability or Cumulative Environmental Impacts

in coastal landscapes or frameworks that operationally link them with socio-

ecological systems. Most studied coastal regions are at risk from at least three

RFCs, loss of unique ecosystems (RFC1), risks associated with extreme events

(RFC2) and risks associatedwith global aggregate impacts (RFC4). Furthermore,

the assessment showed that areas with accumulated impact cover about 10

percent ranging frommoderate to high in urban areas, growth zones, industrial

oil settlements, port areas and aquaculture areaswith fishing activity. Moreover,

areas with moderate to low cumulative impact cover half of the study area,

dominated by uninhabited regions and vegetation of the thorny scrub and

coastal grassland types. Therefore, we consider it essential to implement
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regional climate risk management that incorporates these assessments into

the ordinance in countries that are particularly vulnerable to climate change,

such as Venezuela, which has an extensive line of low-lying coastlines (where

60% of the country’s population lives) and coastal regions with harsh climates

and poor economic conditions. Finally, we present the scope and limitations of

implementing these evaluations and highlight the importance of incorporating

them into regional strategies for adaptation to climate change.

KEYWORDS

coastal ecosystems, threats, adaptation, socio-ecological systems, environmental

impact, marine ecosystems, climate risks

Introduction

The increase in human pressures and exposure to the

impacts and threats of climate change intensify the Climate

Vulnerability of Coastal areas CVC, affecting biological diversity,

contributing to the loss of habitats, and increasing their

vulnerability to variations in sea level and erosion (Spalding

et al., 2014; Newton et al., 2020).

This research assumes vulnerability as people and places

are susceptible to disturbances resulting from coastal

hazards (Bevacqua et al., 2018). Measured by the level of

readiness or state of the system to anticipate or respond

to risks (IPCC., 2014; Sharma and Ravindranath, 2019;

O’Neill et al., 2022) and as the tendency or predisposition

of assets to be negatively affected by threats, and its

evolution incorporates exposure, sensitivity, possible

consequences and adaptability (Nagy et al., 2019), as shown in

Figure 1.

We know that CVC is intensified by human pressures

and by its exposure to the impacts of climate change

(Spalding et al., 2014; Newton et al., 2020) due to

human population growth and the increase in economic

activities in the coastal areas. For this reason, governments

need management decisions or development projects to

assess how human activities contribute to Cumulative

Environmental Impacts CEI to determine how they

interact to affect a species or ecosystem (Hollarsmith et al.,

2021).

On the other hand, human pressures and exposure

to the impacts of climate change (for example, rising

sea levels and rising global surface temperatures) intensify

climate vulnerability that has effects on biological diversity

Abbreviations: CEIA, Cumulative Environmental Impact Assessment;

CVA, Climate Vulnerability Assessment; SEA2, Strategic Environmental

Assessment; RFC, Reasons for Concern about climate change; CVC,

Climate vulnerability of coastal areas; SWTI, Sharpening Water Thermal

Imagery.

by contributing to the loss of habitat that protects human

communities by increasing their vulnerability to variations in sea

level and erosion (Spalding et al., 2014; Newton et al., 2020).

At the same time, the cumulative impacts are increasing in

number and intensity, mainly due to the growth of the human

population and the increase in economic activities in coastal

areas. Consequently, governments need management decisions

or development projects to evaluate how human activities

Contribute to Cumulative Environmental Impacts CAIA to

determine how multiple human activities may interact to affect

a species or ecosystem (Hollarsmith et al., 2021).

In this way, various methods have emerged to evaluate them,

but each has its limitations (Hodgson et al., 2019).

Apart from the CEIA, the Climate Vulnerability Assessment

CVA; allows understanding of how economic sectors and

communities are affected by current and potential climate

changes, helping to inform actions that contribute to human

and ecosystem wellbeing, guide environmental policies, and

achieve Climate Change Adaptation, ensuring the prioritization

of areas with a higher risk of a negative impact in coastal

adaptation planning.

The Climate Vulnerability Assessment CVA and the

Cumulative Environmental Impact Assessment CEIA are central

elements of Ecosystem-Based Management as they contribute

to climate adaptation planning, aligned with the methodologies

and approaches of the sustainable development goals. Such

elements show a complex and intricate relationship between

the Sustainable Development Goals and adaptation to climate

change’s impacts at the global level (Fuldauer et al., 2022).

Notwithstanding the preceding, the choice of a particular

methodological approach depends on application site

conditions, data availability and scale, and access to

reliable information.

The issue of climate vulnerability assessments and

cumulative environmental impacts is of particular interest,

mainly due to the need to have baseline information to develop

efficient management and coastal management plans for

adaptation to climate change.

Frontiers inClimate 02 frontiersin.org

https://doi.org/10.3389/fclim.2022.1018182
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Olivares-Aguilar et al. 10.3389/fclim.2022.1018182

FIGURE 1

Conceptual framework and terms related to coastal vulnerability [Source: Developed from Wamsley et al. (2015)].

Due to this, we set the objectives in this research as follows

a) To review the different methodological approaches used in

evaluating climatic vulnerability and the cumulative marine and

coastal environmental impacts to know state of the art on the

subject. b) To evaluate the climatic vulnerability of five coastal

regions of Venezuela by carrying out a conceptual, theoretical

analysis of the RFC indicators for each of these regions. The

IPCC Reasons of Concern (RFC) concept helps to determine

the level of climate exposure for each region and c) To test the

cumulative environmental impact assessment using an impact

model to explore the feasibility of this model in data-poor areas.

For the climate vulnerability analysis, we selected five coastal

regions of Venezuela due to their exposure to changing climatic

conditions. The IPCC Reasons of Concern (RFC) indicators

were analyzed for each region to document the level of climate

exposure in each; we found that five regions are exposed to at

least three (RFCs), namely loss of unique ecosystems (RFC1),

risks associated with extreme events (RFC2), and risks associated

with global aggregate impacts (RFC4).

We selected the Central Coast of Falcón state to analyze the

Cumulative Environmental Impacts and present the sustained

impact over time of various anthropogenic activities with effects

on the variety of marine and coastal ecosystems in the area.

In this area, we implemented the Halpern Cumulative

Impact Model (Halpern et al., 2008) both on land and at

sea to document existing threats and explore the feasibility

of applying this impact model in data-poor areas and found

that regions with accumulated impact cover about 10 percent

ranging from moderate to high in urban areas, growth zones,

industrial oil settlements, port areas and aquaculture areas

with fishing activity. Moreover, areas with moderate to low

cumulative impact cover half of the study area, dominated by

uninhabited regions and vegetation of the thorny scrub and

coastal grassland types.

Impacts of climate change on
coastal landscapes

We define coastal seascapes as a mosaic of patches with

benthic or pelagic environments, variable in distribution,

nutrients and depth (Boström et al., 2011; Pittman et al., 2011),

composed of different marine and terrestrial coverages (Kim

et al., 2017), with high complexity in the provision of ecological

services (refuge and habitat for many species) (Barbier et al.,

Frontiers inClimate 03 frontiersin.org

https://doi.org/10.3389/fclim.2022.1018182
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Olivares-Aguilar et al. 10.3389/fclim.2022.1018182

2011); protection against storms and hurricanes (Sevilla and Le

Bail, 2017); erosion and flood prevention.

Coastal landscapes are subject to multiple disturbances, such

as climate change; which affects their functionality and provision

of services (Singh et al., 2019; Smale et al., 2019), conditioning

their resilience (Bernhardt and Leslie, 2013; He and Silliman,

2019) and affectingmarine biodiversity at different temporal and

spatial scales (IPCC., 2018, 2019).

According to the IPCCAR6 report ofWG I (IPCC., 2021), all

regions of the Earth are being affected by climate change caused

by man, so many of the low-lying coasts are subject to severe

risks from climate change.

Several recent studies have documented rapid and

accelerating losses of coastal landscape components, such as the

loss of coastal forested wetlands (White et al., 2022). The main

drivers of change in the value of wetland ecosystem services in

coastal areas; are relative sea level rise, coastal erosion, increased

cyclone frequency, and rising sea temperatures (Mehvar et al.,

2019).

It also highlights the degradation and transformation of

landscapes due to sea level rise and extreme events due to climate

change with implications for the function of wetlands, wildlife

habitats, and the global carbon cycle (Ury et al., 2021).

Methodological framework

For the review, we followed a narrative literature-based

approach, and the scope of the existing literature focused on an

overview of the methods used for CVA, emphasizing biophysical

and environmental aspects to understand the state of knowledge

about the different approaches used in the CVA and the CEIA.

To evaluate the climatic vulnerability of five coastal regions of

Venezuela, we analyzed the sensitivity, exposure, and adaptive

capacity and used indicators related to the Reasons for Concern

of the IPCC; RFC-1, RFC2, RFC4, and RFC5 (O’Neill et al.,

2022). While applying the impact model, we use the method of

Halpern et al. (2008), where the index is a function of (i) relevant

human pressures expressed by intensity maps, (ii) representative

ecosystem components augmented as value maps, and (iii)

a sensitivity index that defines how sensitive each ecosystem

component is to every human pressure.We use sensitivity scores

based on expert judgment to weigh the potential effects of

anthropogenic pressures on selected ecosystems and verify all

information in the field.

Methodological approaches used in the
CVA and the CEIE

Methodological approaches used in the CVA

The concept of vulnerability has evolved since the second

assessment report of the IPCC. (1996), which describes

vulnerability as “the extent to which climate change can damage

or impair a system, suggesting that it depends not only on

the system’s sensitivity but also on its ability to adapt to new

climatic conditions”.

Later in the IPCC Fourth Assessment Report (AR4), the

definition of vulnerability was established as a function of three

factors; exposure, sensitivity, and adaptability (Schneider et al.,

2007; Hahn et al., 2009). AR4 refers to the vulnerable system (for

example, low-lying islands or coastal cities).

More recently, in the IPCC Fifth Assessment Report (AR5), a

new approach and terminology similar to the concept of disaster

risk is introduced, which differs from the current understanding

of vulnerability as mentioned in IPCC AR4 (Fritzsche et al.,

2014).

In the literature, the main methodological approaches to

CVA offer three ways of perceiving vulnerability (Lampis, 2013):

a) as a result of a process (external to the system), b) as an

internal characteristic of the system (exposed to the threat

making it susceptible to damage) and c) as the combination

of internal vulnerability (social; a population, a place) with its

exposure to external biophysical risk factors.

The latter is called the “Integrated Approach” or “Strategic

Environmental Assessment” EAE or SEA2 (Espinoza, 2007),

represented in Figure 2. The SEA2 has a proactive view of

vulnerability assessment and considers cumulative, additive,

synergistic effects, saturation thresholds, and induced and

indirect impacts. They are used at the policy, planning and

programming levels.

According to AR5, risk (risks from climate change impacts)

(Oppenheimer et al., 2014) is the potential for consequences

where something of value is at stake and where the outcome is

uncertain, recognizing the diversity of values.

Vulnerability in AR5 includes the concepts of sensitivity

(susceptibility to damage) and adaptive capacity. Therefore, it

can be said that the terminology used in these last two IPCC

assessment reports is different, but the basic assumptions follow

the same underlying principles (Das et al., 2020).

On the other hand, the AR6 assessment incorporates the

complex nature of climate risk, integrating key risks, including

how these risks vary with the magnitude of global warming,

socioeconomic development pathways, and levels of adaptation

(Begum et al., 2022).

The AR6 provides new information on risks under levels of

warming, including cascading, composite, and transboundary

risks. The reasons for concern consider unique and threatened

ecosystems (RFC1) with high vulnerability and low adaptation

capacity. Extreme weather events (RFC2) include heat waves,

heavy rains, droughts, coastal flooding, or wildfires. The reasons

of interest address both the distributional and aggregate impacts

of climate change (RFC3, RFC4). The final cause for concern

relates to large-scale singularities such as Events, Non-linearities,

and Tipping Points (RFC5), including ice sheet collapse and

ecosystem regime changes (Begum et al., 2022).
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FIGURE 2

An integrated vulnerability approach was created from Lampis (2013) approach.

Other CVA methods, known as statistical or empirical

models, involve using climate variables (e.g., global

surface temperature) to make future predictions based on

past observations. Some use indicators like; exposure to

socioeconomic threats, land use, and land cover (Wu et al.,

2020). For example, the Coastal Vulnerability Index to sea level

rise combines variables from different categories (Gallego and

Selvaraj, 2019). They also highlight some research that integrates

physical and social aspects (Aral et al., 2012; Hoque et al., 2019).

CVA in coastal regions of Venezuela

With 3,726 km and direct access to the Atlantic Ocean

and the Caribbean Sea, Venezuela is physically and

environmentally vulnerable to sea level rise (Naveda, 2010;

Villamizar et al., 2017; Villamizar, 2020). Furthermore, with

more than 50% of the total population concentrated in the

northern zone, occupying 10% of the national territory,

the country is also environmentally and socioeconomically

vulnerable due to the high proportion of the population

that inhabits its coasts (Marrero and Rodríguez-Olarte,

2017).

Table 1 shows a qualitative analysis of the

Reasons for Concern RFC due to climate

change for five regions of Venezuela (Northwest,

Northcentral, Northeast, East, and Federal

Dependencies).

Methodological approaches used in the CEIA

Currently, the CEIA of natural and anthropic pressures on

marine and coastal ecosystems is a topic of great importance

in strategic planning, conservation, and coastal management

(Stelzenmüller et al., 2018). However, it remains an exploratory

field (Quemmerais-Amice et al., 2020) because conceptual

models and tools are still under development (Korpinen and

Andersen, 2016; Stelzenmüller et al., 2018).

Recent reviews (Korpinen and Andersen, 2016; Gissi

et al., 2021) offer evidence of the combined effects of

climate change on ecological responses (Figure 3). From

human activities to the ecological components of the system

(Hodgson et al., 2019), such as the effect of temperature

changes on industrial fishing, sea level rise with artisanal

fishing, change in sediment load, and introduction of

alien species.

Cumulative impact assessments apply at different ecological

scales; species (Marcotte et al., 2015), communities (Giakoumi

et al., 2015), and also at the landscape level (Harker

et al., 2021), integrating history and space, temporal scales

such as habitat connectivity (Tarabon et al., 2019) and

network analysis to detect changes (Harvey and Altermatt,

2019).

It seems that one of the most widely used general approaches

in the assessment of cumulative impacts (Korpinen and

Andersen, 2016) is the method of Halpern et al. (2008) which

has frequently been applied, making minor adaptations of the

method when treating the input data and integrating them into

the accumulated pressure or impact score or the ecosystem

sensitivity score.

More recently, research has emerged using landscape

ecological approaches and geographic information systems

(GIS) that combine information on a landscape scale and

history, providing a valuable tool to support management in
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TABLE 1 Climate vulnerabilityand risks of Venezuela.

Regions

and cities

Exposure Sensitivity Vulnerability to Impacts Adaptive Capacity Risk

for

Concerns

(RFCs)

Qualitative average Risk

level (unknown, low,

moderate, high, very

high) by region

Source

1986-

2005

2005-

2020

2021-

2030

2031-

2050

North-

western

region a

Agriculture, forestry,

fisheries, human

health, and

ecosystems are

exposed. The

following natural

ecosystems are

threatened: the

southern and eastern

coast of Maracaibo

Lake (ML), chemical

properties of ML,

coral reefs,

mangroves,

seagrasses and all the

diversity associated

with Falcon and

Carabobo MPA and

UMA. Coverage and

volume of coastal

dunes (Medanos de

Coro). Marine

resources; oil and

tourist

infrastructure,

drinking water

availability; the

state’s economy with

the most outstanding

contribution to the

country.

h-vh Flooding and

precipitation, increase

in the number of dry

days and drought

frequency, beach

erosion; seawater

surface temperature

increase; seawater

acidification;

unexpected extreme

climatic events

Desertification; cities heat

waves; reduction of inland

water bodies; erosion of

beaches and retreat of

coasts; mangroves

degradation; vegetation

composition changes;

hyposalinity events in

coastal seagrass meadows;

the decrease of agro and

fishery production; coral

bleaching, with eventual

diseases and mortality;

reef habitats degradation;

marine biodiversity

decrease; damage to

touristic infrastructure,

loss of electricity

generation capacity;

groundwater

contamination (Zulia);

general impact on local

livelihoods.

Make people aware of the possible

impacts of climate change on their

lives and properties; economic

investment in strengthening the

coastline to reduce the effect of

erosion, especially in low-lying coastal

areas; preparation for periods of

extreme drought by storing water in

wells during the rainy season; redesign

and building coastal infrastructure at

least 3 meters above current sea level;

restore mangroves and seagrass

communities; a greater control by

environmental authorities in the

protection of marine-coastal

ecosystems, their flora and fauna,

especially those recognized as

threatened with extinction by the

IUNC; maintenance and

improvement of public services

(water, electricity, gas, internet) in

exposed coastal towns; alternativity of

crops or relocation of the existing

according to climate changes in the

region.

RFC1,

RFC2,

RFC3

l-m m m m-h Pérez and

Galindo

(2000);

Laboy-Nieves

et al. (2001),

Villamizar

et al. (2017),

Naveda

(2010),

Medina et al.

(2015),

Villamizar

(2020), Del

Monaco et al.

(2012)

(Continued)
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TABLE 1 (Continued)

Regions

and cities

Exposure Sensitivity Vulnerability to Impacts Adaptive Capacity Risk

for

Concerns

(RFCs)

Qualitative average Risk

level (unknown, low,

moderate, high, very

high) by region

Source

1986-

2005

2005-

2020

2021-

2030

2031-

2050

North-

central

región b

Lives of the settlers;

coastal lagoons

(Tacarigua, Unare,

Piritu); fishery and

commercial ports;

functioning of the

Simon Bolivar

airport; coastal

agricultural

production; tourist

activities; roads;

integrity of the

coastal mountain

system (Cordillera

de la Costa, north

section)

h Sea level rise; coastal

erosion (mainly

Miranda), seawater

surface temperature

increase; extreme

meteorological events

(heavy rains, storms)

Landslides and threat to

people’s lives (mainly

Vargas); loss of coastal

area due to sea-level rise

(in Miranda); coastal

erosion due to wind and

fluvial action (in Aragua

1987 and 2020 Limon

River tragedies), electric

and water service

interruption; changes in

forest structure

(detachment of trees and

shrubs); affectation of

agro production; loss of

rustic coastal homes

Make people aware of the possible

impacts of climate change on their

lives and properties; avoid the

establishment of populated centers in

alluvial fan areas; implement

alternative livelihoods to fishing (i.e.,

fish farms, artisan trade) and tourism;

alternatively of crops according to

climate changes in the region; the

integrated management of coastal

areas.

RFC1,

RFC2,

RFC3,

FC4,

RFC5

m m h h López et al.

(2011), Olivo-

Garrido et al.

(2011),

ACFIMAN-

SACC

(2018)

North-

eastern

region c

Aquatic

productivity; coral

diversity; sandy

beaches; oil and gas

industry

(Anzoátegui);

touristic industry;

settlers’ livelihoods

m-h Weakening of Trade

Winds affecting the

coastal upwelling. Sea

level rise, seawater

surface temperature

increase, strong winds

and storms.

The decline of fisheries

(i.e., sardine); coral

bleaching; the increase of

coastal erosion and

coastal retreat; damage to

touristic and urban

coastal infrastructure;

drought with

consequences for local

agriculture; unexpected

extreme climatic events

(especially Nueva Esparta

State), loss of livelihoods

Economic investment in

strengthening the coastline to reduce

the impact of beach erosion. Greater

diversification in the sustainable

exploitation of fishery resources and

crops.

RFC1,

RFC2,

RFC4

l-m m-h h h-vh Gaspar

(2022),

Gómez et al.

(2012, 2014),

Taylor et al.

(2012),

Gómez

(2019),

González et

al. (2020).
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TABLE 1 (Continued)

Regions

and cities

Exposure Sensitivity Vulnerability to Impacts Adaptive Capacity Risk

for

Concerns

(RFCs)

Qualitative average Risk

level (unknown, low,

moderate, high, very

high) by region

Source

1986-

2005

2005-

2020

2021-

2030

2031-

2050

Eastern

región d

Deltaic beaches live

of Indigenous

communities and

their houses,

livelihoods and

culture (Warao

indigenous culture,

closely related to the

palm Mauritia

flexuosa); touristic

industry; fishery

activities; Pedernales

port.

Vh Sea level rise; coastal

flooding

Shoreline retreat and

decrease of the coastal

area; coastal flooding,

changes in coastal

vegetation distribution,

fisheries affectation; saline

wedge intrusion; threat to

the assets of indigenous

populations in the

Orinoco Delta floodplain

areas

Make people aware of the possible

impacts of climate change on their

lives and properties; relocate

indigenous communities and other

inhabitants of the areas most exposed

to sea flooding.

RFC1,

RFC2,

RFC4

UK L M H Medina et al.

(2015),

MPPEA-

IICNCC

(2017)
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TABLE 1 (Continued)

Regions

and cities

Exposure Sensitivity Vulnerability to Impacts Adaptive Capacity Risk

for

Concerns

(RFCs)

Qualitative average Risk

level (unknown, low,

moderate, high, very

high) by region

Source

1986-

2005

2005-

2020

2021-

2030

2031-

2050

Federal

Dependencies e

Isla de Aves extends

the territorial sea;

marine flora and

fauna of insular

territories; coral reefs

structure, diversity

and area, especially

in the archipelagos

Los Roques and

Aves; fishery

resources; touristic

attractions;

livelihoods.

vh Extreme climate events;

sea-level rise; seawater

surface temperature

increase; seawater

acidification

Affectation of coral

communities (bleaching,

increase in diseases, loss

of habitats), changes in

coverage and structure of

mangrove and seagrass

ecosystems, affectation of

organisms with calcareous

shells; decrease in species

diversity and fishery

production; floods and

coastal erosion,

determining risk for the

physical permanence of

Isla de Aves; impact on

service infrastructure on

populated islands; impact

on the livelihoods of the

population (tourism and

fishing).

Make people aware of the possible

impacts of climate change on their

lives and properties; economic

investment in strengthening the

coastline to reduce the effect of beach

erosion; restore and reseed mangroves

and seagrasses that have been

devastated by meteorological

phenomena.

RFC1,

RFC2,

RFC3,

FC4,

RFC5

l-m m m-h h-vh Villamizar et

al. (2003,

2008),

Villamizar

et al. (2014),

Cróquer and

Weil (2009),

Bastidas et al.

(2012), Laso

(2015),

Yranzo et al.

(2014)

Evaluation of Vulnerability and Reasons for Concern (RFC) to climate change for marine and coastal ecosystems from regions of Venezuela. For the evaluation, we consider the exposure and the elements of vulnerability: sensitivity and adaptation

capacity, and we identify which ecosystems are vulnerable to climatic variables and processes.

We assume the exposure of each region as elements (environmental, socioeconomic, cultural assets) that can be negatively affected according to the IWG (IPCC., 2014) and the sensitivity as the level of change of the ecosystem or its components

(Kasperson et al., 1995), associated to the impacts of climate change on low-lying coasts (mainly erosion and droughts).

Sensitivity was assigned categories of low (l), medium (m), high (h), and very high (vh), and Impacts (I) and Adaptive Capacity (AC) were also considered.

Regarding AC, the process of adjustment to the actual or expected climate and its effects are considered according to the IWG (IPCC., 2014). Finally, we adopt for the RFCs the categories identified in AR5: a) Risks for unique and threatened systems

(indicated by RFC1), b) Risks associated with extreme weather events (RFC2), c) Risks associated with the distribution of impacts (RFC3) d) Risks associated with aggregate global impacts (RFC4) e) Risks associated with large-scale singular events

(RFC5). Furthermore, the risk level of climate change impacts is specified for different periods, according to RCP 8.5, and with the scale: unknown (uk), low (l), moderate (m), high (h), and very high (vh). UMA, Unprotected Marine Areas.

a Zulia state (Maracaibo Lake, Gulf of Venezuela), Falcón state (National Park Morrocoy, Cuare Wildlife Refuge, Reserve of Fauna Hueque-Sauca, National Park Medanos de Coro, Paraguana Peninsula, Coro Gulf) and Carabobo state (National Park

San Esteban).

b Aragua, Vargas (La Guaira), and Miranda States.

c Anzoátegui, Sucre (Mochima Bay, Gulf of Santa Fe, Gulf of Cariaco), and Nueva Esparta States.

d Monagas and Delta Amacuro (Orinoco Delta) States.

e Federal Dependencies, Offshore Islands and other insular territories. Archipiélago los Monjes, Archipielago de Aves, Archipiélago Los Roques, La Orchila, La Blanquilla, La Tortuga, Caracas Islands, Chimana Islands, Los Hermanos, Los Frailes, Los

Testigos, and Isla de Aves (the northernmost island of the country).
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FIGURE 3

Hypothetical pathways followed by cumulative e�ects from human activities on the ecological components of the system [Modified from

Hodgson et al. (2019)].

marine and coastal environments (Micheli et al., 2013; Singh

et al., 2019; Harker et al., 2021).

In the South American case, up to now, CEIA has only been

carried out in Brazil (Magris et al., 2018; Vilardo and La Rovere,

2018; Blakley and Russell, 2022).

CEIA in coastal regions of Venezuela

Area case of study. The area is located in northwestern

Venezuela (Figure 4) (11◦ 56’ 19 0.97” N) and (70 17’ 9.42” W),

(11◦ 29’ 23 0.12” N) and (69◦ 24’ 35.25” O) and covers a total

area of 14,498.14 km². It presents a flat relief with a limestone

basement, calcareous clay rocks, and active dune and paleodune

systems (Audemard, 1996).

The climate is arid or semi-arid, with an average annual

rainfall of 330.5mm, with maximums between October and

December and minimums between January and July. The yearly

average wind speed is 6.4 km/h, reaching a maximum speed in

July (7.9 km/h) and a minimum speed in November (4.9 km/h)

(Ministry of Environment and Renewable Natural Resources).

The area has a diversity of marine and coastal ecosystems

(Carmona, 1989; Aguilera et al., 2003; Rodríguez et al., 2010),

such as mangroves, seagrass meadows, coral reefs, coastal

lagoons, and coastal forests (Matteucci et al., 1999; Rodríguez

et al., 2010).

Ecosystems and stressors

The ecosystems (n = 16; Supplementary Table S1), stressors

(n = 14; Supplementary Table S2) shown in Figure 5, and

resulting impacts were mapped on a grid with 100 × 100m

cells (a hectare). Ecosystems and binary stressors were mapped

based on their presence or absence in each grid cell. Non-

binary stressors were log [X+1] transformed to reduce the effect

of extreme outliers and then readjusted between 0 and 1 to

allow stressors with different distributions and different units

of measure to be compared with each other. Standardization

requires choosing a maximum value to set equal to 1.0. In our

study, we used the highest observed value within the study area,

plus an additional 10%, as recommended by Halpern and Fujita

(2013) (see Supplementary Table S2 for details).

Impact weights

An essential step in the cumulative impact model is

estimating the impact of each stressor on each ecosystem.

Impact weight (sometimes called vulnerability score or

vulnerability weight in other studies) is the value that

transforms a stressor into an impact for a given ecosystem

and is determined by the vulnerability of the ecosystem to

that stressor. The impact weights were derived from three

sources that used expert judgment (through a questionnaire,

their opinion value judgment based on knowledge, experience,

on the subject of analysis) to estimate the vulnerability of

ecosystems to anthropogenic stressors (Halpern et al., 2007,

2015). In addition, when impact weights were unavailable

for a given ecosystem and stressor combination, we

consulted experts from the case study area to provide impact

weights. Finally, weighted scores for the ecosystem/stressor
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FIGURE 4

The central coast of Falcón state, Venezuela.

combinations addressed in the present study were extracted

and used as impact weights in the cumulative impact model

(Supplementary Table S3).

Cumulative impact model

Matrices representing distributions of ecosystems and

stressors in the case study area were assembled in ArcMap

10.6 and multiplied by the corresponding impact weights

(Supplementary Table S3). Cumulative Impact Score (CI) was

calculated for each one-hectare grid cell using the following

formula described in Halpern et al. (2008).

CI =
∑n

i=1

∑m

j=1
DiEjµi,j

where Di is the log[X+1] intensity transformed

and standardized (with a scale between 0 and 1)

of a stressor i, Ej is the presence or absence (1 or

0, respectively) of the ecosystem j, and µi,j is the

impact weight for stress factor i and ecosystem j

(range 0 to 4), given n = 14 stress factors and

m= 16 ecosystems.

Results

By compiling available information on indicators of

Vulnerability and Reasons for Concern (RFCs) to climate

change for marine and coastal ecosystems in different

regions of Venezuela, we obtained that five coastal regions

of Venezuela are at risk of at least three of the RFCs

analyzed, which include the loss of unique ecosystems

and risks associated with extreme events, as shown in

Figure 6.

Among the coastal regions of Venezuela that

show exposure to coastal risks related to climate

change, the regions; Northwest, North Center,

Northeast, East, and Federal Dependencies, as shown in

Figure 7.

Table 1 shows the coastal regions of Venezuela that are

exposed to climatic risks.

Risks to unique and threatened systems
(RFC-1)

We found that under scenarios of an increase of 0.5m and

1m to the SRL (Olivo-Garrido et al., 2011), several coastal units

of Venezuela (Miranda state) present environmental sensitivity,

being the Laguna de Tacarigua National Park “Northeast

Region” NER, the most affected, with estimated land losses due

to flooding between 8.97 and 17.75 km2. In addition, projections

from the US Climate Central Association (climatecentral.org)
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FIGURE 5

Layers of ecosystems for the model of cumulative impacts and aquatic stressors on the central coast of Falcón state, Venezuela. (A) 1) Seagrass

2) Rocky shoreline (B) Bush (C) Nutrients (D) Chemical pollution.

estimate that by the year 2100, the surroundings of ML and the

city of Tucupita (DA state) will be submerged due to SLR.

Risks associated with extreme weather
events (RFC2)

Another critical event related to the extreme variations of the

climate on the coasts of Venezuela is the event of extraordinary

rains in 1999 that caused the desalination of shallow water

masses in one of the extensive seagrass meadows of the

Morrocoy National Park “Noroccidental Region” (NWR) and

Las Aves, the northernmost island of Venezuela, significantly

affected by hurricanes (Olivares and Piñero, 2010). Compared

to the rest of the Caribbean, this has been one of the few

extreme events (storms, cyclones, and hurricanes) that have hit

Venezuela’s coasts.

Impacts related to aggregate risks (RFC4),
and RFC5

North-central region Landslides and threat to people’s

lives (mainly Vargas); loss of coastal area due to sea level

rise (in Miranda); (in Aragua 1987 and 2020 tragedies of

the Limón river), López et al. (2011), Olivo-Garrido et al.

(2011), ACFIMAN-SACC (2018). North-eastern region: Decline

in fisheries (ie sardines); Gómez et al. (2012, 2014), Gaspar

(2022), Taylor et al. (2012), Gómez (2019), González et al.

(2020). Eastern region: a threat to the property of indigenous

populations in the alluvial plains of the Orinoco Delta Medina

et al. (2015), MPPEA-IICNCC (2017). Federal Dependencies:

changes in the coverage and structure of mangrove and seagrass

ecosystems, affectation of organisms with calcareous shells;

Villamizar et al. (2003, 2008), Villamizar et al. (2014), Cróquer

andWeil (2009), Bastidas et al. (2012), Yranzo et al. (2014), Laso

(2015).
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FIGURE 6

Vulnerability of the coastal socio-ecological systems of Venezuela to climate change indicators. Regions of Venezuela: Northwest, Northcentral,

Northeast, East, and Federal Dependencies.

FIGURE 7

Coastal risks related to climate change. Regions of Venezuela:

Northwest, Northcentral, Northeast, East, and Federal

Dependencies.

In the North-western region, which presents impacts of

desertification; beach erosion, shoreline retreat; mangrove

degradation; changes in the composition of the vegetation;

degradation of reef habitats, we apply the model of Crain et al.

(2008) in their marine and coastal ecosystems using multiple

natural and anthropogenic pressures.

Obtained “Moderate to High” cumulative impact levels that

cover 9.93% (102,471, 522Ha) of the area where there are

urban growth zones, industrial oil settlements, port areas, and

aquaculture areas with fishing activity on the western coast of

the Peninsula of Paraguaná, the Golfete de Coro and the flood

zone of the Isthmus of Los Médanos (see Figure 8).

FIGURE 8

Map of cumulative impacts of multiple natural and anthropic

disturbances on the central coast of Falcón state, Venezuela.

“High” cumulative impacts were located in populated coastal

areas. They require special attention in their comprehensive

management due to their growth; the areas with “moderate”

cumulative impacts destined for aquaculture and fishing

activities require compliance with the established management

and planning parameters.

The model also yielded “Low to moderate” cumulative

impact levels that cover around 43.74% (455,345.95 Ha) of the

area in coastal areas with “thorn scrub” and “coastal grassland”
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type vegetation located on the Peninsula de Paraguaná and

flood-prone areas of the Mitare Delta. In contrast, moderate

pressures decreased in the direction of the Gulf of Venezuela

and inland.

The areas with a “low or moderate” cumulative impact

located in the Paraguaná Peninsula and the flood-prone areas of

the Mitare Delta require comprehensive management to ensure

the sustainability and conservation of the ecosystems.

In general, the intensity levels of the impacts were

distributed heterogeneously along the east coast of the

Paraguaná Peninsula, with “Medium to high” impact focusing

on rocky shores with hard bottoms, sandy beaches, and coral

communities (in Adícora-Buchuaco to Cabo San Román) and

in the “Golfete de Coro” with “Medium to low” impact levels in

areas with coastal lagoons, sandy beaches, and mangroves.

On the other hand, the stress factors measured for

all the marine and coastal ecosystems of the central coast

of the state of Falcón, Venezuela, that contributed the

most to the cumulative impact score were: “Nutrients”

(contribution of nitrogen and phosphorus from urban

discharges), “Chempoll” (Contaminants from sewage, urban

runoff, industrial effluent, agricultural residue) and “Shipping”

(Maritime traffic trajectories and frequency) as shown in

Supplementary Table S4.

Detailed per-pixel results were not obtained for the

contribution of the rest of the threats; since most of the layers

were rasters with a single value (1) denoting a polygon extent

(e.g., urban areas, oil spill); yielded average, min, max, and std

dev= 1 values.

Regarding the stress factors associated with climate change

(sea level rise, sea surface temperature, land temperature, and

precipitation), the model showed uniform distributions in the

study area. However, it is essential to note that different

ecosystems may be more sensitive to these threats than others,

leading to differences in the cumulative impact that needs to

be measured.

Discussion

We found no standardization in the types of assessments,

procedures, or precise definitions of the scope of impact or

vulnerability assessments. Neither are the frameworks that

operationally link the ecological, socioeconomic (Pavlickova and

Vyskupova, 2015) or cultural aspects of socio-ecological systems.

Based on our review and following Leslie et al. (2015) and

Jozaei et al. (2022), we believe that the lack of standardization in

evaluations and procedures could be because there are still few

approaches that incorporate science in CVA (Leslie et al., 2015;

Jozaei et al., 2022).

CVA helps to determine the potential effects of climate

change on a biophysical system based on information obtained

from impact assessments (Dudley et al., 2021) to reduce its risks.

This framework assumes risk levels for each RFC supported by

identifying “key risks” that represent severe consequences for

socio-ecological systems.

A practical climate risk assessment requires information

on climate hazards at multiple spatial and temporal scales,

exposure, vulnerability, their associates, and uncertainty to help

communicate risk and prioritize investments (Arribas et al.,

2022).

Due to its geographical location (the northernmost in South

America), with 3,726 km of continental coastline and direct

access to the Atlantic Ocean and the Caribbean Sea, Venezuela is

physically and environmentally highly vulnerable to sea level rise

and its effects of erosion and flooding, especially on low-lying

coasts (Naveda, 2010; Villamizar et al., 2017; Villamizar, 2020)

highlights that it is severe for areas subject to subsidence, such

as the south and east coast of Lake Maracaibo (ML) in the state

Zulia and the Orinoco Delta in the Delta Amacuro state (DA)

(see Table 1).

Villamizar (2020) points out that in trajectories of higher

greenhouse gas emissions (temperature increase greater than

1.5◦C), as projected by RCP6.0 and RCP8.5, sea level rise by 2100

will reach two meters or even more.

Sea surface water temperature rise (SWTI) has

significant negative ecological and socioeconomic

consequences for coastal communities. For example,

massive bleaching of corals (and other sessile coral reef

invertebrates) have been observed during years of very high

SWTI, disease outbreaks and worse, the death of many

coral colonies.

In the late 1990s, the average coral cover on the

Dos Mosquises Sur reef (southwest of the archipelago) was

approximately 60%. However, by February 2011, after 2010, it

was around 29% (Bastidas et al., 2012; Villamizar et al., 2014).

Thus, it is evident that the Venezuelan coast is

environmentally and socioeconomically vulnerable to

climate change due to its environmental complexity and

the combination of uses (Castillo et al., 2011); such as coastal

development (airport, oil, commercial, industrial, and tourist

infrastructure) and the high proportion of the coastal population

in areas composed of unique or fragile ecosystems such as the

western coastal zone of Venezuela.

The western coastal area of Venezuela presents high human

pressures such as oil spills (Caporusso et al., 2022), unprocessed

open-pit solid waste dumping, soil salinization (Mogollón et al.,

2017), and suspended sediments (Ramos et al., 2021) that

could endanger the integrity of its high ecosystem heterogeneity

(Carmona, 1989).

The first Inventory of Classification of Lands and Resources

in the state of Falcón Venezuela (Matteucci et al., 1982) carried

out between 1975 and 1985 showed that more than 42% of

the surface of the state of Falcón had suffered deterioration

and that 41% was damaged in danger of severe or very severe

desertification. The inventory followed a landscape approach
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defining physiognomic units in terms of relief, soil, vegetation,

drainage pattern, and climate.

After 37 years, we have found more significant localized

pressures in coastal areas with a higher concentration of

anthropic activities when evaluating the cumulative effect of

human and natural pressures in the coastal region of Falcón

state, using the method of Crain et al. (2008).

The coastal landscapes of Falcón state are composed of

different classes of connected land and marine cover; artificial

surfaces, agricultural areas, forests and semi-natural areas,

wetlands, dunes, and bodies of water with a complex dynamic

in the provision of ecological services, which gives them a high

value as a social and ecological integrator (Kim et al., 2017).

However, they are currently subject tomultiple disturbances that

condition their resilience (Bernhardt and Leslie, 2013; He and

Silliman, 2019).

According to our model, the intensity of the impacts

increases toward the eastern region of Falcón state from

“Moderate to high” varies heterogeneously along the coast

and toward the open sea, possibly due to the development of

coastal port infrastructure and more remarkable development of

population centers (Figure 8).

Along the eastern coast of the Paraguaná Peninsula, the

impacts’ intensity is distributed heterogeneously with “Medium

to high” impact sources. The hard bottoms, the sandy beaches,

the coralline communities (located between Adícora and

Buchuaco up to Cabo San Román) with modified dunes with

road layout, infrastructure development, bush forestation, and

intensive agriculture present “high impact”.

The Golfete de Coro shows “Moderate to low” impacts in

almost unpopulated areas of the central Mitare River and in the

Mitare Delta, where after fishing, the main economic activity is

aquaculture, which affects the coastal lagoons, the sandy beach

line, and the mangroves due to the removal of soil for the

expansion of the areas of cultivation pools and the construction

of roads to the facilities.

While in the Western Region, the intensity of the impacts

varies from continent to sea, with contributions of sediment,

variation in water temperature, and chemical contamination. On

the coast, the SRL generates “High” impacts on the mangroves

and the flooded areas moderately threatened by the variation of

the SRL under the RCP 6.2 scenario.

A marked variation was likely not observed for indicators

of climate change due to the homogeneous data of the rasters

used in a small area. Therefore, regionalized climate information

layers may be required to use these indicators in conjunction

with the Halpern model.

Gradients are challenging to map because they require

spatial data with sufficient resolution to represent the influence

of individual pressures and their combinations on the landscapes

of the central coast of Falcón state.

In this coastal region, the complex dynamics of socio-

ecological systems make it difficult to estimate the cumulative

effects of multiple stress factors on various ecosystems, at

least at a local scale (Clark et al., 2016), so visualizing

the coastal region as an integral system contributes to

understanding the complex interactions between terrestrial and

marine ecosystems.

Countries like Venezuela that are particularly vulnerable

to climate change due to their large coastal areas with varied

climatic conditions and poor economic conditions should

consider the cumulative effects of multiple stress factors in

the management of their coastal environments and benefit

from the advantages that a map of cumulative impacts offers

to help communicate the coastal management issues required

by decision-makers.

In 1992, Venezuela incorporated Environmental Impact

studies into its Natural Resources Code. Around 2010, it

began implementing the Strategic Environmental Assessment

(Espinoza, 2007), which considers the cumulative, additive,

synergistic effects, saturation thresholds, induced impacts, and

indirect impacts.

The Venezuelan regulation of the EIA under Decree 1,257 of

the “Standards on environmental evaluation of activities likely

to degrade the environment” expresses the need to include the

CEIA in its presentation (Osorio and Sebastiani, 2013) but does

not require it, ignoring in the evaluation of projects perhaps

due to the difficulty of mitigating them or because they consider

the responsibility of their management solely to the regional or

national government (Watkins et al., 2015).

Conclusion

Approaches to assessing climate vulnerability and the

cumulative impacts of multiple pressures on coastal zones have

diversified as the scope of research broadens.

However, despite advances in research on these assessments,

socio-ecological and resilience approaches seem to be lacking,

possibly because strategies incorporating social sciences into

climate vulnerability assessment are still relatively rare (Leslie

et al., 2015).

Although landscape ecological approaches are not yet widely

adopted in cumulative impact assessments, they should be done

on coastal landscapes under the socio-ecological systems (SES)

framework as it provides an interdisciplinary view.

Opportunities also exist to incorporate the principles and

tools of landscape ecology, select appropriate spatial and

temporal scales for these analyses, and provide tools to inform

decisions (Harker et al., 2021).

Given the broad spectrum of research oriented toward CVA

and CEIA, we consider the use of SEA2 and CEIA in CVA

beneficial because they are adaptable when considering additive,

synergistic, or saturation thresholds, as well as induced or

indirect impacts.
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On the other hand, the method of Halpern et al. (2008)

allowed us to identify possible cumulative impacts of multiple

natural and anthropic disturbances on the arid coasts of

Venezuela. Its application in data-poor areas requires method

modifications and adjustments to make it helpful in improving

understanding of the current environmental and socioeconomic

conditions of other affected regional coastal areas.

They also highlight the difficulties Latin American countries

face in regulating their coastline from an integrated perspective

since only half of the Latin American nations have legislation on

this subject (Botero et al., 2022).

Adaptation measures such as community-based adaptation

and ecosystem-based adaptation are not fully integrated into

national plans yet (Nagy et al., 2019).

Due to the persistent lack of inclusion of these assessments

in regional coastal planning, it is urgent to respond to the need to

implement measures to address climate risks and the cumulative

effect of multiple pressures on coastal areas.

At the regional level, among the main adaptation actions

carried out by Brazil, to a lesser extent, Chile and Uruguay

highlight the Strengthening of the National System of Protected

Areas Systems, restoration, and maintenance of coastal

ecosystem services, continuous monitoring, mapping of risks

and loss and damage assessment (Nagy et al., 2019).

It is urgent to have availability, quality, and homogeneity of

the scale of the data used to build models of cumulative impacts

that offer valuable and applicable information for an Integrated

Management of the Coastal Zones of the region. In addition to

guaranteeing the reliability of the expert’s evaluation, ensuring

their participation throughout the development of the study.
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