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AbsTrAcT

Coastal ecosystems are rich with biodiversity and ecological functions that pro-
vide valuable ecosystem services. They are also vulnerable to the impacts of cli-
mate change and anthropogenic activities. Assessing the impacts of climate change 
on coastal ecosystems is crucial if we are to develop and implement strategies that 
minimize and mitigate these impacts. This study uses a theoretical framework that in-
cludes climatic hazards, ecosystem vulnerability, and exposure to damaging climatic 
events, to estimate the risks due to climate change on coastal ecosystems in Taiwan. 
We found that seagrass beds, algal reefs, and coral reefs in Taiwan are at high eco-
logical risk to the future effects of sea level rise, elevated sea temperature, and ocean 
acidification. The responses of these highly threatened ecosystems to the effects of 
climate change is uncertain and depend, in part, on the type of ecosystem, its location 
in Taiwan, the rate at which these effects occur, and whether these impacts occur at 
the same time or sequentially. The coastal ecosystem risk to the adverse effects of cli-
mate change is high because they are especially vulnerable. The resistance of coastal 
ecosystems is linked to their complexity and maturity. Their low adaptive capacity 
is linked to the exploitation of their natural resources and inadequate biodiversity 
conservation. To minimize and mitigate the effects of climate change on high-risk 
areas and ecosystems ongoing monitoring programs and dynamic management will 
be needed. Our study is a first step toward building a framework for climate change 
risk assessment for the coastal ecosystems in Taiwan.
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1. InTroducTIon

Increased greenhouse gas atmospheric concentrations 
are causing climate change. Ecosystems have already suf-
fered from the effects of climate change, especially in many 
coastal areas (Gillanders et al. 2011). Climate change, in-
cluding an increase in global temperatures and the frequency 
of extreme weather events, is predicted to be lasting and 
pose risks to environmental features and biotic assemblag-
es in terrestrial and aquatic ecosystems (IPCC 2013). For 
coastal ecosystems, ocean warming, ocean acidification, and 
sea level rise are the three most important changes caused 
by climate change. There is a growing awareness of the con-
sequences of increasing atmospheric CO2, which could in-

crease ocean temperatures and reduce seawater pH to levels 
intolerable to coastal ecosystems (Orr et al. 2005; Ateweber-
han et al. 2013). In recent decades, overwhelming scientific 
findings about sea level rise and its impacts on low-lying 
coastal areas have gained the attention of coastal ecosystem 
managers around the world (Torresan et al. 2012; Li et al. 
2015). Of particular concern is how ocean warming, ocean 
acidification, and sea level rise will interact with local so-
cioeconomic development, such as land use, shoreline al-
terations, pollution, urbanization, and overfishing, and how 
these impacts can be mitigated. Each of these changes in the 
ocean and their interactions are contributing to notable im-
pacts on global biodiversity and ecological functioning (Mc-
Clanahan et al. 2012). Although these changes in the ocean 
are occurring now, the rate of change and the spatial and 
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temporal variability in these three factors, and the ecosystem 
responses pose considerable uncertainty (Simas et al. 2001). 
Climate change presents a major challenge for ecological 
risk assessment (Yemshanov et al. 2013).

The marine-terrestrial interface that occurs in coastal 
areas includes a variety of unique ecosystems. Globally, 
management agencies have focused on the most threatened 
and heavily used coastal ecosystems, including marshes, 
mangroves, coral reefs, algal reefs, seagrass beds, sand 
beaches, and dunes (Halpern et al. 2008). These ecosystems 
are some of the most valuable ecosystems, due to their rich 
biodiversity, ecological functions and ecosystem services 
(Barbier et al. 2011). Coastal ecosystems are among the most 
vulnerable to the impacts of climate change (Spalding et al. 
2014). The rapid and increasing deterioration of coastal eco-
systems due to human activities increases their vulnerability 
to climate change because it decreases their adaptive capac-
ity (Czúcz et al. 2011). For example, coastal wetlands, reefs, 
and submerged vegetation can provide floodplains and ero-
sion control against increasing coastal flooding events due 
to sea level rise and extreme storms, but human degradation 
of these ecosystems decreases coastal protection (Danielsen 
et al. 2005). Coastal ecosystems degraded by both human 
impact and future climatic events could suffer an accelerat-
ing loss of populations and species. This biodiversity loss 
could affect ecosystem services (Worm et al. 2006; Barbier 
et al. 2011). Coastal ecosystems provide fisheries, whose 
diminishment is cause for concern due to the paramount is-
sue of food security worldwide (Ateweberhan et al. 2013). 
Oyster reefs, seagrass beds, and wetlands provide nursery 
habitats for fish and other organisms. Suspension feeders, 
submerged vegetation, and wetlands provide filtering and 
detoxification services (Worm et al. 2006). Degradation of 
these ecosystems decreases their stability and their capacity 
to maintain water quality by reducing their ability to recover 
from perturbations (Worm et al. 2006). Concern about eco-
system collapse associated with climate change has been a 
major factor contributing to the increase in coastal ecosys-
tem risk assessment and impact mitigation.

Adaptation and mitigation strategies are developed 
based on the global climate change threats predicted on 
ecosystems (Chin et al. 2010). Risk assessment and its role 
in aiding the development of adaptive strategies to climate 
change have received increasing scientific and public atten-
tion (Anthony et al. 2015; Rogers et al. 2015). It is crucial 
that we develop methods for accurately analyzing the risk 
of climate change to coastal ecosystems. For ecological risk 
assessments, the hazard, vulnerability, and exposure are es-
timated and the risk is calculated based on the interaction of 
these three factors (IPCC 2014). Risk is defined as the prod-
uct of the impacts from hazardous events and the probability 
that each event occurs. The impact of a hazardous event is 
affected by ecosystem vulnerability and exposure. Specifi-
cally, (1) the hazard is a latent damaging event for compo-

nents of an ecosystem (e.g., biodiversity, ecological func-
tion, and ecosystem service); (2) vulnerability is determined 
by the sensitivity (lack of resistance) and adaptive capacity 
(degree of resilience) to the hazard; (3) exposure indicates 
the presence of the ecosystem components in spaces that 
could be adversely affected by the hazard. Both numerical 
modeling and index-based risk assessments have been con-
ducted for a wide range of coastal systems (Chin et al. 2010; 
Hinkel et al. 2010). Based on a limited number of datasets, 
index-based methods are better able to include comprehen-
sive, multidisciplinary information in ecological risk assess-
ments for different regions and at large spatial scales. Un-
like complex numerical models, their easy implementation 
can provide rapid assessments for urgent situations.

We used this theoretical framework and index-based 
method to estimate the risk of climate change to coastal eco-
systems in Taiwan. We combined climatic hazard, ecosys-
tem vulnerability (both sensitivity and adaptive capacity), 
and exposure to estimate the risk imposed by increases in 
ocean temperature, acidity, and sea level. Regional scale 
qualitative and quantitative attributes were used as environ-
mental, ecosystem, and socioeconomic indicators of each 
risk factor. The socioeconomic indicators attempt to account 
for the exploitation of natural resources and the positive role 
of biodiversity conservation policies, which contribute to 
ecosystem resilience to climatic hazards. This assessment 
framework was developed to estimate the relative risk of 
climate change on coastal ecosystems in regional/subna-
tional areas of Taiwan. Special attention was given to ar-
eas identified as having high ecological risk and to creating 
strategies that will enable these areas to avoid, mitigate, or 
adapt to these hazards.

2. MATerIAls And MeThods

We followed the IPCC definitions of vulnerability, ex-
posure and hazard to develop potential risk indicators and 
developed our framework (Fig. 1). We estimated relative 
risk based on observed (1980 - 1999) and projected (2020 
- 2039) conditions. For each spatial patch on the Taiwan 
coast (Fig. 2), we calculated the risk from climate change 
as follows:

Risk V N
H Ei i

HE

#
#=

1 2 344 44

/  (1)

where V is vulnerability (the average of sensitivity and the 
inverse of adaptive capacity), Hi is the hazard magnitude i, 
Ei is the ecosystem proportion exposed to hazard i, and N 
is the number of hazards. HE is the product of hazard and 
exposure.

We assumed the vulnerability of each ecosystem re-
mained constant throughout the time period covered by this 
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study. However, different ecosystems, such as coral reefs, 
mangroves, and algal reefs, may differ in their vulnerability 
to hazards. Exposure is an ecosystem- and hazard-specific 
variable. The ocean hazard magnitude on the Taiwan coast 
is based on the projection average for different general cir-
culation models (GCMs). Hazard magnitude, ecosystem ex-
posure, and each ecosystem vulnerability component were 
given a score (from 1 to 5) based on the criteria in Table 1.

We selected 9 sites on the Taiwan coast for which 
adequate ecological and socioeconomic information exists 
(Table 2). The vulnerability of each of the 7 types of coastal 
ecosystems was determined using one or two sites represen-
tative of each ecosystem. We excluded salt marshes from 
this study because there is inadequate data for this ecosys-
tem in Taiwan. Societal impacts and protective legislation 
were also scored on a scale of 1 to 5, so these factors can be 
included in the analyses.

Sensitivity, including Finn’s cycling index, total bio-

mass of consumers, total biomass/total production, total pri-
mary production/total respiration, system omnivory index, 
and overhead/development capacity, were determined using 
a trophic model of each site constructed using the Ecopath 
with Ecosim software (Christensen et al. 2008), which can 
characterize energy flows within the food web (Odum 1969; 
Ulanowicz 2001). We followed the general methodology to 
verify the Ecopath model realism (Christensen et al. 2008). 
The inverse of adaptive capacity determines ecological re-
covery potential and it is affected by the interaction of an 
ecosystem with socio-economic factors, including land-
scape development intensity (LDI) index (Chen and Lin 
2011), the number of visitors, overfishing, and protective 
legislation. The effects of pollution could be associated with 
the number of visitors and LDI index.

We used an ensemble of four GCMs, i.e., GFDL-
ESM2M, IPSL-CM5A-LR, NorESM1-ME, and GFDL-ES-
M2G. GCM runs for the four emission scenarios used in the 

Fig. 1. Conceptual framework for assessing the climate change effects on coastal ecosystems. (Color online only)

Fig. 2. Coastal ecosystem distribution in Taiwan.
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risk Factor
score

1 2 3 4 5

Vulnerability

Sensitivity

Finn’s cycling index High Fairly high Medium Fairly low Low

Total biomass of consumers High Fairly high Medium Fairly low Low

Total biomass/total production High Fairly high Medium Fairly low Low

Total primary production/total respiration ≈ 1 High Fairly high Medium Fairly low Low

System omnivory index High Fairly high Medium Fairly low Low

Overhead/development capacity High Fairly high Medium Fairly low Low

Inverse of adaptive capacity

Landscape development intensity index Low Fairly low Medium Fairly high High

Number of visitors Low Fairly low Medium Fairly high High

Overfishing index Low Fairly low Medium Fairly high High

Protection legislation National area n/a Regional area n/a None

hazard

Sea level rise (cm) < 12.5 12.5 - 25.0 25.0 - 37.5 37.5 - 50.0 ≥ 50.0

Surface seawater temperature rise (°C) < 0.3 0.3 - 0.6 0.6 - 0.9 0.9 - 1.2 ≥ 1.2

Surface ocean pH decline < 0.05 0.05 - 0.10 0.10 - 0.15 0.15 - 0.20 ≥ 0.20

exposure (to each hazard) Low Fairly low Medium Fairly high High

Table 1. Criteria for ranking hazard magnitude and ecosystem vulnerability and ecosystem exposure to three ocean hazards.

site 1
Yenliao bay 

(Ye 2007)

site 2
datan (lin 
et al. 2013)

site 3
Kenting 
nanwan 

bay (liu et 
al. 2009)

site 4
Guandu 

(lin et al. 
2003)

site 5
dongsha 
(lee et al. 

2015)

site 6
chiku la-

goon (lin et 
al. 1999)

site 7
Tapong bay 

(lin et al. 
2006)

site 8
The estuary 
of Xin hu-
wei river 
(Pan et al. 

2016)

site 9
Kuosheng 
bay (lin et 

al. 2004)

ecosystem type rocky shore algal reefs coral reefs mangroves seagrass 
beds

estuary/ 
coastal 
lagoon

estuary/
coastal 
lagoon

sandy shore sandy shore

GPs coordinate 121.87°E, 
25.08°N

121.08°E, 
25.03°N

120.77°E, 
21.96°N

121.42°E, 
25.17°N

116.92°E, 
20.67°N

120.08°E. 
23.12°N

120.46°E, 
22.45°N

120.20°E, 
23.75°N

121.67°E, 
25.19°N

Vulnerability

Sensitivity 2.00 4.50 2.50 4.00 3.83 2.17 2.50 3.67 2.17
Inverse of adap-
tive capacity 3.00 3.00 3.25 2.00 2.25 3.50 3.50 3.25 3.25

hazard

Sea level rise 1 1 1 1 1 1 1 1 1
Surface seawater 
warming 3 3 3 3 3 3 3 3 3

Surface ocean pH 
decline 2 2 2 2 2 2 2 2 2

exposure

Sea level rise 2 1 2 4 4 4 4 1 1
Surface seawater 
warming 1 4 5 2 3 3 3 1 1

Surface ocean pH 
decline 3 5 5 2 3 1 1 2 2

Table 2. Ecosystem vulnerability and exposure to ocean hazards. Scores were generated using the criteria shown in Table 1.
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IPCC Fifth Assessment Report (AR5; IPCC 2013) represent 
different greenhouse gas emissions (RCP26, 45, 60, and 80). 
We selected these GCMs because they have the four green-
house gas emissions and four focal climatic hazards (Sea 
Surface Height above Geoid, Sea Surface Temperature, and 
Sea Water pH). The 16 GCM-emission scenario combina-
tions form a range of projections.

3. resulTs

By 2039, the sea level is predicted to rise 3.1 - 3.5 cm all 
around Taiwan (Fig. 3) and will likely have similar effects 
on all coastal ecosystems (hazard score 1, Table 2). Ocean 
surface temperature is expected to increase 0.66 - 0.73°C, 
while the pH of coastal water will decrease 0.05 - 0.07  
(Fig. 3). The effects of increasing water temperature will 
likely be similar on the different coastal ecosystems and be 
greater (score 3) than the sea level rise effects (Table 2). 

Likewise, the decrease in pH is expected to be similar in all 
coastal ecosystems (Fig. 3) and have a somewhat greater 
impact (score 2) than the sea level rise (Table 2). As a result, 
much of the variation in ecological risk posed by these haz-
ards to the 7 types of coastal ecosystems (Table 3) is due to 
differences in the composite ecological vulnerability index 
and exposure to the hazards (Table 2). Due to high vulnera-
bility and exposure, especially to increases in ocean temper-
ature and acidity, the coastal ecosystems at the highest risk 
to the climate change effects include coral reefs, seagrass 
beds, and algal reefs (Table 3). Although coral reefs are not 
especially vulnerable to these hazards, they are still at high 
risk due to anthropogenic disturbance and high exposure to 
ocean warming and acidification. Seagrass beds suffer less 
from anthropogenic disturbance, but are still at high risk due 
to medium-high exposure and medium-high sensitivity to 
climatic hazards. Algal reefs are at the highest risk due to 
high vulnerability and high exposure to ocean hazards. This 

Fig. 3. Projected changes in sea level, sea temperature and ocean acidity by 2020 - 2039 (relative to 1980 - 1999) based on the average of 16 general 
circulation model-emissions scenarios.

ecosystem V
base Future

risk difference
he risk he risk

Rocky shore 2.4 2.0 4.9 3.7 9.0 4.1

Sandy shore 3.1 1.3 4.1 2.7 8.2 4.1

Estuary/coastal lagoon 2.9 2.7 7.6 5.0 14.3 6.7

Coral reefs 2.8 4.0 11.3 9.0 25.5 14.2

Mangroves 3.1 2.7 8.3 4.7 14.5 6.2

Seagrass beds 3.1 3.3 10.4 6.3 19.8 9.4

Algal reefs 3.8 3.3 12.8 7.7 29.4 16.6

Table 3. Vulnerability (V), the product of hazard and exposure (HE), and 
risk assessments for coastal ecosystems to climate change under observed 
(1980 - 1999; Base) and projected (2020 - 2039; Future) conditions. Each 
spatial patch (see Fig. 2) belonging to the same ecosystem has the same val-
ue at risk because scores for each hazard are the same all around Taiwan.
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ecosystem has high sensitivity and low recovery potential, 
and it is impacted by a range of socioeconomic factors, in-
cluding, recreational activities, fishing, and intense coastal 
land use.

4. dIscussIon

To understand the possible climate change effects on 
the Taiwan coastal ecosystems, it is necessary and essential 
to develop a robust framework for assessing the risks asso-
ciated with climate change. This study provides just such a 
framework and the associated criteria needed to determine 
the future risks from climate change to coastal ecosystems. 
This could boost future efforts to manage these ecosystems 
and develop strategies to avoid, mitigate, and adapt to the ef-
fects of climate change in Taiwan. We include a wide range 
of factors in the framework, including ecosystem responses, 
socioeconomic effects, and multiple climatic hazards. The 
comprehensive nature of our framework could limit its use 
if insufficient data is available. In Taiwan, we have inad-
equate information and ecological knowledge to meet the 
framework requirements and, so, we cannot accurately as-
sess future risk. However, the overall pattern, but not the 
details in the assessment can provide insights into the fate 
of these coastal ecosystems. Our results indicate that, by 
2039, increasing ocean temperature and acidification, will 
severely impact coastal ecosystems and that the sea level 
rise effects will be less severe.

Coastal ecosystems are not subject to just one climate 
hazard, but to multiple climatic hazards, such as sea level 
rise, increasing temperature, and ocean acidification. These 
hazards affect physicochemical factors, which then impact 
coastal ecosystems and their biological components (Di-
jkstra et al. 2011). Moreover, when it comes to develop-
ing management strategies, knowing which hazard is most 
significant for coastal ecosystems in Taiwan is critical. Our 
and other studies demonstrate how to identify the effects 
of single and combined climatic hazards (Morzaria-Luna et 
al. 2014). It is crucial that we develop ways of quantifying 
the interactive effects of multiple climatic stressors at the 
community or ecosystem level. Climatic hazard interactions 
are complex and there is insufficient information to sepa-
rate the effects of each action based on global studies, much 
less on those in Taiwan. Climatic hazards, such as sea level 
rise, increasing ocean temperature, and ocean acidification, 
can have cumulative and synergistic effects that are usually 
non-measurable and increase the uncertainty of risk assess-
ments (Morzaria-Luna et al. 2014). For example, there are 
individual, additive, and interactive effects from fishing, 
ocean warming, and ocean acidification over time on the 
southeastern Australian marine ecosystem. These effects 
vary depending on the ecosystem or community (Griffith 
et al. 2012).

Different coastal ecosystems, including coral reefs, 

algal reefs, mangroves, and salt marshes, exhibit different 
responses to the same climatic hazards, e.g., sea level rise, 
ocean warming, and ocean acidification. For example, the 
rising atmospheric concentration of carbon dioxide (CO2) 
is causing higher oceanic uptake of CO2 and ocean acidi-
fication, which affects seawater chemistry and could nega-
tively affect calcifying marine organisms (Griffith et al. 
2011). Coral and algal reefs appear to be sensitive to ocean 
acidification and increasing temperature, but these haz-
ards may have little or no impacts on mangroves and salt 
marshes. Compared to corals, mangroves are better able to 
resist ocean acidification because of habitat heterogeneity, 
proximity of different habitat types, hydrographic condi-
tions, and biological effects on seawater chemistry generate 
chemical conditions that buffer against ocean acidification 
(Yates et al. 2014). This variation in response makes com-
paring the risk of climate change hazards to different coast-
al ecosystems a major challenge and few studies focus on 
multiple coastal ecosystems. To make the risks to different 
ecosystems comparable, we used the exposure of different 
ecosystems to integrate and track changes in their vulner-
ability within a whole-ecosystem modeling framework that 
includes the trophic web and energy flow. Our framework 
is semi-quantized and each ecosystem’s exposure deter-
mined by expert assessments. To the best of our knowledge, 
this is the first study that integrates trophic web and energy 
flow into the framework for assessing ecological risk. This 
framework could be useful in urgent situations when quan-
tified exposures based on experiments, surveys, or models 
are not available.

One of the most important future climate change ef-
fects could be the decreased viability of individual species 
(Nagelkerken and Munday 2016). Climate change will alter 
the environment and habitats, and could affect the physiolo-
gy and behavior of all individuals of given species (Kendall 
et al. 2016). Species can develop resistance and resilience to 
climate change through evolutionary adaptation (Chirgwin 
et al. 2015). In addition, species may move as the locations 
of suitable environments change (Brown et al. 2016). For 
example, if the rate of sea level and temperature rise are 
slow enough, mangroves can adapt by moving inland and to 
areas that used to be too cold (Yáñez-Espinosa and Flores 
2011). Direct human impacts, such as overfishing and wa-
ter pollution, likely decrease the adaptive capacity of most 
species (Rogers et al. 2015). Therefore, it is important to 
study evolutionary adaptation because it can help mitigate 
the effects of climate change and inform human adaptation 
strategies to decrease the socioeconomic costs. Manage-
ment or mitigation strategies that limit climate hazards be-
low a reasonable level could increase the chances for spe-
cies in coastal ecosystems to adapt evolutionarily to climate 
change (Gattuso et al. 2015). In addition, to limit changes 
in the structure of communities, effective management 
must limit the increase and range expansion of tolerant and  
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invasive species (Przeslawski et al. 2008).
Integrating socioeconomic factors into risk assess-

ments of climatic hazards is one of the major challenges. 
Understanding the ecological impacts of future climatic 
hazards and assessing the socioeconomic costs of adapta-
tion strategies on coastal ecosystems is essential (Wolff 
et al. 2015). Adaptation planning must consider socioeco-
nomic dynamics and the tradeoffs between ecosystems and 
socioeconomics. For example, in Papua New Guinea, adap-
tation planning for coral reef fisheries could be improved 
by integrating social-ecological vulnerability assessments 
with climate forecasts (Maina et al. 2016). Our methodol-
ogy includes resource exploitation factors that affect the 
adaptive capacity of ecosystems. As resource exploitation 
increases, an ecosystem’s adaptive capacity decreases. For 
example, a study assessing the potential impact of fishing 
and acidification demonstrated that areas subject to inten-
sive fishing were at greatest risk and most susceptible to the 
effects of acidification (Griffith et al. 2011). The same eco-
systems in different areas and different ecosystems in the 
same area can differ considerably in their adaptive capacity 
and in their vulnerability to predicted climatic hazards due 
to future climate change. Collecting and integrating social 
information with climate forecasts and ecosystem modeling 
will better address the impacts of climate-mediated hazards. 
When designing adaptation strategies, enhanced adaptive 
capacity will decrease risk but impact socioeconomics. Our 
framework can help policy makers find a balance between 
ecological adaptation and socioeconomic development.

Although our study focuses on Taiwan, our compre-
hensive framework considers both ecosystem responses 
and socioeconomic factors and is the one of several stud-
ies worldwide working to understand the effects of climate 
change and assist in the development of effective manage-
ment and adaptation strategies. However, inadequate eco-
logical information limits the effectiveness and power of 
this framework. The framework structure and the criteria 
for risk estimation are based on a few, important ecological 
studies and general, global concepts and information. The 
lack of information specific to Taiwan may decrease the ac-
curacy of our predictions and constrain the timely develop-
ment of effective adaptation strategies for Taiwan. There 
is a shortage of information about ecosystem vulnerability. 
We need comprehensive studies on species ecology in the 
coastal ecosystems of Taiwan and their interactions with bi-
otic and abiotic factors. It is essential to have information 
that is more detailed and more comprehensive and have the 
participation of more scientists and policy-makers.

Our ecosystem vulnerability framework is based on 
energy flow and food web structure. Ideally, ecosystem 
vulnerability should be hazard-specific because different 
habitat conditions and community structure determine eco-
system features. For example, coral reefs are sensitive to 
water temperature, and ocean warming could result in coral 

bleaching and directly affect other biotic assemblages (Ke-
shavmurthy et al. 2014). Therefore, future efforts to refine 
this framework should address energy flow dynamics and 
food web structure in response to hazards. This will facili-
tate detailed risk assessments for a broad range of ecosys-
tems and climatic hazards, and improve the development 
of effective strategies that protect ecosystems and minimize 
socioeconomic impacts.
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