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Abstract: Gaomei wetlands are national Taiwanese coastal wetlands. Over the past few years,
they have grown into an important water bird habitat and popular bird-watching location.
However, the rapid growth in tourism has begun to affect the environmental quality in the Gaomei
wetlands. This study combined ecosystem services (ES) and ecological footprint (EF) assessments
to evaluate the sustainability status according to the features of each ecosystem service for the
different Gaomei wetlands land uses. The results found that (a) the total Gaomei wetlands ecosystem
service value increased from 59.24 million TWD in 2008 to 98.10 million TWD in 2015, and the
ecosystem service function was continuously improving; (b) the EF increased by 56.12% over 8 years;
and (c) there was a negative growth rate of 106.54% in the ecological deficit (ED) in the sustainable
ecological evaluation indicators (SEEI). The ecological footprint index (EFI) in 2015 was at Level 4 at
1.02, and the environmental sustainability index (ESI) was at Level 3 at 0.49. Results show that Gaomei
wetlands have a low sustainability; therefore, the local, regional, and national governments need to
implement regulations to strictly control the Gaomei wetlands land use. This study demonstrated
that ES and EF theory application can give an objective guidance to decision-makers to ensure that
wetlands eco-security can be maintained at safe levels.

Keywords: wetlands; ecological footprint; ecosystem services; ecological security; sustainable ecological
evaluation indicators (SEEI)

1. Introduction

As outlined in the Millennium Ecosystem Assessment of the United Nations, wetlands are one of
the most threatened ecosystem in the world, with biodiversity loss being the major concern. With the
continued loss and degradation of wetlands, ecological services are declining, negatively impacting
human life. Factors such as climate change, rural poverty, and increased human population size
have resulted in a wetlands loss of ~30%–50% in the last decade [1–3]. As well as providing
ecosystem services such as flood control, coastline protection, nutrient recycling, carbon sequestration,
and ecotourism, wetlands support many specialized plants and animal species [4–8].

This study was conducted in the Gaomei wetlands, located in Shimizu, Taichung, Taiwan,
and designated national Taiwanese wetlands in 2007 (Construction and Planning Agency Ministry of
the Interior, 2007). Recently, the Gaomei wetlands have become a major bird destination as a critical
winter habitat. However, human activities such as highway construction have led to significant
reductions in the sandbars and mangroves with a concurrent loss of biodiversity. Sustainable economic
and societal development and reductions in the impact of tourism must be addressed when developing
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natural resources. This study sought to balance resource and biodiversity conservation with sustainable
management and resource development. Because the Gaomei wetlands have similar topography and
ecosystems to other Taiwanese wetlands systems, the evaluation model developed in this paper could
be used for similar wetlands systems.

Chapin et al. (2000) suggested that ecosystem processes and biological diversity are crucial
intermediaries in the overall economic and human systems’ global environment [9]. Costanza et al. (1997)
defined ecosystem services (ES) as ecosystems that “provide, directly or indirectly, the material
and services to promote human welfare” [10]. The UN published the Millennium Ecosystem
Assessment (MEA) in 2005, in which ecosystem services are divided into supply services, regulating
services, cultural services, and support services [11]. Ecosystem service (ES) assessments have
traditionally focused on identifying the individual monetary values for each ecosystem service [12,13].
However, the lack of theoretical frameworks has led to subjective judgments and criticisms [14–16].
The integration of deliberate and non-monetary valuation approaches to ES valuations has increasingly
been advocated as a way of revealing the wider value concepts. Such methods, however, have had
limited application in practice and have been mostly focused on localized case studies [17–19].
Barbier et al. (2011) evaluated the ecosystem service values in wetlands, mangroves, coral reefs,
seagrass beds, and sandy beaches [20]. Bateman et al. (2011) explored the contribution of land use
changes on ecosystem services and ecosystems [21]. Su et al. (2012) focused on four ecological zones
in Hangzhou, China, to investigate the effect of landscape patterns and ecosystem service changes
on urbanization [7]. To examine ecosystem services and biodiversity in Europe, Maes et al. (2012)
used four supply function indicators, five adjustment function indicators, and a cultural function
indicator to calculate ecosystem service values, and used average species richness and species diversity
to measure biodiversity [22].

As previous research on land use and its impact on the environment has tended to focus more on
exploring the single highest impact level, there has been less focus on the analysis and evaluation of the
impact land-use development and the changes it has had on the natural environment. An econometric
model [23,24], a statistical model [25–30] as well as a cellular automata model [31] have to date
been the most commonly used evaluation models. Burkhard et al. (2013) believed that, for a more
realistic ecosystem service status assessment, ecosystem services at different ecosystems, and the
benefits that different ecosystems and land cover types provide, should also be considered [32].
Therefore, some studies have integrated the Millennium Ecosystem Assessment (MEA) and other
assessment indicators into comprehensive evaluation indices [33–35]. Nelson et al. (2009) combined
land use change ecosystem services with the integrated valuation of ecosystem services and tradeoffs
(InVEST) mode to explore the relationship between biodiversity competition with other ecosystem
services [36]. Polasky et al. (2011) also used the InVEST mode to quantify changes in ecosystem services,
biodiversity, and land use in Minnesota from 1992 to 2001, and to assess the impact of different land use
change scenarios on ecosystem services and biodiversity. Using the historical development (1964–2004)
in Leipzig, Germany [37], Lautenbach et al. (2011) developed regional scale indicators for different land
use structure ecosystem services, such as water purification, pollination, food production, and outdoor
recreation, and calculated the systemic functions and analyzed sensitivity tests under different land
use types [34]. Geneletti (2012) simulated the impact generated by different land management policies
on ecosystem services in the future based on historical land use [38]. In summary, using analysis and
prediction modes for land use change along with mode simulations, decomposition, the analysis and
synthesis of the complex socio-economic factors, and the interaction processes in natural ecosystems
for given land uses to determine land-use change and spatial pattern trends [39–42] have become the
focus of current research trends.

Sharp variabilities in the global climate have resulted in desertification, reduced ecosystem
resilience, and loss of biodiversity. The 1972 United Nations Declaration on the Human Environment
and Eco-Security raised concerns related to the preservation of food and ecosystems and outlined
principles for sustainable human development projects, providing a new perspective on environmental
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resources, human survival and sustainable development reviews. With the development of ecological
security theory and as ecological problems became increasingly prominent, researchers began using
different indicators and measurement system models or methods to evaluate the ecological security of
different regional scales, thus providing early warning models that could serve as vital references [43].

As using quantitative indicators to analyze complex information increases objectivity [44,45],
a three-dimensional (economy, ecology, and society) indicator system was developed to study
ecological security in Western Nepal [46]. Ecological security has also been measured using the
Ecological Footprint Index (EFI) and environmental carrying capacity (ECC) [47].

The Ecological Footprint (EF) Model was proposed by Rees (1992) [48], with the primary
feature being its ability to compare human demands on the environment with the biosphere’s
ability to regenerate resources and provide services. Wackernagel and Rees (2000) proposed that
the EF magnitude was directly proportional to the environmental impact (the greater the EF,
the greater the environmental impact), and was inversely proportional to the per-capita usable area of
biologically productive land (the greater the EF, the smaller the per-capita usable area of biologically
productive land) [49]. It is now a widely used measure in the field of ecological economics as it is
a quantitative indicator that is easy to understand and calculate. Therefore, this paper uses sustainable
ecological evaluation indicators (SEEIs) to measure regional ecological security on a per-unit ecological
footprint basis.

In summary, this paper first combines the ecosystem services and ecological footprint models
to evaluate the sustainability status based on each of the ecosystem service features for the
different Gaomei wetlands land use covers, after which the ecosystem service values are calculated.
Subsequently, the SEEI—the ecological remainder (ER), the ecological deficit (ED), the EFI and
ESI—is used to analyze the resource utilization efficiency and ecological security in the Gaomei
wetlands. The problems identified by the different indicator values are evaluated to develop
a systematic measurement apparatus to encourage sustainable development and to review the
evolution in sustainable development trends.

2. Materials and Methods

2.1. Study Area

The Gaomei wetlands (24◦18′35.07′ ′ N, 120◦33′08.21′ ′ E) are located in Shimizu, Taichung, Taiwan.
The Gaomei wetlands support diverse bird species and special habitats such as lagoons and sandbars,
providing many possible tourist opportunities. As the Gaomei wetlands have been evolving in
the past few years from a primarily agriculturally based economy to a primarily tourism based
economy, there have been several recent studies focused on tourist behavior and local tourism support
initiatives [50–52].

2.2. Methods

This study combines ecosystem services and the EF model to reclassify the EF ecosystem
according to the various land-use features for each ecosystem service system at the Gaomei wetlands.
The ecological footprint (EF) (demand) and ecological capacity (supply) at the Gaomei wetlands were
first evaluated over various periods using an EF model developed from ecosystem services theory, after
which an eco-security indicator system was established to estimate the Gaomei wetlands’ eco-security,
the steps for which were as follows:

2.2.1. Ecosystem Services Value Model

The methods used to estimate the ecosystem service value in the research area were based on
the value assessment method models outlined in [10,53,54]. An equivalence factor for the ecosystem
service value for the different land uses and land cover at the Gaomei wetlands was calculated using
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the assessment model, which took the ecosystem service value for the different land use and land
covers as the basis for determining the ecosystem service value, as shown in Equation (1):

ESVk = ∑m
i ∑n

j Ai × fij × Ea × Sk × Tk (1)

where ESV is the total ecosystem service value; Ai is the distribution area for the ith type of land
use and land cover (gha); fij is the equivalence factor for the jth ecosystem goods and services item
provided by the ith ecosystem; Ea is the production per unit area or the ecosystem service value
coefficient; Sk is a K coefficient for regional differences; Tk is a K regional service support coefficient;
i is the land use and land covers in the different ecosystems; j is the ecosystem service category.

2.2.2. Accommodation Ecological Footprint

The EF concept [55,56] was used to evaluate the changes in the Gaomei wetlands from 2008 to 2015.
To examine the influence of the EF on the environment, the transportation ecological footprint (TREF),
the activities ecological footprint (ACTEF), and the food and fiber consumption ecological footprint
(FEF) were employed as the evaluation measures. The general formulas for calculating the EF and
ECC are shown in Equations (2) and (3):

EF = N× ef = N×
n

∑
i=1

(a× ai) = N×
6

∑
j=1

(
rj

n

∑
i=1

ci
pi

)
(i = 1, 2, 3, . . . n; j = 1, 2, 3, . . . , 6) (2)

ECC = N×
6

∑
j=1

ecj = N×
6

∑
j=1

(
Aj × rj × yj

)
, (j = 1, 2, 3, . . . , 6) (3)

in which EF is the total EF (gha); N is the total population; ef is the EF per capita (gha); aai is the
biologically productive area per capita (gha), converted to the ith traded commodity type; ci is the
consumption per capita (kg) of the ith commodity type; pi is the average global productive capacity
(kg/(t/gha)) of the ith consumer goods type; rj and yj are the equivalence factor and yield factor
(YF) for the jth land type; j is the corresponding land use or land cover type; ECC denotes the total
ecological carrying capacity; ecj is the ECC per capita; and Aj is the area per capita of the jth land type
in the region.

2.2.3. Ecological Footprint Model

The traditional ecological footprint model converts the EF and ECC of the land ecosystems into
biological resource consumption (agricultural land, forest land, grassland, and fisheries) and energy
consumption (carbon footprint, completion land) and six other ecological system units. However,
as this model includes systems and services ecological functions in the ECC calculation, it assumes that
the ecosystem services of the various land ecosystem supply units can be used as fossil fuels. Therefore,
the ECC evaluation of the ecosystem service value for the land ecosystems is reclassified in this paper
to (1) agricultural ecosystem; (2) forest ecosystem; (3) grassland ecosystem; (4) ecosystem completions;
(5) fisheries ecosystems (including lakes, rivers and wetlands); (6) unutilized land; and six other
ecosystem units.

Traditional ecological footprint calculations consider only the production of food and raw
materials to provide the two ecological functions. However, in the integrated EF model, an appropriate
equivalence factor and a yield factor (YF) are used to determine the ecological functions for the
biological land productivity and food production raw materials rather than the ecological functions
and the ecosystem service value. YF is used mainly to reflect the differences in the different regions per
unit area ecosystem services in the Gaomei wetlands, which is calculated as follows:

YFj = vj/v−j (4)
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in which YFj is the yield factor for the jth type of ecosystem unit, j = 1, 2, . . . , 6, are the 6 ecosystem
units; vj is the per unit area value of the ecosystem service function for the jth type of ecosystem in
a region; and v−j is the per unit area ecosystem service function value for the jth type of ecosystem
in Taiwan.

Using Equation (4), the Gaomei wetlands yield factor was calculated from 2008 to 2015, as shown
in Table 1.

Table 1. Yield factor (YF) for different land use and land cover ecosystems in the Gaomei wetlands
from 2008 to 2015.

Year Agricultural
Ecosystem

Forest
Ecosystem

Grassland
Ecology System

Fisheries
Ecosystems

Ecosystem
Completions

Unutilized Land and Six
Other Ecosystem Units

2008 1.51 0.92 1.15 1.88 0.62 1.92
2009 1.49 0.91 1.13 1.81 0.58 2.01
2010 1.48 0.88 1.12 1.80 0.54 2.15
2011 1.31 0.77 1.14 1.60 0.40 1.98
2012 1.06 0.60 0.87 1.28 0.15 1.62
2013 1.14 0.63 0.94 1.33 0.15 1.77
2014 1.07 0.57 0.88 1.21 0.11 1.64
2015 1.00 0.52 0.77 1.11 0.08 1.56

2.2.4. Sustainable Ecological Evaluation Indicators (SEEI)

Multiple quantitative indicators (e.g., ED, ER, EFI and ESI) were employed to develop an indicator
set to evaluate the Gaomei wetlands ecological sustainability and to establish the standards so as to be
able to properly assess the ecological security. The evaluation indicators utilized in this research are
outlined in the following subsections.

(a) ED or ER

When the EF is lower than the ECC of a region, there is an ecological remainder (ER), indicating
that the corresponding development model is sustainable. When the EF is higher than the ECC of
a region, there is an ecological deficit (ED), indicating that the corresponding development model
is not sustainable. As the ecological deficit results from excessive human resource demands [57],
demand must be reduced to achieve sustainable ecological development. The formulas for ED and ER
are shown as Equations (5) and (6).

ER = ECC − EF (5)

ED = EF − ECC (6)

in which ER is the ecological remainder, ED is the ecological deficit, ECC is the ecological carrying
capacity, and EF is the ecological footprint.

(b) EFI

The EFI compares the resources and energy expenditures to the region’s ECC to assess resource
utilization and determine development sustainability. The EFI formula is as in Equation (7), and the
EFI levels are as shown in Table 2

EFI = EF/ECC (7)

in which EFI is the ecological footprint index, EF is the ecological footprint, and ECC is the ecological
carrying capacity.
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Table 2. Ecological Footprint Index (EFI) levels and conditions.

Level EFI EFI Conditions

1 <0.5 Safe
2 0.5~0.8 Moderately safe
3 0.8~1.0 Threshold
4 >1.0 Unsafe

Resource: [49].

(c) ESI

The Environmental Sustainability Index (ESI), which was developed by the Center for
International Earth Science Information Network (CIESIN), the Yale Center for Environmental Law
and Policy (YCELP), and the World Economic Forum, assesses sustainability by measuring the degree
to which the ecological systems in a region meet the human ecological demands. The ESI formula is
shown in Equation (8) and the ESI levels are given in Table 3

ESI = ECC/(ECC + EF) (8)

in which ESI is the environmental sustainability index, EF is the ecological footprint; and ECC is the
ecological carrying capacity.

Table 3. Environmental Sustainability Index (ESI) levels.

Level ESI Regional Ecological Sustainability Extent

1 >0.7 High sustainability
2 0.50~0.70 Low sustainability
3 0.30~0.50 Low unsustainability
4 <0.30 High unsustainability

Resource: [58].

3. Results and Discussion

3.1. Ecosystem Services Value Computation and Analysis Results

Equation (2) was used to calculate the ecological service value of each ecosystem type in the
Gaomei wetlands from 2008 to 2015, as shown in Table 4. The total value of the ecosystem services
in the Gaomei wetlands increased from 59.24 million TWD to 98.10 million TWD over the 8 years.
From 2008 to 2013, the total Gaomei wetlands ecosystem service value increased by 42.27 million
TWD due to the increased fisheries (including lakes, rivers, and wetlands) and agricultural land areas,
both of which had large ecological service value coefficients. The total Gaomei wetlands ecosystem
service value increased from 2013 to 2015; however, during the same period, the Gaomei wetlands total
ecosystem service value decreased by 3.41 million TWD because the fisheries area, which had a large
ecological service value coefficient decreased rapidly and the increased agricultural land area was
not sufficient to compensate for the fisheries reduced ecological service value. Since 2013, therefore,
the Gaomei wetlands total ecosystem service value has been decreasing.

From 2008 to 2015, the relative value of each Gaomei wetlands ecosystem type (Table 4)
changed variably. The fisheries ecosystem services function value increased then decreased, the forest
ecosystem services function value increased, decreased, and then increased, and the grassland
ecosystem services function value had an M-shaped pattern: increase–decrease–increase–decrease;
the agricultural ecosystem services function value decreased and then increased, with the overall
ecosystem services function value increasing. Taken together, the total ecosystem service value in
increased by a net of 65.60%, with the fisheries ecosystem service value increasing the most (81.09%),
and that of the forest ecosystems decreasing the most (−84.38%) followed by the grassland ecosystems
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(−33.39%). The fisheries accounted for 39% of the total utilized land area in the study area; however,
the fisheries ecological service value accounted for 75.56% of the total ecosystem service value.
Because the fisheries in this area have a high ecosystem service value coefficient, this land use type
has a higher total ecosystem service value, highlighting the importance of the fisheries in the Gaomei
wetlands ecosystem.

Table 4. Ecosystem service values from 2008 to 2015 for each Gaomei wetlands ecosystem type.

Year Fisheries
Ecosystems

Grassland
Ecology
System

Forest
Ecosystem

Agricultural
Ecosystem

The
Completion of

Ecosystems

Unutilized land
and Six Other

Ecosystem Units
Total

Ecosystem
Services
Values

(106 TWD)

2008 40.93 6.17 0.32 10.68 0.01 1.13 59.24
2009 48.85 6.28 0.34 10.74 0.01 1.27 67.49
2010 53.12 6.35 0.34 10.82 0.01 1.35 71.99
2011 60.89 6.39 0.36 10.10 0.01 1.44 79.19
2012 65.11 6.62 0.55 12.08 0.01 1.39 85.76
2013 83.79 3.34 0.04 12.76 0.01 1.57 101.51
2014 78.18 4.37 0.05 14.56 0.01 1.44 98.61
2015 74.12 4.11 0.05 18.49 0.02 1.31 98.10

3.2. EF Computation and Analysis Results

Table 5 details the three Gaomei wetlands activity types and the EF computations. The EF
gradually increased from 244.03 global hectares (gha) in 2008 to 380.98 gha in 2015. Of the three EF
activity types, the TREF had the largest proportion at an average of 70.18%, followed by the ACTEF at
an average of 24.97% and the FEF at an average of 4.85%. Based on these empirical results, the TREF
grew from 140.47 gha in 2008 to 267.36 gha in 2015 due to a significant growth in tourist numbers,
which caused an increased demand for vehicles, further inflating liquefied fuel demands.

Table 5. Ecological Footprint (EF) for the three activities types and total Ecological Footprint (EF) (unit: gha).

Year TREF ACTEF FEF EF

2008 140.47 95.14 8.42 244.03
2009 183.70 95.14 13.52 292.36
2010 204.87 95.14 13.37 313.38
2011 184.57 95.14 13.77 293.48
2012 182.99 95.14 12.30 290.43
2013 220.37 95.14 15.54 331.05
2014 267.04 95.14 19.96 382.14
2015 267.36 95.14 18.48 380.98

Average proportion 70.18% 24.97% 4.85% 100.000%

Notes: TREF: transport ecological footprint; ACTEF: activities footprint; FEF: food & fiber consumption ecological
footprint; EF: total ecological footprint.

As the Gaomei wetlands gross area did not change substantially between 2008 and 2015,
the ACTEF was steady at 95.14 gha; however, the FEF increased from 8.42 gha in 2008 to 18.48 gha
in 2015. The FEF indicates the tourist dietary demands inside the Gaomei wetlands and includes
grains, coarse cereals, vegetables, fruit, meat, and fish; therefore, the substantial growth in the FEF
was linked to the growing tourist numbers. This analysis found that the main tourism ecological
resource consumption came from the fossil energy used by the vehicles traveling between residences
and destinations and the increase in the land accessible to tourists for leisure activities.

3.3. SEEI Computation and Analysis Results

The SEEI indicated that the ED grew by about 106.54% from 2008 to 2015. In 2015, the EFI was
rated Level 4 at 1.02, and the ESI was rated Level 3 at 0.49, indicating that the Gaomei wetlands were
at an unsafe ecological security level within that time span.
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(a) ER/ED

Table 6 gives the computation results for the ER/ED. The ER had a declining trend from 128.54 gha
in 2008 to 41.52 gha in 2013. The Gaomei wetlands ecological deficit (ED) decreased from −9.57 gha in
2014 to −8.41 gha in 2015, primarily due to the increased tourist numbers.

(b) EFI

This study utilized the EFI to evaluate the Gaomei wetlands ecological security, the outcomes of
which are shown in Table 6. The EFI increased from 0.65 in 2008 to 1.02 in 2015, indicating an unsafe
ecological security level, which is predicted to further increase because of the rising tourist demand for
resources and services (e.g., bus services, road construction, and waste production).

(c) ESI

Table 6 shows the computational results for the ESI. Between 2008 and 2013, the ESI remained at
Level 2, signifying low sustainability. Yet from 2014 onward, the ESI has fallen to Level 3, signifying
unsustainability. If this situation is not controlled and improved, the attainment of sustainable
ecological development will be impossible.

Table 6. Ecological Footprint (EF), ecological carrying capacity (ECC), ecological remainder (ER)/ecological
deficit (ED), ecological footprint index (EFI), and environmental sustainability index (ESI) (unit: gha).

Year ECC EF ES/ED

EFI ESI

Index Level Representation
Condition Index Level Representational State

2008 372.57 244.03 128.54 0.65 2 Moderately safe 0.60 2 Low sustainability
2009 372.57 292.36 80.18 0.78 2 Moderately safe 0.56 2 Low sustainability
2010 372.57 313.38 59.19 0.84 3 Threshold 0.54 2 Low sustainability
2011 372.57 293.48 79.09 0.79 2 Moderately safe 0.56 2 Low sustainability
2012 372.57 290.43 82.14 0.78 2 Moderately safe 0.56 2 Low sustainability
2013 372.57 331.05 41.52 0.89 3 Threshold 0.53 2 Low sustainability
2014 372.57 382.14 −9.57 1.03 4 Unsafe 0.49 3 Low unsustainability
2015 372.57 380.98 −8.41 1.02 4 Unsafe 0.49 3 Low unsustainability

4. Conclusions

This study employed the ecosystem service value, ecological capacity, EF, and sustainable
ecological evaluation indicators (SEEIs) to assess the ecological security and the efficient use of
resources in the Gaomei wetlands. We came to the following conclusions:

The total value of the ecosystem services in the Gaomei wetlands increased from 59.24 million
TWD in 2008 to 98.10 million TWD in 2015. The EF gradually increased from 244.03 gha in 2008 to
380.98 gha in 2015. Of the three activity EFs, TREF had the biggest proportion (70.18%), with ACTEF
(24.97%) and FEF (4.85%) following thereafter. The SEEI indicated that the ED grew by about 106.54%
from 2008 to 2015. In 2015, the EFI was rated Level 4 at 1.02, and the ESI was rated Level 3 at 0.49.
Therefore, as the Gaomei wetlands are predicted to become ecologically unsustainable over time, local,
regional, and national governments need to implement regulations to strictly control the Gaomei
wetlands land use.

According to the empirical analysis results, the primary factors influencing various types of
activity EFs are presented below.

(a) Tourists had a negative effect on the overall EF from all activities. Therefore, when tourist
numbers increased, the EF increased and there was a greater environmental impact. Attempts should
be made to increase the environmentally friendly behavior of tourists to decrease the impact of
increasing tourist numbers.

(b) The fossil fuels used for transportation had the greatest influence on the TREF. Therefore,
strategies aimed at reducing energy use and the commensurate carbon footprints should be developed.



Water 2017, 9, 197 9 of 11

Using public transportation and using environmentally friendly vehicles and services such as electric
cars and motorcycles and bicycle rental services should be encouraged. Global positioning systems
could be used in rental cars to monitor tourist activity, which can then be used to develop effective
transportation systems aimed at decreasing overall fossil fuel use and minimizing the associated
carbon footprints.
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