
Science of the Total Environment 652 (2019) 1347–1365

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Alteration of freshwater ecosystem services under global change – A
review focusing on the Po River basin (Italy) and the Red River
basin (Vietnam)
Hung Vuong Pham a,b, Silvia Torresan a,b, Andrea Critto a,b, Antonio Marcomini a,b,⁎
a Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC), via Augusto Imperatore 16, 73100 Lecce, Italy
b Department of Environmental Sciences, Informatics and Statistics, University Ca’ Foscari Venice, Via Torino 155, 30172 Venezia-Mestre, Venice, Italy
H I G H L I G H T S G R A P H I C A L A B S T R A C T
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Freshwater ecosystem services are negatively affected by factors such as climate change (e.g. changes in temper-
ature, precipitation, and sea level rise) and human interventions (e.g. agriculture practices, impoundment of
dams, and land use/land cover change). Moreover, the potential synergic impacts of these factors on ecosystems
are unevenly distributed, depending on geographical, climatic and socio-economic conditions. The paper aims to
review the complex effects of climatic and non-climatic drivers on the supply and demand of freshwater ecosys-
tem services. Based on the literature, we proposed a conceptual framework and a set of indicators for assessing
the above-mentioned impacts due to global change, i.e. climate change and human activities. Then, we checked
their applicability to the provisioning services of two well-known case studies, namely the Po River basin (Italy)
and the Red River basin (Vietnam).
To define the framework and the indicators, we selected the most relevant papers and reports; identified the
major drivers and the most relevant services; and finally summarized the fundamental effects of these drivers
on those services. We concluded that the proposed framework was applicable to the analyzed case studies, but
it was not straightforward to consider all the indicators since ecosystem services were not explicitly considered
as key assessment endpoints in these areas. Additionally, the supply of ecosystem services was found to draw
muchmore attention than their demand. Finally, we highlighted the importance of defining a common and con-
sistent terminology and classification of drivers, services, and effects to reduce mismatches among ecosystem
services when conducting a risk assessment.
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1. Introductory review
Freshwater accounts for only 0.01% of water volume in the world
and about 0.8% of the land surface, but this small amount of water is
supporting at least 100,000 species (Cazzolla Gatti, 2016). There are
about 263 international rivers, which occupy 45% of the land surface
area of the Earth, supporting N40% of the global human population
(Cazzolla Gatti, 2016). Freshwater provides a wide range of ecosystem
services (ES) such as provisioning services (e.g. water for agriculture),
regulating services (e.g. buffering of flood flows), cultural services (e.g.
river viewing) and supporting services (role in nutrient cycling)
(Aylward et al., 2005).

Unfortunately, climate change (CC) has altered freshwater ecosys-
tems on both supply side and demand side due to changing tempera-
tures, precipitations, and water flow regimes (Carpenter et al., 2011;
Däll and Zhang, 2010). These changes would cause more severe floods,
droughts, and sea level rise (SLR) in the future respect to the reference
period (1980–1999), under the climate change scenarios A2 (high CO2

emission) and B2 (mediumCO2 emission) (Giang et al., 2013). In regard
to CC, the concentrations of greenhouse gases such as carbon dioxide
(CO2), methane (CH4) and nitrous oxide (N2O) have shown large in-
creases since 1750 (40%, 150%, and 20%, respectively) (IPCC, 2014).
These changes led to an increase in average temperature of 0.85
(0.65–1.06) °C over the period 1880 to 2012, a rise in global mean sea
level of 0.19 m (0.17–0.21) m over the period (1901–2010). Conse-
quently, these anomalies had changed the availability of freshwater
(Colombani et al., 2016a), shifted river discharge (Suen, 2010), and in-
tensified the magnitude and frequency of extreme events such as
heavy rainfalls (Coppola et al., 2014; Madsen et al., 2014; Sorg et al.,
2012; Trenberth, 2011), floods, and droughts (Kundzewicz et al.,
2008). For instance, the IPCC (2014) projected that the annual runoff
would decrease in the Southern Europe of 6–36% by 2070s and the
low flow in summer may decrease up to 80% in some rivers in southern
Europe. Yet, the timing of themaximummonthly river discharge would
be shifted by at least one month on one-third of the global land area.

Additionally, since temperature and precipitation patterns affect the
rates of nutrient cycling and toxin breakdown, and thermal niches of or-
ganisms, CC could further affect the quality of freshwater (Carpenter
et al., 2011), and aquatic species (Däll and Zhang, 2010). For instance,
a higher temperature could increase the rate of uptake of pollutants
by changing ventilation rate, increasing metabolic rate and decreasing
oxygen solubility, which could lead to eutrophication (Schiedek et al.,
2007). The decrease in river discharges could reduce the genetic flow
and variation of aquatic biota population due to stream fragmentation.
Moreover, precipitation patterns could modify sediment flow and the
erosivity rate, which could further modify the freshwater quality. Spe-
cifically, heavy rainfall and high flows could increase loads of suspended
solids, sediment yields, and contaminant metal fluxes because of soil
erosion and sediment transport from the land surface. In contrast,
droughts could exacerbate acidification by loweringwater tables, creat-
ing aerobic conditions and enhancing oxidation of sulfur to sulfate
(Whitehead et al., 2009).

Furthermore, different effects of CC (e.g. temperature anomalies,
precipitation anomalies and SLR) not only affect individually FreshWa-
ter Ecosystems Services (FWES), but they may also interact with each
other quite differently (Woodward et al., 2010). As a result, CC would
have impacts on water provision, transportation, hydropower produc-
tion, flood regulation, natural filtration, and water treatment (Kernan
et al., 2011; Moore et al., 1997; Woodward et al., 2010).

Beside CC, freshwater ecosystems are threatened by many anthro-
pogenic stressors such as overfishing, water pollution, flow regimenta-
tion, degradation of habitats, invasion of exotic species transported
either intentionally or accidentally byhuman-mediated vectors, and hy-
droelectric power stations (Cazzolla Gatti, 2016; Däll and Zhang, 2010).
In addition, deforestation, poor land use management and manufactur-
ing practices are destroying carbon sinks, imposing more stress on
FWES (Tobergte and Curtis, 2013). On the one side, requiring higher de-
mand of freshwater, the upward trend of population and urbanization
could modify the availability and distribution of freshwater. For in-
stance, anthropogenic water consumption resulted in a decrease in
mean annual runoff by 5% or more in many river basins, e.g. the heavily
irrigated areas at middle latitudes in Asia and the western part of the
United States, during the examined period (1971–2000) (Haddeland
et al., 2014).

On the other side, these anthropogenic stressors could affect the
quality of freshwater. For instance, chemicals and pollutants associated
with human activities (i.e. agriculture practices, industrial areas and
urban traffic) were recognized as relevant threats of freshwater quality
(Ahmad et al., 2016; McCoy et al., 2015). Specifically, agricultural prac-
tices were considered asmajor non-point sources of macronutrient and
pesticides transported to water bodies by rainfall and water runoff.
When applied to crops, pesticides intercepted by the soil surface un-
dergo partitioning between the soil, water and air. A proportion of pes-
ticides may leave the soil/water system by volatilization to the
atmosphere. Some pesticides remain in the soil partition between soil
and rainfall water. The ratio of the concentration in the soil to the con-
centration in thewater is called the soil sorption coefficient. It is an equi-
librium between pesticide concentration divided between soil and
water. For pesticides highly absorbed by soil particles, erosion and me-
chanical runoff are the main processes of transport to water bodies
(Bloomfield et al., 2006).

Additionally, humans directly influence the dynamics of the water
cycle and river flow regimes through dams construction for water stor-
age, and through water withdrawals for industrial, agricultural, or do-
mestic purposes. In particular, the presence of over 45,000 dams
exceeding 15m height in theworld would have influences on biodiver-
sity and ecological function of river systems as well as disrupting sedi-
ment flux, thermal regimes, and the fertile soils of the flood basins
(Mooney et al., 2009). For instance, Haddeland et al. (2014) found out
that the impacts of human disturbances (i.e. impoundment and opera-
tion of dams and water consumption) on annual runoff in some river
basins are greater than the impacts of expected CC over the next
40 years. Similarly, in some irrigated areas in Asia and the western
United States, the effects of current anthropogenic interventions on
mean annual runoff are stronger than those driven by the increased
temperature of a 2 or 3 °C (Haddeland et al., 2014).

Indeed, the effects of CC on ES vary in time and space and are rarely
homogeneous (Barker et al., 2010). For instance, while an increase in
precipitation was observed since 1901 over land north of 30°N, a de-
crease in precipitation over land between 10°S and 30°N was detected
after the 1970s (Carpenter et al., 2011). In the end, together with in-
creasingpollution, overpopulation andhuman activities, climate change
could lead to the deterioration and depletion of available water sources,
with negative consequences on water security.

Therefore, it is noteworthy that the impacts of climatic and non-
climatic factors on FWES result from different combinations of climatic,
geographical and socio-economic conditions. Thereafter, we choose the
two well-known case studies, namely the Po River basin (PRB) in Italy
and the Vietnamese part of the Red River basin (hereafter it refers to
the Red River basin or RRB), to investigate the above-mentioned as-
pects. Although they are located in two different continents, they have
some relevant common characteristics. Firstly, they are both transna-
tional basins. While the PRB is shared among Italy, Switzerland and
France, the RRB is shared among Vietnam, China and Laos. Besides,
they have a similar size (i.e. 74,000 km2 and 86,700 km2, respectively).
Secondly, they are important to the national economy, contributing to
the gross domestic product (GDP) about 40% and 20%, respectively.
Thirdly, freshwater is intensively consumed by several conflicting
water uses, such as agriculture, environment protection (e.g. the
water demand for maintaining the minimum environmental flow)
and hydropower generation. Finally, FWES on these case studies are
negatively affected both by climatic factors and non-climatic factors.



1 Ecosystem functions are the biological, geochemical and physical processes and com-
ponents that take place or occur within an ecosystem.
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Noticeably, most of the CC impact assessment studies on FWES de-
veloped in recent years have focused on the impacts of temperature
anomalies (Haddeland et al., 2014). Others consider the changes in
mean precipitation and in river flow regimes, including long-term aver-
age flows, low flows and high flows (Däll and Zhang, 2010), and SLR
(Carpenter et al., 2011). Thus, this review focuses on these relevant cli-
mate factors, namely temperature anomaly, precipitation anomaly and
SLR. Meanwhile, anthropogenic factors, which vary locally and region-
ally from one case study to the other, will be further discussed in each
case study, i.e. agriculture activities in the PRB and the impoundment
and operation of cascade reservoirs and dams in the RRB.

In this context, the objectives of this paper are the following:

- Propose a conceptual framework and a set of indicators to assess the
impacts of climatic/non-climatic factors on FWES, considering both
the supply and the demand side of such services (Sections 2.1 and
2.2);

- Check the feasibility of the framework and indicators for the two se-
lected river basins, namely the Po River basin in Italy and the
Vietnamese part of the Red River basin, which are highly affected
by several global change drivers and featured by different geograph-
ical, climatic and socio-economic conditions (Section 3);

- Highlight some gaps in the literature and recommend further re-
search directions to bridge these gaps, especially with the reference
to the selected case studies (Section 4).

2. Methods and materials

The literature-based review startedwith a search of scientific papers
in the field of “ecosystem services”. To find the publications related to
FWES, we used the following keywords, either alone or in combination:
“ecosystem service”, “ecosystem services”, “ecosystem function”, “eco-
system process”, “ecosystem benefit”, and “freshwater”. To find the
publications related to the selected case studies, namely the Po River
(Italy) and the Red River (Vietnam), we used additional keywords:
“Po river basin”, “Po river delta”, “Po river valley”, “Red river basin”,
and “Red river delta”.

Then, for each publication,we identified themain drivers of changes
and classified them into two groups, i.e. the climatic drivers (tempera-
ture, precipitation, rainfall, etc.) and the non-climatic drivers (land use
change, population dynamics, dams construction, etc.). At the same
time, all the categories of FWES were classified following the classifica-
tion of theMillenniumEcosystemAssessment (Aylward et al., 2005). Fi-
nally, we summarized the effects of the aforementioned drivers on each
category of FEWS using the conceptual framework (Section 2.1 and
Fig. 1) and a set of indicators (Section 2.2 and Table 1). Subsequently,
we checked the feasibility of this conceptual schematization and the
proposed indicators by applying them to assess the impacts of global
change on FWES in the selected case studies, namely the PRB
(Section 2.3.1) and the RRB (Section 2.3.2). The results are extensively
described in Section 3.

2.1. Conceptual framework to assess the impacts of global change on FWES

The conceptual framework draws themain components of the fresh-
water ecosystem and the socio-economic system, the main interactions
between them and the relevant processes affecting both the supply and
demand of FWES (Fig. 1). In the vertical axis of this figure, the freshwa-
ter ecosystem is represented by the part A while the socio-economic
system is represented by the part B. In the horizontal axis, all the drivers
of change are listed in the block Iwith the climatic factors on the left and
non-climatic factors on the right. Then, all the FWES are reported in
block II, classified into four categories, namely provisioning, regulating,
cultural and supporting services. Finally, the effects of all drivers on the
FWES services are reported in block III.
2.1.1. Drivers of changes
Drivers of changes are the main natural and anthropogenic forces,

which can determine variations in the state of the environment and/or
human system. These drivers cause certain pressures on freshwater re-
sources which result in impacts on FWES, either by changing the quan-
tity and/or by changing the quality of freshwater. Thus, it is important to
identify themain drivers and to classify them in suitable categories (e.g.
climatic and non-climatic drivers). In this conceptual framework, the
main climatic drivers are temperature, precipitation, rainfall pattern,
extreme events, land cover changes and SLR. These drivers interact
with the natural system through natural processes including photosyn-
thesis, pollination, decomposition, and others. On the other side, the
main non-climatic drivers are land use changes, population dynamic,
dams construction, urbanization and agriculture practices.

2.1.2. Freshwater ecosystem services
FWES are the benefits people obtain from freshwater ecosystems, in-

cluding provisioning, regulating, cultural, and supporting services
(Aylward et al., 2005). First, freshwater is a provisioning service as it re-
fers to the humanuse of freshwater for domestic, agriculture and indus-
trial use, power generation, and transportation. Additionally, the
hydrological cycle also sustains inland water ecosystems, including riv-
ers, lakes, and wetlands. Therefore, important regulating FWES include
water regulation (i.e. hydrological flow), water purification and waste
treatment, erosion regulation and water-related natural hazard regula-
tion. Then, freshwater ecosystem also provides the cultural services
such as the human benefits associated with river rafting, kayaking, hik-
ing, fishing as a sport, and river viewing. Finally, freshwater contributes
to other supporting services such as primary production, predator/prey
relationships and ecosystem resilience.

2.1.3. Effects of global change on FWES
Effects of global change on FWES are the changes in the physical,

chemical or biological state of the freshwater system, determining the
quality of ecosystem services and the welfare of human beings. The
drivers of changes affect the FWES not only on the supply side through
specific ecosystem functions1 (e.g. producing biomass, decomposing or-
ganicmatters, and dispersing plant seeds), but also on the demand side,
through direct/non-direct uses of freshwater. For instance, extreme
rainfall events can lead to hydrogeological hazards such as inundation,
flood and landslides, affecting agriculture, transportation and commu-
nication infrastructure. In addition, the water demand in this period
may increase due to the needs of the population for sanitary purposes.

2.1.4. Interaction between freshwater ecosystem and socio-economic
system

It can be seen clearly from Fig. 1 that the supply of and the demand
for ES are separated.While the supply is provided by freshwater ecosys-
tems, the demand is required by socio-economic systems. Nevertheless,
this separation is not completely sharp since the systems share some
common parts such as drivers of changes, services and effects. For in-
stance, temperature, as a climatic driver, affects the water cycle (and
supply) by changing water vapor concentrations, clouds, precipitation
patterns, and streamflow patterns. Similarly, temperature changes af-
fect the socio-economic system by altering the water consumption
and demand rates.

Regarding the services, lakes and rivers supply the recreational ser-
vices such as rafting, kayaking, hiking, fishing and river watching. Addi-
tionally, they also provide maintenance services such as the regulation
of flow and level during the dry season. These services are driven by
both climatic and non-climatic factors. Noticeably, the climatic drivers
are usually driven by the natural system (e.g. circulation of water in
the ocean, weather and climate, and water drainage) while the non-



Fig. 1. Conceptual schematization of freshwater ecosystem and socio-economic system (part A, and B in vertical axes, respectively) and their components, including themain drivers, their
services, and the effects of these drivers on FWES (block I, II, and III in horizontal axes, respectively).
Source: adapted from Aylward et al. (2005); Wolff et al. (2015).
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climatic drivers are often governed by the socio-economic system (e.g.
human settlements, transportation routes, communication systems,
and economics). However, the climatic and non-climatic drivers inter-
act with each other and, consequently, intensify the impacts on FWES.
On the one side, climate drivers (e.g. temperature and precipitation)
are expected to alter the hydrological cycle, resulting in further changes
in the supply of food, water and energy. On the other side, non-climatic
factors (e.g. land use and urban expansion) may affect climatic factors
by changing infiltration and evapotranspiration rates (Sample et al.,
2016).

Consequently, the climate and non-climate drivers modify service's
flows on the supply side and the demand side through the delivery
(e.g. from lakes and rivers to irrigation networks) and the consumption
of freshwater (e.g. domestic, irrigation, and energy), respectively. No-
ticeably, on the one side, freshwater ecosystem can provide supplies
in a specific location at a given time regardless of the demand from
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the socio-economic system. On the other side, demands from socio-
economic system are independent from the supplies provided by fresh-
water ecosystem. Therefore, the basic needs of human well-being (e.g.
income, employment, nutrition, security, health, education, leisure,
freedom, etc.) would be achieved if the supplies are maintained over
time and the demands are adapted to ensure no net loss of biodiversity
and ecosystem services (European Commission, 2011). Nevertheless,
the supplies and demands vary in time and in space depending on geo-
graphical, climatic and non-climatic conditions. Thus, we propose a list
of indicators (Table 1) to quantify, map, assess, and compare the
changes in supply and demand of FWES under climate change and
human interventions.

2.2. Indicators to quantify the effects of global change on FWES

There is a wide range of indicators to assess the impacts of global
changes on FWES and, specifically, FWES. Nevertheless, they are not
consistent and well-distributed among the four categories of FWES
(i.e. provisioning, regulating, cultural and supporting services), depend-
ing on authors, fields of study and purpose of research. In fact, one indi-
cator can be used for more than one type of FWES (e.g. annual average
water yield can be used to assess the impacts of both climatic factors
and non-climatic factors on provisioning services). Moreover, as
shown in Table 1, most of the FWES categories can be associated with
more than one indicator to quantify, assess or map their services.

Among FWES, provisioning services are the most commonly re-
ported in the literature, followed by regulatory services and cultural ser-
vices. Supporting services are the least common because they usually
overlap with other service categories or it is not straightforward to dif-
ferentiate them. For instance, pollination service can be considered as
either the regulating service (i.e. it is an agriculture input that ensures
the production of crops) or the supporting service (i.e. a necessary ser-
vice for the production of other services such as the provisioning of
food) (Kandziora et al., 2013). Therefore, the number of indicators for
this category is much lower than those for other categories.

Furthermore, the selection of indicators depends on the purpose of a
study, the applied methodological approach and the data availability
(Olubode-Awosola, 2017; Wolff et al., 2015). Thus, it is noteworthy to
study not only the number of indicators but also the quality of indicators
and the methods to obtain them.

Regarding the quality of indicators, they can be classified into four
categories, namely (i) indicator available and easily understood by
non-technical audiences; (ii) indicator available but not easily under-
stood by non-technical audiences; (iii) indicator not easily available
and/or not easily understood by non-technical audiences; and (iv) indi-
cator being proposed and may not be readily available (Olubode-
Awosola, 2017). The quality of each indicator in Table 1 is represented
by a symbol marked before it and by the legend in the caption of this
table. It can be seen clearly from Table 1 that the majority of indicators
is available and understandable without or with a little technical expla-
nation. For instance, water level and water consumption per sector can
be easily understood by readers while annual average water yield and
annual river runoff can be understood by non-technical audiences
when the definitions of water yield and runoff are given. Interestingly,
the cultural services and the supporting services have many indicators
which are proposed but may not be readily available. For example, it
might be difficult to find suitable indicators for some generic services
like life cycle maintenance and maintenance of genetic diversity
(Egoh et al., 2012).

Regarding themethods to obtain these indicators, they can be classi-
fied into three categories, namely (i) physically based; (ii) empirical;
and (iii) participatory or expert-based (Wolff et al., 2015). Physically
basedmethods are suitable for the scale onwhich relevant physical pro-
cesses occur, such as the river basin scale for hydrological processes.
Empirical methods work better with larger scale case studies with less
detailed data requirements. Participatory approaches are most suitable
for small-scale researches. These approaches consider the preferences
of the participants such as stakeholders, experts and administrators.
Therefore, the choice of the method depends on the scale of the case
study and the data availability. In Table 1, the method used to quantify
each indicator is represented by the format of the text and by the legend
in the caption of this table. Noticeably, since one indicator can be ob-
tained by more than one method, the classification of an indicator was
performed based on the popularity of these methods. It can be seen
from Table 1 that the empirical methods are the most popular method
across all FWES because these methods are suitable for a wide range
of studies and they require less detailed data. The physically based
methods are widely applied for provisioning services and regulating
services, while the participatory and expert-based approaches are
more popular in the cultural services.

Finally, it is important to point out that the use of these indicators does
not necessarily allow the comparison among services (e.g. one service is
more valuable than the others) because of the differences in metrics
and methods. These indicators provide useful information for trade-off
analysis, enabling markets for ES, supporting the establishment of envi-
ronmental regulations and payments for ES (Olubode-Awosola, 2017).

2.3. Case studies

2.3.1. The Po River basin
The Po River is the longest Italian river (i.e. about 652 km long). Its

basin (i.e. about 74,000 km2) is a crucial resource for the Italian economy,
accounting for about 40%, 35%, and 37% of the gross domestic product, ag-
ricultural product, and industrial product, respectively. It has 141 main
tributaries which have a total length of about 6750 km and 31,000 km
for the natural and artificial channels, respectively. About 450 lakes are lo-
cated in the Po River watershed (Montanari, 2012) (Fig. 2).

Freshwater of the Po River is intensely used for irrigation,
hydropower production, and domestic purposes (Coppola et al.,
2014). The average volume of annual precipitation is about 78 km3,
in which 47 km3 (60%) is converted in outflow volume at the closure
section, 20–25 km3 is accounted for evapotranspiration, 17 km3 is
supplied for irrigation, 5 km3 is supplied for civil and industrial
users, and the rest is charged into groundwater. The mean daily
discharge at Pontelagoscuro terminal station is 1470 m3 s−1. The
monthly distribution of rainfall is typically minimum in February
and July, in both the lowlands and in the mountain areas, and maxi-
mum in late spring (May–June) and in the middle of autumn
(November) (Baruffi et al., 2012).

Recently, this river basin has drawn huge attention from scientists
and authorities on assessing the availability and distribution of freshwa-
ter resources in term of water quantity and water quality. Specifically,
the extreme events (i.e. intensive rainfalls, floods and droughts) and
their related impacts have been well reported (Coppola et al., 2014;
Domeneghetti et al., 2015; Masoero et al., 2013; Montanari, 2012;
Ravazzani et al., 2014). Other studies focused on the problems related
to water quality, i.e. pollutants and eutrophication (Castaldelli et al.,
2013; Colombani et al., 2016a; Corazzari et al., 2015; Facca et al.,
2014; Luigi et al., 2015; Tesi et al., 2013).

2.3.2. The Red River basin
The RRB is a transnational basin covering an area of 169,000 km2 be-

tween Vietnam (51.3%), China (48%), and Laos (0.7%). The three main
tributaries of the Red River (Da, Lo, and Thao) rise in the northern part
of the basin and join before reaching the large floodplain in the delta re-
gion, which extends over 21,000 km2 (Giuliani et al., 2016). Due to the
limitation of data availability and accessibility, this review focuses
only on the Vietnamese part of the river. Out of the three main tribu-
taries, the Da River is the most important water source, contributing
42% to the total discharge at Son Tay (Castelletti et al., 2012). Addition-
ally, the Red River Delta (RRD) is an important part of the RRB, account-
ing for approximately 23% of the population and 56% of rice products in



Fig. 2. The Po River basin and its catchment.
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Vietnam (Duc and Umeyama, 2011). About 47% of the RRD area
(6700 km2) is used for agriculture or aquaculture, mainly for annual
crops, aquaculture, perennial crops, and pasture (90%, 6.6%, 3.1%, and
0.6%, respectively) (Luu et al., 2010). The water resources in this region
are usedmainly for human consumption, agricultural irrigation, and hy-
dropower generation (Le et al., 2017) (Fig. 3).

There are four large reservoirs located in the RRB, i.e. the Hoa Binh
and the Son La reservoirs are in the Da River; the Tuyen Quang and
the Thac Ba reservoirs are in the Lo River. In addition, two more dams
are recently constructed in the upstream Da River, namely the Huoi
Quang dam (operating since December 2015) and the Lai Chau dam
(operating since November 2016) (Le et al., 2017).

The RRB has two distinct seasons, namely thewet season (fromMay
to October) and the dry season (from November to April). The average
river flow in the basin at Son Tay, a meteorological station in Ha Noi,
fluctuates from 8000 m3 s−1 to 1500 m3 s−1 (Giuliani et al., 2016).
The annual rainfall in the RRB is about 1600 mm/year of which about
75% concentrates in the wet season. The annual average temperature,
humidity, and evaporation are around 24 °C, 80%, and 900 mm, respec-
tively (Duc and Umeyama, 2011).

3. Application of the conceptual framework to the case studies

In this section, we discuss the above-mentioned methodological
framework and indicators for the selected case studies, namely the
RRB and the PRB. For each case study, we first report the projections
of changes, including climate change, land use change, and socio-
economic dynamics. Then, we discuss the effects of these changes on
FWES using the MEA classification of FWES reported in Fig. 1 and the
indicators reported in Table 1. Moreover, we focus our review on the
provisioning services and two regulating services (i.e. the water purifi-
cation and sediment control services) because these are the most im-
portant services in the two case studies. Yet, as discussed in the
following sections, we report as many indicators as possible for these
services both in absolute (e.g. nutrient rate - kg ha−1) or relative value
(e.g. the reduction of 53% in the monthly discharge) where they are
available in the literature.

3.1. Projections of climate change in the Po River basin

The results from recent researches demonstrated that the tempera-
ture would increase almost in the whole PRB during the projected pe-
riod (until 2100) (Aerts et al., 2013; Vezzoli et al., 2015). Moreover,
Aerts et al. (2013) demonstrated that positive temperature anomalies
(i.e. increased temperature) in the mountain regions are stronger than
those in the delta regions. Additionally, the temperature anomaly is
strengthened in the further time frame. For instance, the anomaly of
the period (2041–2070) is higher than the one of the period
(2021–2050). This projection is consistent with the historical data re-
ported by Ciccarelli et al. (2008), where the average temperature of
north-western Italy significantly increased (about 1 °C) in the period
1952–2002. This trend was also confirmed by Tibaldi et al. (2010), esti-
mating that themaximum temperature of the PRB increased constantly
with a rate of 0.5 °C every 10 years, equal to 2 °C since 1960, and could
reach an average increase of 3–4 °C at the end of this century (Fig. 4).

Similarly, the precipitation of majority areas of the PRB would de-
crease in the future, especially in the mountain areas (Aerts et al.,
2013). Coppola and Giorgi (2009) used downscaled AR4 (the Fourth



Fig. 3. The Red River basin and its catchment.
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Assessment report) climate scenarios (i.e. A2, A1B, B12) to simulate the
rainfall anomaly in Northern Italy between 1920 and 2100, and
projected an overall reduction in rainfall of about 20%, with local
peaks of 40%. This result agreed well with observational data reported
in Toreti et al. (2009), showing a decrease in rainfall with a rate of −
1.47 mm/year in the observational period 1961–2006.

Concerning seasonal variation, a climate model that was developed
by Ravazzani et al. (2014) predicted a remarkable decrease in the pre-
cipitation in summer and spring. Yet, the results from RCM COSMO-
CLMmodel projected a reduction of precipitation in summer and an in-
crease in autumn and winter within time frame 2041–2070 and
2071–2100 under two climate scenarios, namely RCP4.5 and RCP 8.53

(Vezzoli et al., 2015). These results were consistent with another
study in the Veneto and Friuli plain (Baruffi et al., 2012),where the rain-
fall in the period 2071–2100 would decrease in the summertime while
precipitation appeared to be 15% weaker with reference to the period
1971–2000. Finally, it is noteworthy that southern Europe and theMed-
iterranean region showed a high inter-annual variability in rainfall and
temperatures, and an increase of flood events in the last decades
(Coppola and Giorgi, 2009; Ulbrich et al., 2013).
2 They are the six emission scenarios, which are published and used by IPCC until the
Fourth Assessment report. They include A1 (describes a rapid economic growth, global
population) with three families (A1FI, A1T, and A1B), A2 (describes a very heterogeneous
world), B1 (describes a convergent world), and B2 (describes an economic, social and en-
vironmental sustainability world).

3 Representative Concentration Pathways (RCPs) describe four different 21st century
pathways of greenhouse gas (GHG) emissions and atmospheric concentrations, air pollut-
ant emissions and land use. They include a stringentmitigation scenario (RCP2.6), two in-
termediate scenarios (RCP4.5 and RCP6.0), and one scenario with very high GHG
emissions (RCP8.5).
Regarding SLR, the observational data in the North Adriatic Sea re-
gion indicated that the rate of SLR varied from 1.2 mm/year (in Trieste)
to 2.5mm/year (in Venice). Additionally, the estimate of SLR by amulti-
model chain from the Euro-Mediterranean Center on Climate Change
(CMCC) and the National Research Council-Institute of Marine Sciences
(CNR-ISMAR) for the future scenario 2070–2100 are about 17 cm and
42 cm for low and high SLR scenario, respectively (Rizzi et al., 2017).

In conclusion, the major climate-related changes in the PRB include
the increase of temperature, evapotranspiration, river load of nitrogen,
seawater salinity, and the decrease of precipitation and river discharge
(Giani et al., 2012). These above-mentioned changes (either single fac-
tor or combination of some factors), on the one side, are affecting FWES
in the PRB such as the reduction of freshwater availability, decline of
water quality, increased frequency of anoxic events, increased fre-
quency and magnitude of extreme events, increased coastal erosion,
and salinization of soil, groundwater and surface water. On the other
side, CC and SLR are modifying the demands of freshwater services, i.e.
higher water demand for irrigation, water treatment, maintaining envi-
ronmental flow, and for hydropower.

3.2. Projections of land use and socio-economic change in the Po River basin

The historical data showed that the PRB experienced massive
changes in land use and land cover. Over the period 2000–2006, the
largest loss of forest and semi-natural areas was recorded in Lombardy
(26 km2). The largest increases in the artificial surfaces were observed
in Veneto (78.72 km2), Lombardy (62.52 km2) and Emilia-Romagna
(53.37 km2). The agricultural lands declined by 78 km2 in Veneto,
29 km2 in Emilia Romagna, and 36 km2 in Lombardy (Amadio, 2012).

Regarding land use/land cover in the future, the Land-Use based In-
tegrated Sustainability Assessment model (LUISA) data provides the
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projections of land use in the future (2010–2050) respect to the up-
dated 2014 configuration (Baranzelli et al., 2014). Fig. 5 indicates that
artificial areas of the PRB are expected to increase by about 26.07% in
the period 2010–2050 while urban and industry-commercial-services
areas are estimated to increase of about 6.2% in the same timeframe.
On the contrary, natural land, urban green leisure areas and water bod-
ies are projected to decrease of about 9.61%, 2.15%, and 0.22%, respec-
tively. Regardless of CC, these trends may increase the stress on both
the supply side of FWES (e.g. decreasing water availability due to the
progressive decline of water bodies) and their demand side (e.g. in-
creasingwater demanddue to the expansion of urban areas). Neverthe-
less, land use changes could also trigger some positive trends, which
may strengthen FWES. Specifically, a decrease in agricultural areas
could lead to decreased water consumption and stress on water quality
due to the reduced use of pesticides. In addition, an increase in forest
and transitional woodland may increase the precipitation and increase
the infiltration capacity of the surrounding rivers, waterfalls, and
wetlands.

Regarding the socio-economic dynamics in the PRB, the demo-
graphic trend recorded over the 1951–2001 period showed a positive
peak (12%) during the ‘70s, followed by a stabilization of the growth
during 1991–2001 (with a negative trend in metropolitan provinces of
Milan and Turin, i.e. 5.0% and 3.4%, respectively). The majority of the
population of the PRB (about 64%) lives in the lowland portion of the
basin,with higher rates in themetropolitan cores of Northern Lombardy
and the Southern Emilia-Romagna (Amadio, 2012). Additionally, the re-
corded data in the period 1991–2001 indicate that the economic struc-
ture was stable with a positive trend in all sectors such as primary
(10.7%), tertiary (18.9%), and touristic sectors (27.7%).

In conclusion, despite the future socio-economic of the PRB depends
on the European and national policies (e.g. policies on the role/compet-
itiveness of EU countries in the global market), we would expect both a
demographic and economic increase in the major cities (e.g. Rome,
Milan and Florence), together with an extended suburban sprawl and
a diffuse land cover due to the intensification of logistic activities and in-
frastructures supporting the production (Amadio, 2012).

3.3. Effects of climatic factors on FWES in the Po River basin

3.3.1. Effects on water provisioning services
Some studies based on the historical data demonstrated that there

were decreases in the water volume (Coppola et al., 2014; Ravazzani
et al., 2014) and increases in the frequency and the magnitude of ex-
treme events (e.g. floods and droughts) (Coppola et al., 2014). For in-
stance, the observational data indicated a reduction of the 20% of the
annual Po River discharge, measured between 1975 and 2010 (Carrera
et al., 2013). Moreover, the analysis of longer data record
(1920–2009) demonstrated that therewas an increase in themaximum
annual river runoff (i.e. 9.24 m3 s−1 yr−1), while a decrease in the min-
imum one (i.e. 0.18 m3 s−1 yr−1) (Montanari, 2012).

Recently, some authors projected a similar trend for the future. For
instance, Pedro-Monzonís et al. (2016) projected an outflow reduction
of about 33 km3 in the period (2040–2041) with respect to the refer-
ence period (2010−2011) under the climate scenario RCP 4.5, assuming
an increase in CO2 emissions until 2040 and a later decrease to less than
the present, approximately 4.2 Pg C yr−1. Furthermore, these negative
changes became more complex with seasonal variations. In fact,
Ravazzani et al. (2014) demonstrated that monthly discharge in the
timeperiod (2041–2050) is expected to increase remarkably in thewin-
ter and autumn(279% in February at Villafranca), and to decrease signif-
icantly in the summer (−53% in August at Tavagnasco) with respect to
the period (2001−2010). Coppola et al. (2014) concluded that the an-
nual discharge in the period (2020–2050) is expected to decrease in
all seasons except winter (December, January and February) with re-
spect to the period (1960–1990). The runoff of the northern parts of
the basin is projected to increase by 20% during winter in low elevation
areas and of 40% at higher elevations. In the fall season (September, Oc-
tober and November), a 20% discharge decreasewas found everywhere,
with a maximum of−40% in few areas to the far north and south of the
basin. Baruffi et al. (2012) reported that, with respect to the reference
period (1971–2000), the projected mean winter surface runoff appears
to increase by about 60%,while decreasing of about 25–45%during sum-
mer in the period (2071–2100).

As a consequence of the variations in precipitation and runoff, the
frequency of extreme events is projected to increase in the future. The
projection of the Standard Precipitation Index (SPI) (Aerts et al., 2013)
confirmed that extreme events such as extreme wet (SPI greater or
equal to 2) and extreme dry (SPI smaller than −2) may occur more
often in the future, with a higher magnitude.

These changes are likely to have negative impacts on crop growth
and crop yields, water consumption for irrigation and hydropower,
the spreading of pests and diseases (Brilli et al., 2014; Lionello et al.,
2014). For instance, the outcome of the sub-national Computable Gen-
eral Equilibrium (CGE) model demonstrated that the impacts of flood
events were considerable in both absolute and relative terms (i.e.
from 3.94 to 10.75 billion euro in values of the year 2000) (Carrera
et al., 2015). A study on the socio-economic impact of drought events
in the PRB confirmed that although some farmers experienced very se-
vere effects, agricultural sectors as a whole benefited in economic terms
due to the “price effect” (Musolino et al., 2017). Other case studies in Val
D'Aosta demonstrated that the variation in precipitation pattern would
result in a reduction of 10% in the annual hydropower production
(equivalent to 200 GWh) (Maran et al., 2014). This reduction could af-
fect the electricity demand of 170,000 home users, the stability of elec-
tricity market and other water users.

3.3.2. Effects on water purification services
Recent studies indicated that therewas a strong correlation between

extreme events (i.e. floods and droughts) and the transportation of pol-
lutants to surface freshwater. For instance, flood events accounted for at
least one-third of the particulate annual export (organic carbon and ni-
trogen). The suspended organic material during the flood periods was
dominated by soil organic matter (Tesi et al., 2013). Chemicals
transported by the river, such as dissolved nitrate (NO3

−), exhibited a
strong relationship with the water flow. Their concentration decreased
with increasing flow rate due to the dilution processes. During flood
events, the concentration of nitrite (NO2

−) and ammonia (NH3) showed
the same trend but different compared to NO3

− because of the positive
correlationwith the concentration of the suspendedmaterial. Addition-
ally, heavy rains and floods caused an increase in sediment load and
water turbidity thus reducing water transparency. Variations in light
availability in the mixed layer could not only limit algal development
but also favor the presence of species tolerant to low light. In contrast
to the case of high discharge, lower discharge could lead to a reduction
of nutrient loads. For instance, during extremely low discharges like the
one occurred in 2005, nutrient loads in the Po river decreased by−70%
for dissolved inorganic nitrogen,−58% for PO4

3−, −73% for SiO2, −50%
for total nitrogen and −59% for total phosphorus, comparing with
high discharge load as in 1996 (Cozzi and Giani, 2011). Yet, under the
extreme dry and warm conditions (e.g. in 2015) the concentrations of
nitrates were relatively high (i.e. higher than 10 mg/l) (Marchina
et al., 2017).

Besides, SLR was predicted to have negative effects on water quality
by accelerating upward flux of salinewater and increasing the presence
of arsenic (As), lead (Pb) and Zinc (Zn) in the shallow portion of the
aquifers (Colombani et al., 2016a). Furthermore, saline water was fur-
ther distributed on the surface water in the catchment through the irri-
gation networks. Additionally, SLR affected negatively the quality of
groundwater via seepage of saline groundwater. Colombani et al.
(2016b) confirmed that seepage fluxes could increase and, conse-
quently, the salinization of shallow groundwater and surface waters
would intensify in the Po River delta. The authors also projected that
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salt loads in drainage canals would increase by 30% in some areas, and
fresh groundwater volumes would be reduced by 46% by 2050.

As a consequence of SLR, themass fluxes of all the examined trace el-
ements (i.e. As, Pb, and Zn) increased in Po river delta under the ana-
lyzed climate change scenarios (Colombani et al., 2016a). This trend
was explained by the increase of those elements in the shallow portion
of the aquifer, drained by the reclamation network for irrigation.

3.3.3. Effect on erosion and sediment control services
The effects of CC on the coastal sediment dynamics were investi-

gated by Bonaldo et al. (2015) with a complex wave and sediment
transport model, fostered by IPCC A1B emission scenario within the pe-
riod (2070–2099). The authors concluded that there was a reduction of
10–20% in the long-shore transport regime, while the effects on cross-
shore transport were generally negligible for ordinary storms (with a
return period shorter than 1 year) but could decrease up to 10% for ex-
traordinary events (with a return period longer than 10 years). These
modifications would affect morphology and coastal line evolution in
the long timescale.

3.4. Effects of non-climatic factors on FWES in the Po River basin

3.4.1. Effects on water provisioning services
Anthropogenic interventions in the PRB (e.g. land use changes and

agricultural activities) induced some negative consequences on water
provisioning services. For instance, the results of a case study on a
reclaimed area located in the PRB shown that land use changes had sig-
nificant impacts on hydrological-hydraulic behaviors. Particularly, the
simulated peak flows markedly increased from the 1955 land use sce-
nario to that of 1992, significantly increasing the flood risk in this
reclaimed area (Camorani et al., 2005). Moreover, these authors sug-
gested that the expansion of agriculture and or industrial areas could re-
sult in an increase of flood risk for less severe frequency rainfall events.

Indeed, the management plan of the Po River Basin District identi-
fied that the expansion of agricultural areas had negative effects on
the provisioning of freshwater. Specifically, in the Mediterranean area,
thewater demandof the agricultural systemwould increase in response
to CC, due to the need of compensating the reduction of rainfall. Addi-
tionally, the higher temperature may shift the activity period of pests
and diseases in the growing season, causing higher consumptions of
chemical products (i.e. pesticides) (Brilli et al., 2014).

3.4.2. Effects on water purification services
The last survey of the Italian National Institute for Environmental

Protection and Research (ISPRA) over the national territory reported
that pesticides were found in 63.9% of 1284 monitoring points distrib-
uted on surface waters of the whole Italy. In 274 monitoring points,
the pesticide concentrations were found over the quality limit and
89.4% of these were located in the region of the Po River Basin District.
The main pollutants of the Po River were total nitrogen, i.e. NO2

−, NO3
−,

NO4
+; total phosphorus, i.e. PO4

3−; SiO2; total organic carbon; and total
suspended matter (Cozzi and Giani, 2011). Published data for the Po
river indicated that total nitrogen transport increased by about two
times during the last three decades. The highest record was about
173.103 t yr−1, which was reported for the years 1996–2000, due to a
constant increase of anthropogenic emissions not fully compensated
by the improvements of wastewater management. Castaldelli et al.
(2013) argued that farming practices and intensive agricultural activi-
ties posed the risk of excess soil mineralization and progressive loss of
denitrification capacity in this area.

Concerningmacronutrients, Pieri et al. (2011) investigated the qual-
ity of water draining from three watersheds, totally or partially culti-
vated, by determining chemical indicators (NO3

− and NH4
+

concentration, N balance), trophic status (chlorophyll-a concentration)
and benthic population indexes. From their research, they found the
correlation between chemical parameters and land use management
and farming practices. Specifically, intensive agricultural activities are
linked to the high NO3

− concentration in water. Moreover, the
chlorophyll-a concentration followed the same trend, depending on ni-
trogen loads. The macronutrient pollution was also investigated by the
Po River Basin Authority in five sub-basins at municipality level:
Agogna, Oglio (lake downstream), Trebbia, Enza and Secchia. From a
preliminary estimation performed by a multiple regression analysis, a
significant correlation was found between the amount of the total dis-
solved nitrogen and the population density/livestock load (R2 =
0.85); and between the amount of the total dissolved phosphorus and
population density (R2= 0.93) (Autorità di Bacino del Fiume Po, 2015).

3.4.3. Effect on erosion and sediment control services
A case study on Reno River, located in the lower part of the PRB, in-

vestigated the impacts of intensive engineeringworks (e.g. headwaters,
dam construction, torrent control works, and bed material mining) on
channel modification and sediment budget. The comparison of four dif-
ferent longitudinal profiles surveyed in 1928, 1951, 1970 and 1998
shown that the bed incision rate in the lower parts of the Reno river,
from Bologna to the mouth (about 120 km), was about 3.78 m, with
peaks of N6 m (Preciso et al., 2012). This streambed degradation led to
a reduction of bedload transport rates, whichmight limit sediment sup-
ply downstream of Reno River. Besides, while the impoundment of res-
ervoirs and mobile barrage for hydropower resulted in the local
interruption of sediment transport, sand mining changed significantly
river morphology and affected transportation activities (Lanzoni et al.,
2015).

3.5. Projections of climate change in the Red River basin

Fig. 6 reports the spatial distribution of anomalies of maximum
monthly temperature and those of precipitation between historical
data period (1960–1990) and projection period (2061–2080) under
the climate scenario RCP8.5.

This figure demonstrates that the maximum monthly temperature
would increase in the whole basin, from 2.74 to 3.16 °C by 2080 under
the climate scenario RCP 8.5. Giuliani et al. (2015) also concluded that
the mean daily temperature is projected to increase in the entire
basin, reaching an anomaly of 4 °C by 2098 under the A1B emission sce-
nario. This projection is consistent with the results reported in Weiss
(2009), i.e. the temperature anomaly would reach about 2–4 °C by
2100 with respect to the reference period 1980–1999.

Total mean monthly precipitation is expected to increase over time
in the entire catchment with a monotonic trend in almost all the sub-
basins, varying from 3.5 to 15.1 mm. This result is consistent with
Chaudhry and Ruysschaert (2008), where annual total rainfall is ex-
pected to increase in the range of 2.5–4.8% by 2050 and 4.7–8.8% by
2100, compared to 1990. Nevertheless, these anomalies have not any
even distribution, i.e. decrease in July and August and increase in Sep-
tember and November (Weiss, 2009). More generally, in the northern
part of Vietnam, rainfall and daily rainfall intensity would increase of
10–20% over in the future period 2061–2090, compared with the refer-
ence period 1961–1990 (Raghavan et al., 2017).

Regarding SLR, Vietnam is experiencing an upward trend of about
2–3 mm per year (Weiss, 2009). The report of Ministry of Natural Re-
sources and Environment stated that the sea level would increase
about 30 cm by 2050 and about 75–100 cm by 2100, compared with
the average mean sea level of the period 1980–1999 (Duc and
Umeyama, 2011; Ha and Pintor, 2014). Consequently, the coastal
areas could be affected by saltwater intrusion into aquifers and ground-
water resources, leading to the reduction of freshwater availability. Spe-
cifically, the coastal areas of the RRBwould experience varying levels of
damages due to SLR and storm surge flooding. Especially, areas at lower
elevations would be flooded more completely and for longer periods,
causing greater damages, while areas at higher elevations would expe-
rience less severe impacts.
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Overall, CC is expected to increase climate variability in Vietnam, de-
creasing rainfall during the dry season and increasing rainfall in thewet
season. Additionally, SLR would lead to permanent inundation of a sig-
nificant portion of the low-lying Red River delta areas (Neumann et al.,
2015). CC is also expected to have considerable impacts on Vietnam's
fishery and aquaculture sectors, which accounted for 3.9% of GDP in
2005 (Chaudhry and Ruysschaert, 2008).

3.6. Projections of land use and socio-economic change in the Red River
basin

Fig. 7 shows the distribution of different types of land use in the RRB
in 2010 and the projection of land use in 2050 under the climate sce-
nario B2 (Li et al., 2017). Under this scenario, farmland and urban
areas are expected to expanse (i.e. 37.29% and 58.17%, respectively)
while forest and grassland areas are expected to collapse (i.e. 20.36%
and 34.52%) in the RRB. The intensively cultivated areas such as irri-
gated, rainfed, mosaic croplands and aquatic regions are mainly located
in the lower part of the RRB (Arino et al., 2010).

The historical data showed significant changes in some land use clas-
ses such as agriculture, forest and exclusive land. Specifically, agricul-
tural land area dropped by about 5.5%, from 1.97 million ha in 2003 to
1.86million ha in 2011 (Simone et al., 2013). In the same period, forest-
land increased from 3.27 million ha to 4.42 million ha, leading to a per-
centage increase of forest coverage from 36.2% to 48.9%. Additionally,
exclusive land area increased from 0.63 million ha to 0.72 million ha
in the whole basin. These changes would become more complex in
the future depending on climate and socio-economic conditions. For in-
stance, the build-up land would expand in clusters around the largest
cities such as Ha Noi and Hai Phong due to urban population growth
(Van Dijk et al., 2012). This expansion was driven by the presence of in-
dustrial areas and infrastructure located in suburban areas at a distance
of about 70–140 km from these big cities.

Regarding socio-economic dynamic of the RRB, according to the
Provinces report in 2009, the economic growth rate was about 8–12%
per year, in which the industrial growth was about 15–30% (higher
than the national average rate) and the urban population growth was
about 35%. Nevertheless, the industrialization was not uniform. While
higher industrialization rates (over 20%) were observed in Hanoi,
Quang Ninh, Hai Phong, Hung Yen, Hai Duong and Vinh Phuc, the
lower ones were detected in the agricultural-based provinces such as
Thai Binh, Ninh Binh, Nam Dinh, Phu Tho, and Ha Nam (Trinh, 2009).
In addition, many towns were upgraded to cities, such as Thai Binh,
Phu Ly, Ninh Binh, Hai Duong, Hung Yen, Bac Ninh and Vinh Yen.

Several development objectiveswere targeted in theMaster Plan for
the socio-economic development in the RRD through 2020 (Minister,
2013). Specifically, the socio-economic targets were set for 2020, such
as increasing the region's contribution to country's GDP from 24.7% (in
2010) to 28.7%; increasing the average income per capita to around
USD 4180 (1.3 times of the national average); the region's average pop-
ulation growth would be around 0.93% in the 2011–2020 period and
region's population would reach 21.7 million. Obviously, all these tar-
gets would increase stress on FWES on both supply side and demand
side. In addition, numerous environmental promotion objectives were
targeted to eliminate environmental pollution in both rural and urban
areas to ensure sustainable development, such as treating at least 95%
of medical waste, and centralizing wastewater treatment systems for
at least 85% of operating industrial parks and export processing zones.

3.7. Effects of climatic factors on FWES in the Red River basin

3.7.1. Effects on water provisioning services
Themain climatic factor affecting freshwater provisioning in the RRB

is the precipitation related to the South Asia Summer Monsoon (SASM)
and El Nino Southern Oscillation (ENSO) (Gao et al., 2015). These au-
thors found a positive correlation between precipitation and river
discharge, confirming the high dependence of discharge on precipita-
tion. They also observed the decrease in river flows and water levels
in many dams and reservoirs, particularly during El Niño years. These
changes were dominated by precipitation and closely related to the
SASM and ENSO. Specifically, El Niño events over the RRBmight induce
lower water discharge with possible droughts. La Niña events might
cause higher water discharge with possible flood events (Gao et al.,
2015). Duong et al. (2016) found that the mean monthly discharge in-
creased of about 20–40% in thewet season and decreased up to 30%dur-
ing the dry season in the period (2026–2035), respect to reference
period (1979–2003). Additionally, these authors projected that the
magnitude of high flow regimes would increase of 20–60%, while the
magnitude of low flow regimes would slightly decrease of 10–20%.

Consequently, these changes would increase water deficit, water
shortages, conflicts and competitiveness among water users (e.g. agri-
culture, water supply and hydropower) with relevant impacts on the
supply side of FWES. Since irrigation is the most important freshwater
usage, the lowering of the water level in the Red River and its canal net-
workwould reduce the irrigated ability and, consequently, the croppro-
ductivity. Yet, decreased river water levels and river water discharges
would lead to further saltwater intrusion in the coastal areas and their
neighbors. It is also expected that flood events would increase in both
magnitude and frequency due to increased high flow regimes in the
flood season.

In addition to water volume variations, extreme events (e.g. storm
surge events) were expected to occur more frequently due to SLR
(Neumann et al., 2015). These authors augured that the historical 100-
year event in Ha Noi would happen every 65 years, 59 years and
49 years by 2050, corresponding to the low SLR, medium SLR, and
high SLR scenarios, respectively. As a consequence of these extreme
events, over 70% of areaswith high-valued land uses, such as urban res-
idential, rural residential, commercial and industrial uses would be at
risk of flooding. In addition, over 90% of rice paddies would suffer
from floods.

3.7.2. Effects on water purification services
Oneof themain drivers affecting the freshwater purification services

in the RRB is SLR. The Ministry of Natural Resources and Environment
reported that the saltwater intrusion extent had already increased of
7–15% in the period (1965–1985), with respect to the reference period
(1993–2007). Duc andUmeyama (2011) predicted that saltwater intru-
sionwould increase up to 31–50%when SLRwould reach 100 cm, by the
year 2100. Positive correlations between the extent of salinity intrusion
and SLRwere found in all branches of the Red River such as Tra Ly, Ninh
Co and Day. At Tra Ly branch, the location of 1-psu salinity (the upper
threshold value for drinking water) would increase of 7%, 26%, or 40%
over the present distance when the SLR would be +30 cm, +75 cm,
or +100 cm, respectively. The corresponding values would be 13%,
24%, and 50% for the Red River; 8%, 23%, and 31% for the Ninh Co; and
10%, 23%, and 29% for the Day. The location of 4-psu salinity (the mar-
ginal value of irrigation water) would change noticeably when the sea
level would increase up to 100 cm. Consequently, the increased rate of
the extent of salinity intrusion would be 43% for the Tra Ly, 47% for
the Red River, 33% for the Ninh Co, and 37% for the Day (Duc and
Umeyama, 2011). Thus, it was foreseen that SLR and its alterations
would affect FWES. On the supply side, SLR would reduce inland terri-
tory as well as cultivation areas. Moreover, the salinity intrusion
would further decrease the availability and quality of surface and
groundwater in coastal areas and their nearby.

3.7.3. Effect on erosion and sediment control services
Duc et al. (2012) analyzed the impact of SLR on the erosion rate in

coastal areas of the Red River delta. The raw estimation data at the
south Hai Thinh commune were approximately 0 and 11 m/y during
the period 1965–1985 and 1985–1995, respectively. The author
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concluded that the erosion rate increased by 12% from1995 to 2005 due
to SLR.

Regarding sediment load, with respect to the conditions of the pe-
riod 1997–2004, the model predicted an increase of about 20% of the
suspended matter load, i.e. from 40 to 48.106 t yr−1, due to enhanced
rainfall, with an increase of 10% in rainfall and an increase of 5% in po-
tential evapotranspiration (Le et al., 2007). Van Maren (2007) reported
that sediment was transported along the Red River and was deposited
close to the river mouth with the rate of 20 to 25.106 t yr−1 at Ba Lat
river mouth.

3.8. Effects of non-climatic factors on FWES in the Red River basin

3.8.1. Effects on water provisioning services
Dams construction is the main factor affecting the water availability

and the water distribution in the RRB (Gao et al., 2015). First, the im-
poundment and the regulation of the Hoa Binh dam (HBD) has led to
the reduction of water discharge in the wet season (14% in the Red
River at Son Tay) and the increased of water discharge in the dry season
(12% at the same station) (Vinh et al., 2014). This result was consistent
with Gao et al. (2015), showing that after the regulation of the Hoa Binh
dam (from 1990), water discharge increased in January–May while de-
creased in June–December. Overall, a downward trend of annual dis-
charge was observed, from 3541 m3 s−1 to 3300 m3 s−1 at the Son
Tay station before and after the construction of the Hoa Binh reservoir,
respectively (Lu et al., 2015).

Additionally, the impoundment of the Hoa Binh reservoir affected
the water distribution among tributaries of the RRB. Specifically, the
water discharge ratio of the estuaries in the north of the RRD slightly in-
creased after impoundment, ranging from 15.5% to 16.5% for the Cam
and Bach Dang estuaries, from 3.5 to 3.7% for the Lach Tray River, from
13.6 to 14.5% for the Van Uc River, and from 6.0 to 6.4% in the Thai
Binh River (Vinh et al., 2014).

Consequently, the impoundment and operation of reservoirs would
have strong impacts on FWES and human being. For instance, depend-
ing on the climate scenario and the time horizon, the operation of reser-
voirs would change on average from −7 to +5% in hydropower
production, +35 to +520% in flood damages (Giuliani et al., 2016). By
integrating future climate on the current operations, we could reduce
the loss of hydropower to 5%, potentially saving around 34.4 million
US$ yr−1 at the national scale.

Other factors affecting the provisioning services are the change in
land use/land cover (e.g. the increase of forest cover) and soil conser-
vation practices (e.g. strip grass barrier, contour hedgerow system,
and crop residue) (Ngo et al., 2015). A study concerning the distribu-
tion of land cover in the RRB, based on the Globcover 2009 dataset
(Arino et al., 2010), indicated that the total irrigated area was
about 869,029 ha (Simons et al., 2016). Therefore, changes in land
use/land cover (e.g. from agricultural fields to industrial areas)
could significantly affect water consumption, water quality, evapo-
ration rate and, ultimately, FWES. For instance, change in land use
type between 1995 and 2005 from forest to field crop and urban
areas strongly contributed to an increase in the average annual run-
off from 182.5 to 342.7 mm. Finally, a decrease of runoff from 342.7
to 167.7 mm between 2005 and 2010, was due to the expansion of
forested areas and the application of soil conservation practices
(Ngo et al., 2015).

3.8.2. Effects on water purification services
Land use and land cover are the main factors affecting the nutrient

cycle and biomass production in the RRB. A study in the Red River estu-
ary, using LOICZ–CABARET budget model, indicated that mangrove sys-
tem was a net sink of nutrient, i.e. its sequestration rate was about
26,000 kg N d−1 and 3100 kg P d−1 for their biomass production
(Wösten et al., 2003). The authors also explored that these rates
would change in the future corresponding to different scenarios. For
instance, either increasing river discharge in combinationwith constant
river nutrient concentration or constant river discharge in combination
with increasing river nutrient concentration would result in increasing
nutrient concentration in estuary areas. Beside the role of the primary
source of energy and nutrients, mangrove forests had positive roles in
the stabilization of shorelines, minimizing wave damages and trapping
sediments (Bao, 2011). The protection level of this ecosystem depended
on their structure, characterized by the high, the density and the band-
width. Moreover, the conversion from mangrove forests to agriculture
or aquatic areas induced strong alterations in soil properties and carbon
dynamics, i.e. mangrove clearing not only turned a mangrove from a
carbon sink to a carbon source, but also from a sink to a source of
trace metals (Grellier et al., 2017). This result was consistent with Ha
et al. (2018), i.e. mangrove forests had a high potential for storing
below ground.

Additionally, human disturbances such as untreated sewage from
metropolitan cities and runoff from agricultural fields had significant
impacts on FWES in term of quantity (e.g. higher demand for agricul-
ture) and quality (e.g. through anoxic conditions, high nutrient concen-
tration and low dissolved oxygen condition) (Hoang et al., 2018; Viet
et al., 2018). The water demand for agriculture would increase about
8 bills m3 yr−1 (from 13.65 bill m3 yr−1 to 21.5 bill m3 yr−1) in 2020
due to the expansion of agriculture. Yet, the distribution and structure
of phytoplankton and zooplankton in the Day River, a part of the Red
River, depended on physical, chemical and biological factors, affecting
by human activities such as changes in the nutrient form of freshwater
effluence.

3.8.3. Effect on erosion and sediment control services
The impoundment of the Hoa Binh reservoir had strong effects on

sediment discharge and carbon budget in the Da, Red and Duong riv-
ers. The annual total suspended sediment discharge of the Da River
before and after the presence of HBD were 65.0 × 106 t yr−1 and
5.8 × 106 t yr−1, respectively. Consequently, the annual total
suspended sediment of the Red River at Son Tay reduced to 46
× 106 t yr−1 after the impoundment (i.e. a reduction of 61%), corre-
sponding to a decrease in the average carbon from 1030 mg L−1 to
around 400 mg L−1 (Vinh et al., 2014). Dang et al. (2010) concluded
that the presence of the Hoa Binh reservoir on the Da River system
reduced the flow velocity, consequently, leading to the accumulation
of sediments in the reservoir. Approximately, the mean annual sedi-
ment trapped by the Hoa Binh reservoir was estimated at 53.7–81.6
× 106 t yr−1, accounting for a reduction of 52%–80% of the total
suspended particulate matters flux at the Son Tay site. Furthermore,
the impoundment and operation of the Son La dam, on the Da River,
upstream of the Hoa Binh reservoir, would further decrease the
suspended load by about 50%. Finally, the construction of the Thac
Ba reservoir in the Chay river and the Tuyen Quang reservoir in the
Gam river resulted in a reduction of about 95% and 71% of suspended
sediment load, respectively (Ranzi et al., 2012).

Besides, land use and land cover change affected the sediment load
in the RRB. Specifically, the conversion of 11.07% forestland to agricul-
tural land caused an increase of 8.94% in sediment load in Cau River
Catchment (Khoi and Suetsugi, 2014). Ranzi et al. (2012) showed that
a 35% decrease in forest areas, of which 20% was converted into rice
fields and agricultural crop areas and 15% was converted into bushes,
shrubs and meadows, resulted in a 28% increase in sediment load of
the Lo River. Khoi and Suetsugi (2014) also reported that a decrease of
14.07% in forest and an increase of 14.89% in cropland led to an increase
of 25.4% of sediment load.

4. Discussion and conclusions

The proposed conceptual framework, together with the list of se-
lected indicators, provides a comprehensive overview of FWES includ-
ing their interaction with the socio-economic system. Yet, it also
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highlights the main impacts of global changes on the supply side and
the demand side of the ecosystems. These tools provide the basic instru-
ments to identify and classify the main stressors and impacts of global
drivers (e.g. climate change and human activities) on FWES, while
conducting a risk assessment. When applying this framework to the
Red River basin and the Po River basin, we encountered difficulties to
find information about all the selected indicators, due to the incom-
pleteness of literature and the inconsistency of terminology and classi-
fication among different authors and publications. Nevertheless, these
challenges highlighted the following important aspects in both case
studies.

In the PRB, CC could affect the ability of freshwater ecosystem to pro-
vide supplies by altering water quantity (e.g. water volume/level) and
quality (e.g. salt instruction of surface and groundwater). Yet, CC could
increase the frequency and magnitude of extreme events in autumn
and spring, with an intensification of damages on human activities.
Moreover, the higher temperature could shift the time of flows, with a
shift from a winter minimum to a late summer minimum, and an in-
crease in the severity of droughts in summer. Yet, the higher tempera-
ture would increase water demand for all water usages, namely
irrigation, domestic and hydropower. Consequently, we would expect
some negative changes on both the supply and the demand side of eco-
system services, i.e. decreasing in water availability and increasing
water consumption. Therefore, we argue that extensive regulation and
technological improvements are needed to reduce the conflict and com-
petitiveness among water users in the future.

Besides the climatic factors (Section 3.3), the expected demographic
growth, urbanization and industrial progress would have great impacts
on FWES through land use change, landscape modification, increased
demand and pollutions. Because of industrial, agricultural and house-
hold pollutants, excessive organic content in surface water could
cause eutrophication in rivers and lakes. Yet, groundwater is continu-
ously contaminated by a high concentration of nitrates originated
from fertilizer consumption in agriculture. Therefore, there is a need
for reinforcing water regulations to cope with these non-climatic
drivers and to maintain the function of FWES.

In the case of the RRB, the main climatic factors affecting FWES are
the reduction of water availability in the delta part due to decreased
precipitation; the SLR and storm surge events altering these services
in the coastal areas due to saltwater intrusion. Noticeably, these impacts
are not separable, but they are interacting and magnifying each other.
For instance, the lower water levels in rivers, canals, and groundwater
table lead to the intrusion of saltwater, that is further altered by SLR.

Besides the climatic factors (Section 3.7), the impoundment and reg-
ulation of cascade reservoirs along the main streams is the major an-
thropogenic factor altering FWES in the RRB. On the one side, the
operation of the four big dams (i.e. Hoa Binh, Thac Ba, Tuyen Quang,
and Son La) protected the population of the RRB, especially the Ha Noi
capital, from flood risks, thus reducing significantly damages and losses.
On the other side, this operation changed the natural regime, water
availability, water level and, consequently, aquatic diversity. Moreover,
the operation of upstream reservoirs in China had clear influences on
the flow regimes in the Vietnamese part (Phuong Nam and Van Anh,
2010). Therefore, we emphasize the importance of the regulation of
multi-reservoir and the cooperation with Vietnamese neighbors in
managing shared river basins.

Additionally, the demographic and urbanization development are
other stressors for FWES. On the supply side, urbanization and industri-
alization would reduce water body areas, leading to the reduction of
freshwater availability. Yet, water pollution from the domestic and in-
dustrial areas is the main factor contributing to the degradation of
water quality in many rivers and lakes such as the part of Nhue River
in Ha Noi, creating pressures on the freshwater ecosystems. On the de-
mand side, urbanization and industrialization are expected to increase
the water consumption (e.g. demand for wastewater treatment). Thus,
in order to ensure sustainable development and maintenance of FWES
in RRB, it is necessary to comply with the environmental objectives
targeted in the Vietnamese Master Plan (e.g. treating medical waste,
centralizing wastewater treatment systems) and the related environ-
mental regulations.

In summary, the effects of global change on FWES vary in time and
space, depending on geographical, climatic and socio-economic condi-
tions. Specifically, while CC is considered as one of the main drivers of
changes for FWES in the PRB, human activities (i.e. impoundments
and dams operations) are considered as the major drivers of ES alter-
ations in the RRB. Secondly, in these case studies,most of the current re-
searches focus on the provisioning and regulating of FWES, namely
water quantity and water quality, while other services such as cultural,
and supporting services have not been well investigated yet. Finally,
even though CC and human interventions affect FWES on both the sup-
ply and demand side, these impacts aremainly investigated on the sup-
ply side while those on the demand side are under-presented in both
case studies. In fact, it is not straightforward to separate the impacts
into these two categories, due to the complex dynamic interactions be-
tween the natural system and the socio-economic system.

To conclude, since FWES have not been explicitly targeted as the as-
sessment endpoints in the analyzed case studies,we propose that future
research on FWES shall define a common and consistent terminology,
and classification regarding drivers (e.g. climatic and non-climatic
drivers), FWES components (e.g. provisioning, regulating, cultural, and
supporting services), and freshwater ecosystem categories (e.g. supply
and demand side). These efforts could enhance the utility of past and
current knowledge for the definition of climate change adaptationmea-
sures and risk mitigation strategies at different scales (e.g. local, na-
tional, regional and global scale). Moreover, it is important to address
the potential compound effects of different CC components (i.e. the im-
pacts related to combinations and interactions of climate-related haz-
ards) as well as the synergy and potential cumulative effects of
climate and non-climate factors, by using interdisciplinary multi-risk
modelling approaches.
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