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Theflow regime of rivers, being an integral part of aquatic ecosystems, providesmany important services benefit-
ing humans in catchments. Past water resource developments characterized by river embankments and dams,
however,were often dominated by one (or few) economic use(s) of water. This results in a dramatically changed
flow regime negatively affecting the provision of other ecosystem services sustained by the river flow. This study
is intended to demonstrate the value of alternative flow regimes in a river that is highlymodified by the presence
of large hydropower dams and reservoirs, explicitly accounting for a broad range of flow-dependent ecosystem
services. In this study, we propose a holistic approach for conducting an ecological economic assessment of a
river's flow regime. This integrates recent advances in the conceptualization and classification of ecosystem
services (UK NEA, 2011) with the flow regime evaluation technique developed by Korsgaard (2006). This inte-
grated approach allows for a systematic comparison of the economic values of alternative flow regimes, including
those that are considered beneficial for aquatic ecosystems. As an illustration,we applied this combined approach
to the Lower Zambezi Basin, Mozambique. Empirical analysis shows that even though re-operating dams to
create environmentally friendly flow regimes reduces hydropower benefits, the gains to goods derived from
the aquatic ecosystem may offset the forgone hydropower benefits, thereby increasing the total economic
value of river flow to society. The proposed integrated flow assessment approach can be a useful tool for
welfare-improving decision-making in managing river basins.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Many river basins have been developed with a view to maximizing
certainwater uses, for example irrigated agriculture or electricity gener-
ation, which often required the construction and operation of large
reservoirs. Such developments inevitably modified the natural flow
regime, often to such an extent that other uses of water were severely
constrained. Fisheries and the functioning of aquatic ecosystems are
nue, Sainikpuri, Secunderabad -
typical examples that have suffered from changes in flow regime.
Concerns for these negative impacts of water resources developments
in river basins have given rise to the concept of “environmental flow”.

The aim of environmental flow is to protect, maintain or restore to a
certain degree related environmental services. A number of methods
have been developed in the past 15 years to identify environmental
flow requirements (e.g. King and Louw, 1998; Dyson et al., 2003;
Hughes and Hannart, 2003; Acreman and Dunbar, 2004; Hirji and
Davis, 2009; Poff et al., 2010; King and Brown, 2010; McClain et al.,
2013; Olsen et al., 2013). While a plethora of studies have been
attempting to set the standard for environmental flows, there has
been a reluctance to implement such flows. Here we identify two
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major challenges that are associated with the lack of willingness or
motivation to implement environmental flows: the first is related to
valuation, and the second to flow regimes.

1.1. Valuation

Instituting and enforcing environmental flows tend to negatively
impact established (economic) uses of water, especially in closing and
closed basins. Such established economic costs (or benefits forgone)
are relatively easier to define, and hence easily inform arguments
against environmental flows. In contrast, other ecosystem services
that a river basin can potentially provide (but which have been im-
paired by established economic uses) are oftenmuch harder to quantify
and value. Moreover, there are few debates regarding valuation studies
and cost–benefit analyses conducted with attempts to incorporate the
intrinsic value of nature. This debate has been related to the possible
exaggeration of environmental costs of established uses and/or the
benefits of ecosystem services. Therefore those studies were not taken
seriously and ignored to a large extent by decision-makers (Braat and
De Groot, 2012; Chee, 2004; De Groot et al., 2010). There is a general
lack of trust in valuation methods, and this is problematic “…because
it is impossible to manage what we do not value” (Salles, 2011).

1.2. Flow regimes

Ecosystem goods or services need to be linked quantitatively to river
flows. This is not very problematic for certain goods or services. For
example, the amount of irrigation water a certain crop under a certain
climate requires and the increase in crop yield with one additional
unit of water can be easily calculated. Similarly quantifiable is the
amount of electricity that can be produced by one unit of water in a
given reservoir at a certain water head. For other goods, such as fisher-
ies, flood protection or tourism, it is difficult to establish a quantitative
linkwith riverflows. For someof these goods, aminimum flow in differ-
ent parts of a river system may be required. However, this may not be
sufficient to lead to the restoration of natural environmental processes
onwhich, say, tourismmay rely. These goodsmay require a flow regime
that is not constant, but changing over time, both intra-annual (dry and
wet seasons) and inter-annual (small and large annual droughts and
floods) (Korsgaard, 2006; Korsgaard et al., 2008).

In this study, we propose a holistic, integrated approach for develop-
ing an economic assessment of alternative river flow regimes to aid in
decision making. This approach draws on the concept of ecosystem
services developed by the United Nations (UN) millennium report,
and adopts a framework for valuation used by the United Kingdom
National Assessment Report (UK NEA) of 2011, which has made impor-
tant conceptual improvements on how the goods or services and the
value that ecosystems generate for people can be quantified. Our
approach further integrates the ecosystem valuation framework with
the flow assessment technique developed by Korsgaard (2006) and
Korsgaard et al. (2008).

They use “service suitability curves” and “service provision indices”
that incorporate information about the suitability of a flow regime for
a given “good”, allowing for a quantitative economic assessment of
Table 1
Major definitions of ecosystem services (adapted from Braat and De Groot (2012); Nahlik et a

Definition of ecosystem services

“The benefits human populations derive, directly or indirectly, from ecosystem functions”
“The conditions and processes through which natural ecosystems, and the species that make th
“The capacity of natural processes and components to provide goods and services that satisfy
“The benefits people obtain from ecosystems”
“Components of nature, directly enjoyed, consumed, or used to yield human well-being”
“The aspects of ecosystems utilized (actively or passively) to produce human well-being”
“Ecosystem Services are the direct and indirect contributions of ecosystems to human wellbein
“Ecosystem services are the outputs of ecosystems from which people derive benefits.”
flow regimes. This integrated approach can show how the final goods
are linked to ecosystem processes and services and how their value
changes as one of their essential requirements (flows) are shifted. By
combining the two novel methods (innovations in valuation of ecosys-
tem goods and linking such goods and values to flow regimes), this
paper develops a rigorous approach for comparing alternative flow
regimes that incorporate environmental concerns.

We apply this approach to the Lower Zambezi River inMozambique,
in an attempt to assess the variations in economic value for maintaining
different flow regimes. It is an appropriate case, as the Zambezi River
has a severely modified flow regime due to two large reservoirs built
on the main stream and numerous other reservoirs in tributaries. In
addition the river also supports the economically important fisheries
sector and a “Wetland of International Importance” under the Ramsar
Convention in its delta (see e.g. Beilfuss (2010); Ronco et al. (2010);
Tilmant et al. (2010)).

The structure of the remainder of this paper is as follows. The next
section (Section 2) discusses conceptual and methodological consider-
ations, focusing on the conceptualization of ecosystem goods, their
valuation and their link to river flows. Section 3 briefly introduces the
case study area, the Lower Zambezi, and the scenarios for alternative
flow regimes. Section 4 presents the results and findings, starting with
the identification of the five ecosystem goods considered, followed by
the calculation of their economic value for the reference year of 2010
and their suitability curves and finally the total economic values of the
different scenarios are calculated. Section 5 discusses the findings, con-
clusion and further considerations.

2. Conceptual and methodological considerations

2.1. From ecosystem services to ecosystem goods

The concept of ecosystem services has existed since the late 1970s
and was introduced to describe public benefits that were provided by
ecosystems (Braat and De Groot, 2012; Nahlik et al., 2012). As research
on this subject proliferated, so did the consequent explanation of what
constituted nature's services. Since then many definitions have been
proposed (Table 1) and these are still being debated (Fisher et al.,
2009). This debate is due to; how the scale of assessment, end user,
and ecosystem are defined or classified (Bagstad et al., 2013; Fisher
et al., 2009; Haines-Young and Potschin, 2010). Some have suggested
that the diversity of definitions and classificationswhen looked atwith-
in a coherent framework, is actually beneficial as it allows us to match
our approach to the ecosystem to be assessed based on the usefulness
and purpose (Braat and De Groot, 2012; Fisher et al., 2009; Johnston
and Russell, 2011). Fisher et al. (2009) go further to say that “…a single
or fundamental classification system should be approached with
caution”.

The abundance of definitions is matched with the large number of
frameworks to classify ecosystems. A few studies have also provided
useful information for comparative assessment (see Fisher et al.
(2009); Haines-Young and Potschin (2010); Lamarque et al. (2011);
andOjea et al. (2012)). Herewe give a succinct overview of the different
ways in which the authors have operationalized ecosystem services.
l. (2012)).

Source

Costanza et al. (1997)
em up, sustain and fulfil human life.” Daily (1997)

human needs, directly or indirectly” De Groot et al. (2002)
MA (2005)
Boyd and Banzhaf (2007)
Fisher et al. (2009)

g.” Kumar (2010)
UK NEA (2011)
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The framework that Daily (1997) proposed gives us a sense of the
process of classifying ecosystem services. Her framework distinguishes
ecosystem process from ecosystem goods, stating that ecosystem
goods (benefits) such as timber, food, fuel, and natural fiber, basically
any product consumed by humans are the result of ecosystem services.
The list of services stated therein, includes everything from air and
water purification, protection, pollination, stabilization of climate
change to esthetic beauty and intellectual stimulation that lift the
human spirit. This makes the list of services very exhaustive, thereby
making this classification difficult to utilize for an economic valuation.
After Daily (1997), several frameworks have been postulated such as:
Costanza and Farber (2002), De Groot et al. (2002), Norberg (1999),
and Moberg and Folke (1999) (as cited in MA (2005)).

The Millennium Ecosystem Assessment report (MA, 2005) brought
together and defined clear boundaries and functional groupings to clas-
sify ecosystem services. The four categories of ecosystem services are:
provisioning, regulating, cultural and supporting services. Provisioning
services include products obtained from ecosystems, such as food,
freshwater, and fiber. Regulating services include the benefits received
from regulation of ecosystem processes, such as climate regulation
and water regulation. Cultural services include non-material benefits
derived fromecosystems, such as spiritual/religious sentiments and rec-
reational benefits. Supporting services include those services necessary
for the production of all other ecosystem services, such as soil formation
and nutrient cycling. The MA (2005) acknowledges the existence of
complex links between the different categories of services that influ-
ence each other and also that such a categorization can lead to overlaps.

Boyd and Banzhaf (2007) find the MA (2005) approach too general
for practical measurement. For this they introduce the concept of
“final ecosystem services” which are “components of nature, directly
enjoyed, consumed, or used to yield human well-being”. They base
their accounting framework on this definition. Their definition is
based on humans being the ultimate beneficiary – without a human
beneficiary it is not considered to be a service. Further, for them ecosys-
tem services are ‘things’ and not ‘processes’ of ecosystem functions. This
allows them to create a coherent accounting system which distin-
guishes the quantity of a service and its value.

Most recently, the United Kingdom National Ecosystem Assessment
report (UK NEA, 2011) based its classification on the four categories as
defined inMA (2005) but further concretized it based on the conceptual
frameworks proposed by the authors such as Boyd and Banzhaf (2007),
Fisher et al. (2009), Haines-Young and Potschin (2010), and TEEB
(2010). Here all ecosystem services that are linked to supporting ser-
vices are placed under ecosystem processes/intermediate services and
the remaining three categories of provisioning, regulating and cultural
services, under final ecosystem services. The latter includes clean
water provision, food production, trees and water regulation. The UK
NEA (2011) assigns economic value to ‘goods’, i.e. goods bring benefits
to humans. Goods include not only things that can be bought and sold
(such as drinking water, cereals, meat, timber, electricity) but also
well-being items for which there is no market (e.g. flood protection).
Some of the ecosystem goods mentioned may require capital inputs to
render the service utilizable, such as dams for electricity.

2.2. From ecosystem goods to values

In the 1970s and 1980s environmental scholars started to present
ecosystem services in economic terms in order to emphasize their im-
portance. The economics of ecosystem valuation, however, also implied
a neo-classical approach. To bemeasured by economic norms, valuation
had to be instrumental or utilitarian, i.e. to express how much humans
benefit from ecosystems. Intrinsic values were considered meaningless
because these were beyond the scope of economics to measure (Chee,
2004; De Groot et al., 2010; Salles, 2011). Following this, economic
assessment or monetary valuation of goods provided by ecosystems
was used to “…make the disparate services provided by ecosystems
comparable to each other, using a commonmetric.” (MA, 2005). This in-
formation would then enable decision makers to compare the socio-
economic benefits from having a healthy ecosystem with the hydro-
power production and other direct economic uses of water and inform
the decision making process by quantifying the trade-offs (Braat and
De Groot, 2012; Chee, 2004; De Groot et al., 2010).

The Total Economic Value (TEV) method is a generally accepted
method to place monetary value on ecosystem goods (Kumar, 2010).
The TEVmethod is an integration of use and non-use values that are as-
sociated with a resource. The use value consists of direct and indirect
values. The total value derived from TEV is however not the total
value of nature, and does not purport to be. It only attempts to capture
the instrumental value of specific elements of the ecosystem that are
under consideration (De Groot et al., 2010; Korsgaard, 2006). The
goods that are to be valued by TEV can be identified and defined with
the help of frameworks, such as the one proposed by UK NEA (2011).

2.3. Linking values to flows

After systematically classifying environmental services, defining
ecosystem goods, and considering the valuation challenges, comes the
task of connecting these to the flow regime of the river. The methodol-
ogy developed within Korsgaard (2006) and Korsgaard et al. (2008) is
one of the few attempts that allow for the quantification of the value
of ecosystem goods and the changes in value with changes in the flow
regime. As was indicated in the introduction, this is crucial if ecosystem
goods such as fisheries and tourism are to be appropriately included in
the analysis.

Korsgaard's methodology is based on defining service suitability
curves for each good, henceforth termed as suitability curves. Suitability
curves represent the dose–response relation between the hydrological
conditions and the good provided. The suitability curve is developed
for distinct periods during the hydrological year which are considered
vital for the provisioning of the good. It indicates on the horizontal
axis river discharge and on the vertical axis the suitability value be-
tween 0 and 1, whereby 0means completely unsuitable and 1 perfectly
suitable.

The assessment of the suitability value for a specific river discharge
depends on how it compares to the natural hydrological conditions
(or flow class) required for the provision of the good. Suitability curves
are normally constructed for different periods (seasons, months) of the
hydrological year. Scientific information on hydrological conditions
for the considered goods is obtained from disciplinary knowledge
(e.g. aquatic ecology), field data or expert opinion. In case no specific in-
formation is available on the appropriate flow class for a specific ecolog-
ical good, themean value of the natural flow in that particular period of
the year is taken. In our case we have chosen to develop suitability
curves for each month of the hydrological year.

An index for the suitability of a particular (annual) flow regime
toward a specific good is designated by Korsgaard et al. (2008) as the
service provision index, henceforth termed as Provision Index (PI).
The PI is a weighted average of the suitability value of a given flow for
each month. This is because the river flow in certain months of the
year may be more important and critical for the good than in other
months. Similar to the suitability curve, 1 denotes full provision and 0
denotes no provision. The PI is calculated using the following formula:

PI j ¼
Xn

i¼1

wiSi qð Þ ð1Þ

Where: PIj = provision index of good j; wi = weight of flow class i
and subject to the constraint ∑

n

i¼1
wi ¼ 1; Si = suitability of flow class i;

q = actual flow available for flow class i (m3/s); i = month identifica-
tion number; n = total number of months (=12); j = good
identification.
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The PI value is an indicator of how suitable the annual flow regime is
as compared to the appropriate hydrological requirement of the specific
ecosystem good. If the PI is 0, there is no good provided hence an equiv-
alent zero economic value. In this way a relationship can be established
between economic value and PI based on a gradient of 0-1 and thus a
production function which often has a logarithmic shape but if the
change is marginal can be taken as linear (Korsgaard et al., 2008).
With a linear relationship the economic value of the specific ecosystem
good for a scenario can be calculated by economic value (scenario) =
(PI (scenario) x economic value (base year))/PI (base year). The time scale for
calculating the suitability curve and the Provision Index needs to be
similar to the time scale employed to obtain an economic value.

3. A case study

3.1. The Lower Zambezi River

To demonstrate the link between the concepts introduced in the
previous sections and to analyze their usefulness when considering
the trade-offs of alternative flow regimes, we utilize the case of the
Lower Zambezi River Basin, Mozambique.
Fig. 1. Map of the Lower Zambezi Basin, Mo
The entire Zambezi River Basin covers an area of about,
1.4 million km2 encompassing eight riparian countries and provides a
vital basis for life supporting services and socio-economic values
(Hoekstra et al., 2001; World Bank, 2010). One of the major uses of
this river has been hydropower. On the main river there are two large
dams: the Kariba, commissioned in 1959 and co-owned by the govern-
ments of Zambia and Zimbabwe, and the Cahora Bassa, commissioned/
built in 1974 currently the government of Mozambique is the majority
shareholder. These have an installed capacity to produce 1350 and
2075 megawatts (MW) of electricity, respectively. On the Kafue River,
a major tributary in Zambia, two other dams are located: the Kafue
Gorge with an installed capacity of 900 MW and the Itezhi Tezhi,
which acts as a storage reservoir for the Kafue Gorge. Both are owned
by the government of Zambia. In the tributaries in Zimbabwe, several
reservoirs have been constructed, mainly for irrigation. Flows of the
Zambezi River are therefore heavily regulated and modified (Beilfuss,
2010; Ronco et al., 2010; Tilmant et al., 2010).

This case study is focused on the Lower Zambezi Basin, particularly
the region within Mozambique, which covers an area of 222,000 km2

(Fig. 1). The river directly contributes to Mozambique's economy
through electricity generation, prawn and freshwater fisheries, tourism
zambique (source: Ronco et al., 2010).

image of Fig.�1


468 S. Fanaian et al. / Science of the Total Environment 505 (2015) 464–473
in the form of trophy hunting operations, irrigated commercial agricul-
ture, flood recession agriculture, other subsistence land uses such as
harvesting of products from aquatic ecosystems and delta wetlands,
including mangrove habitats (Beilfuss and Brown, 2010). The river
also provides drinking water for the cities, towns and rural dwellers.

Before the dams were constructed, the floodwaters of the Lower
Zambezi Basin supported a wide variety of aquatic plants and wildlife
and the Zambezi Delta, one of the largest wetland habitats in Southern
Africa. At present, the seasonal variation between high flows (from
December to March) and the low flows (from August to November) is
hardly noticeable anymore (Nyatsanza, 2012). The loss of seasonal var-
iations in flow has reduced the quality of the environment to sustain
ecosystem functions and services downstream of the Cahora Bassa
Dam (Scodanibbio and Maņez, 2005). The damming of the river has
also led to changes in rivermorphology, sediment transport and societal
uses downstream (Beilfuss et al., 2002; Ronco et al., 2010).

For an economic analysis of ecosystem goods it is necessary to de-
marcate temporal and spatial boundaries. In this research the spatial
scale is limited to the Lower Zambezi Basin within Mozambique. The
values used here are those that add directly to the basin's economy,
derived from the goods provided by the ecosystems in this region. The
temporal scale for economic valuation is annual. In this case we have
adopted 2010 as the base year for economic assessment. It is assumed
that the benefits from the goods accrue in the same year. Future use
values are not calculated, except for flood protection.

3.2. Scenarios of flow regime

Informed by environmentalflowassessments for the Lower Zambezi
by Tha and Seager (2008); Beilfuss and Brown (2010); and Beilfuss
(2010), different scenarios were developed to examine changes in eco-
nomic value with different flow regimes. Apart from Scenario 1, which
simulates the “before dam” situation, and Scenario 2, which simulates
the current situation, the subsequent four scenarios introduce either a
small or large flood in the high flow season during one or two months
(Fig. 2). Fig. 2 shows a graphical variation in flow regimes of different
scenarios for example S1-pre-dam displays the high flood and low
flow periods and S2-post-dam has a nearly uniform flow pattern.

Scenario 1 (Pre-dam flows): Utilizes the average monthly flows as
measured at Cahora Bassa Gorge before any dams were constructed
on the Zambezi River. The values used in this scenario are the monthly
averages from 1930 till 1958.

Scenario 2 (Post-dam flows): Utilizes the monthly average flows for
the time period 1997–2011.

Scenario 3 (December high flow release from Cahora Bassa with a
monthly average volume of 6200m3/s): Simulates a flood of magnitude
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Fig. 2. Flow regimes (at the Cahora Bassa
7000 m3/s in December at the Zambezi Delta to revive the wetlands
(Beilfuss and Brown, 2010), assuming that the tributaries downstream
will contribute the difference. Other months maintain flows similar to
Scenario 2.

Scenario 4 (February medium high flow release from Cahora Bassa
with a monthly average volume of 5250 m3/s): Simulates a flood of
7000 m3/s at the Zambezi delta in February, which is considered more
valuable for ecosystems than earlier in the hydrological year (December
or January) (Beilfuss and Brown, 2010). Other months maintain flows
similar to Scenario 2.

Scenario 5 (January (3300m3/s) and February highflow(5400m3/s):
Releases from Cahora Bassa) is one of the scenarios preferred by Beilfuss
(2010), and is the only scenario that prolongs the periodwith high flows
to two months. Other months maintain flows similar to Scenario 2.

Scenario 6 (February high flow release from Cahora Bassa with a
monthly average volume of 8250 m3/s): Simulates a medium flood of
10,000 m3/s at the Zambezi Delta. Other monthsmaintain flows similar
to Scenario 2.

3.3. Ecosystem goods

The UK NEA (2011) framework provides a backbone for the defini-
tion and classification of the ecosystem goods provided by the Zambezi
River downstreamof the Cahora Bassa Dam. Five ecosystem goodswere
identified for this valuation: hydropower, irrigated agriculture,fisheries,
wildlife tourism and flood regulation. This selectionwas due to their in-
tegral link to the river and also because these goods were listed as im-
portant by the stakeholders in the region through a study by Beilfuss
and Brown (2010). There are of coursemany ecosystem goods associat-
ed with the Zambezi River which are not captured in this study due to
lower stakeholder preference and limited data. The five ecosystem
goods considered within the scope of the current study can be summa-
rized as follows:

1. Hydropower: The Cahora Bassa Dam, owned by Hidroeléctrica de
Cahora Bassa (HCB), has the largest hydropower capacity on the
Zambezi River. Out of the total power produced in 2010 (some
14,660 GWh), only 10% was consumed in Mozambique and the
rest was exported, the largest amount (69%) to South Africa, 21% to
Zimbabwe and less than 0.1% to Botswana.

2. Irrigated agriculture: Agriculture in Mozambique accounts for 26% of
GDP and provides employment to 80% of the population. The Lower
Zambezi Basin has an irrigation potential of around 1 million ha, of
which only 30,000 ha is currently equipped with irrigation infra-
structure, half of which is currently cultivated (NCEA, 2011).
Sep Oct Nov

S1 Pre-dam flows

S2 Post-dam flows

S3 December high flows

S4 January high flows

S5 Jan and Feb high flows

S6 February high flow

Baseline (year 2010)

Gorge) associated with six scenarios.

image of Fig.�2
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3. Fisheries: Fisheries are an economically important sector in the Lower
Zambezi, of which three different types can be distinguished:
(a) fisheries on the lake created by Cahora Bassa Dam, including
commercial Kapenta fisheries, artisanal and subsistence fisheries;
(b) prawn fisheries at the Sofala Banks just off the Zambezi Delta
coastal zone, carried out by industrial, semi-industrial and artisanal
fishers; and (c) artisanal and subsistence fisheries downstream
Cahora Bassa Dam until Chinde in the Delta, a stretch of 560 km.
The fisheries sector as a whole comprises 5% of Mozambique's GDP
and 28% of foreign exchange earnings (FAO, 2005). Prawn fisheries
alone constitute 15% of the country's export value (Scodanibbio and
Maņez, 2005).

4. Wildlife tourism: The Marromeu Complex (11,000 km2) is a wetland
of great biodiversity designated under the Ramsar convention
(Beilfuss and Brown, 2010; Tha and Seager, 2008). The complex
consists of a Buffalo reserve and four surrounding hunting concessions.
It is a tourist destination and primarily linked to trophy hunting of
wildlife. Dam construction and river regulation have significantly re-
duced small regular floods thereby negatively impacting the foraging
areas in the inner delta during dry seasons on which wildlife depends
(Beilfuss and Brown, 2006).

5. Flood regulation: Flooding on the Lower Zambezi used to be a regular
phenomenonwhichhas been regulated to someextent since 1960 by
Kariba and 1975 by Cahora Bassa (World Bank, 2010). Changes in the
management of the river can lead to a loss or gain of habitats, and
hence to flood-related losses or benefits (UK NEA, 2011). Conse-
quently, flood regulation is taken into consideration as an ecosystem
good affected by flow regime management.
Fig. 3. Suitability curves for hydropower (a), fisheries Lowe
3.4. Linkage between flows and ecosystem goods provision

For all five ecosystem goods, suitability curves were constructed for
eachmonth of the hydrological year based on a literature review of pub-
lished and gray literature. Hydropower requires a uniform flow class
ranging from 1300 to 2200 m3/s for an ideal power production during
normal years and during a wet year the river flow can increase up to
7000 m3/s, without affecting power production (HCB, 2008, 2010;
World Bank, 2010; Nyatsanza, 2012). Irrigated agriculture prefers uni-
formity in flows but can withstand high flows up to 7000 m3/s during
January–March (Tha and Seager, 2008; Beilfuss and Brown, 2006;
World Bank, 2010).

Fisheries (prawn and artisanal fisheries in the Lower Zambezi) and
wildlife tourism are dependent on peak flows ranging from 3000 to
8000m3/s during themonths of January–Marchwhile the artisanal fish-
eries in the Cahora Bassa Lake do not require any specific flow regime
(Gammelsrød, 1992; Hoguane, 2000; Beilfuss and Brown, 2006; Sousa
et al., 2006, 2011; Guveya and Sukume, 2009; Tha and Seager, 2008).
To avoid damages that occur due to floods a regular annual flood of
3000–5000 m3/s is required in the rainy season (December to March).
This would create a memory register and allow people to be better pre-
pared (Tha and Seager, 2008; Beilfuss and Brown, 2006; World Bank,
2010).

Fig. 3 presents four examples of the suitability curves constructed;
the images display the monthly variance required for each good. For
example, fisheries require the highest annual variance as seen in the
differentflows required for themonths fromDecember to July.Whereas
hydropower and agriculture require uniform monthly river flow with
r Zambezi (b), agriculture (c), and flood regulation (d).

image of Fig.�3


Table 2
Ecosystem goods to be valued and method to be used.

Ecosystem good Type of value Valuation method Information used Sources⁎

Hydropower Direct use Adjusted market price -Power generated/year
-Sale price/year
-Costs

HCB annual reports (2008, 2010); World Bank (2010)
Interviews with HCB

Irrigated agriculture Direct use Adjusted market price -Hectares under cultivation
-Average yield/ha
-Production cost

Ministry of Agriculture and Rural development; ARA Zambeze;
Sena sugar records, Interviews with planters
Tha and Seager (2008); World Bank (2008, 2010)

Fisheries Direct use Adjusted market price -Catch rate
-Current market price

IIP, IDPPE (2009), Mafuca (2007) Sousa et al. (2011)

Wildlife tourism Direct and option value Adjusted market price -Wildlife stock
-Hunting permits & tourism

Department of Tourism, Maputo, Mozambique; Guveya and
Sukume (2009)

Flood regulation Indirect use Cost avoided -Area flooded
-Infrastructure, agricultural,
housing asset damage

INGC reports; World Bank (2010)

⁎ HCB = Hidroeléctrica de Cahora Bassa; IIP = Instituto Nacional de Investigação Pesqueira; IDPPE = Instituto de Desenvolvimento da Pesca de Pequena Escala; INGC = Instituto
Nacional de Gestão de Calamidades
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an exception in the months from December to March, this is to
accommodate the excess inflow due to high rains.

3.5. Economic valuation of ecosystem goods

The use value of the five identified ecosystem goods were estimated
based on methods and information sources provided in Table 2. The
findings are presented in Table 3 and are briefly explained in this
section.

1. Hydropower: HCB produced 14,660 GWh of electricity in 2010,
which generated a reported revenue of 317.0 million USD, and a
reported operational profit of 154.3 million USD.

2. Irrigated agriculture: The large-scale irrigation sector in 2010 mostly
cultivated sugarcane at around 10,850 ha, with a net value of around
52.4 million USD. The small-scale irrigators cultivated in 2010 crops
such as rice, wheat and maize on 700 ha, with an estimated net
value of 0.7 million USD.

3. (a) Fisheries on Lake Cahora Bassa: Commercial Kapenta fisher-
ies producedmore than 11,000 tons in 2010with an estimat-
ed net value of 16.0 million USD. Artisanal and subsistence
fishers caught more than 13,000 tons with a net value of
17.7 million USD.

(b) Prawn fisheries: Industrial prawn fisheries caught 4800 tons
in 2010, with an estimated net value of 14.1 million USD;
semi-industrial fishers caught 530 tons, with a net value of
3.55 million USD, and artisanal prawn fishers caught 1400 tons
with a net value of 2.3 million USD.

(c) Fisheries in the Lower Zambezi: The artisanal and subsistence
fisheries caught an estimated 16,600 tons of fish with a net
value of 13.0 million USD.

4. Wildlife tourism: There is a direct revenue received from tourists,
sale of license and hunting/fishing permits, all of which depends on
the Zambezi flow. As the value of this non-consumptive use is traded
within the market and treated as a private commodity, it comes
under direct use (Oates, 1992). Revenue from trophy hunting in
Table 3
Economic values of ecosystem goods in the Lower Zambezi in the year 2010.

Ecosystem good Net value in 2010 (million USD/year)

1. Hydropower 154.3
2. Irrigated agriculture 53.1
3a. Fisheries: Lake Cahora Bassa 33.8
3b. Fisheries: Prawn 19.7
3c. Fisheries: Lower Zambezi 13.0
4. Wildlife tourism 4.5
5. Flood regulation 4.5
Total value 282.8
2009 was nearly 4 million USD, equivalent to 4.4 million USD
(2010). Wildlife itself, including birds, have an intrinsic value,
which was estimated by Guveya and Sukume (2009) to amount to
62.0 million USD in terms of option values for wildlife, and non-use
value of the habitat of birds of 19.4million USD. These latter intrinsic
values, which are stock values rather than annual values, were ex-
cluded from the current valuation.

5. Flood regulation: The Cahora Bassa Damcan be operated tominimize
the flooding extent and hence avoid flood damage. The World Bank
(2010) had estimated a net present value of $72 million USD over a
projected timeperiod of 2010–2060 towardflood regulation. This es-
timate value is adopted and annualized, to a net present value of 4.5
million USD per year derived using a discount rate of 6.44% – as used
in Tha and Seager (2008).

4. Results

4.1. Ecosystem goods value and provision

The total economic value of ecosystem goods for the year 2010
amounted to 283 million USD, of which 55% (or 154 million USD) was
contributed by hydropower (Table 3). Of the total, 27% (or 75 million
USD) depended directly on the annual flood events for their sustenance
and were currently at a production level lower than optimal. These
goods include fisheries in the Lower Zambezi, the prawn fisheries, wild-
life tourism andof course recession agriculture (whichwas not included
in the valuation).

Table 4 presents the Provision Indices of the baseline flow of the
Lower Zambezi River in 2010 for the five ecosystem goods considered
in this study. The calculated PI's show that the baseline flow regime is
best suited for maximizing hydropower generation, which is consistent
with our expectation and the current management of the river. As the
river flow is managed by the Cahora Bassa Dam specifically to cater to
hydropower generation, the current flow regime negatively affects
the provision of other ecosystem goods. Indeed, Table 4 shows that
prawn fisheries and fisheries in the Lower Zambezi, as well as wildlife
% of total Production in 2010 Average net unit value

55% 14,660 GWh/year 10.5 USD/MWh
19% 11,550 ha/year 4600 USD/ha
12% 28,300 tons/year 1650 USD/ton
7% 6740 tons/year 2920 USD/ton
5% 16,600 tons/year 780 USD/ton
2% 11,000 km2/year 400 USD/km2

2% Per year –

100%



Table 4
Provision indices for ecosystem goods of the baseline flow of the Lower Zambezi
in year 2010.

Ecosystem good Provision Index

Hydropower 1.00
Irrigated agriculture 0.96
Fisheries: Lake Cahora Bassa 0.57
Fisheries: Prawn 0.38
Fisheries: Lower Zambezi 0.38
Wildlife tourism 0.38
Flood regulation 0.62
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tourism, are the sectors most impacted by the current dam manage-
ment regime.

4.2. Economic assessment of flow scenarios

Fig. 4 compares the total economic value of the provided ecosystem
goods under different scenarios of flow regime, based on which the
following observations are made.

First, dam development increases the total economic value of the
Lower Zambezi Basin as compared to that of the pre-dam situation. As
demonstrated by Fig. 4, Scenario 1 – the pre-dam flow – has the lowest
total economic benefit estimated at US$ 222 million/year. Note that
the pre-dam flow does have an economic value for hydropower and
fisheries in Lake Cahora Bassa assuming an original, pre-dam river
flow despite the dams in place. In contrast, the post-dam flow as
represented by Scenario 2 generates a total economic benefit as high
as US$ 285 million, a net increase of approximately US$ 63 million.

If we compare the value change for ecosystem goods under Scenar-
ios 1 and 2, Fig. 4 shows that the net gain is mainly from increased hy-
dropower generation plus expanded irrigation agriculture, this offsets
the economic losses of other ecosystem goods. In particular, prawn fish-
eries, fisheries in the Lower Zambezi, and wildlife tourism are heavily
impacted by hydropower development (via flow alteration), with
their economic values shrinking by more than 45%. This comparison
clearly shows how watershed management focused on one water use
could negatively affect other uses and their derived economic benefits.
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Fig. 4. Economic assessment of ecosystem goods in the Lower Zamb
It also implies that one use-dominated sector might come at the cost
of reducing the economic value of other ecosystem goods.

Second, accounting for the value of environmentally friendly flows
does not necessarily mean a serious reduction in hydropower genera-
tion. The total economic value of the basin may be increased by re-
operating dams which would result in relatively small reduction in
hydropower production, however a relatively large gain in theprovision
of other ecosystem goods.

As demonstrated in Fig. 4, among the six different scenarios consid-
ered, Scenario 5 with designed high flows in both January and February
yields the highest economic value. This increases the total economic
value by approximately 28 million USD/year when compared to
that of the business as usual Scenario 2, post-dam flow. Specifically,
under Scenario 5 (as compared to Scenario 2), the benefits decrease
by about 7 million USD/year for hydropower but increases for ecosys-
tem goods such as fisheries (27 million USD/year), irrigated agriculture
(3.7 million USD/year), and wildlife tourism (2.5 million USD/year).
This comparison suggests that water use along the Lower Zambezi can
be improved to generate a higher total economic value. This can be
achieved by re-operating the dam system, allowing for artificial flood
releases during the rainy season. This will, to some degree, restore the
flow regime in a way that other ecosystem goods such as fisheries and
tourism will significantly be benefited with the constraint on hydro-
power generation being relatively small.

5. Discussion and conclusion

This paper proposes a holistic, integrated approach for assessing the
economic value of river flow regime. The approach used allows a com-
parison of the total economic value of different flow regimes, including
those that incorporate specific considerations for sustaining aquatic
ecosystems. This applied to the Lower Zambezi, Mozambique has
shown that the additional ecosystem benefits produced as a result of
environmental friendly flow regimes may outweigh by a wide margin
the benefits forgone by the current economic use of water – in this
case hydropower production.

The ecosystem ‘goods’ concept is useful as it highlights the econom-
ically important commodities that rely on ecosystem functions and
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process, and allows the development of the linkage between ecosys-
tems and economic benefits. It considers the final output of the ecosys-
tem, which makes this concept acceptable and tangible for economists
and policy makers, as it avoids double-counting.

The Provision Index plays a key role in linkingflow regime to ecosys-
tem goods and economic value assessment. The estimation of the
Provision Index, however, relies on the boundaries selected within the
suitability curves. The more robust the boundaries are, the more
accurate the resulting economic values can be. The economic values cal-
culated for the flow scenarios in this paper were estimates based on as-
sumptions of ecosystem goods production and their linkage to flows,
informed by expert opinions and reported data. The paper has shown
that the calculation of suitability curves and provision indices can be
done in data scarce regions as well. This methodology has the flexibility
to make the flow assessment as specific and precise as possible and also
allows for a derivation of a range for the estimated value. This feature
not only reflects the uncertainties in linking a flow to different ecosys-
tem goods, which can be reduced with more robust expert opinions,
better field data, or more specific flow requirements, but also is realistic
in the sense that ecosystems can function within a certain range of con-
ditions for providing goods and services.

The proposed approach is not perfect and is subject to certain limita-
tions. One methodological deficit is related to the weighted summation
of the Provision Index (Eq. (1) above) in summarizing the provision of
ecosystem goods based on suitability assessment over different flow re-
quirements. This approach ignores the fact that damages inmonth a can
be carried over to month b. For example, an extreme flood event in one
month or a long dry spell in another may kill certain species and hence
make the good unavailable for the rest of the year. Another drawback is
that the Provision Index has a limited time horizon of, typically, one
hydrological year, yet goods such as fisheries and wildlife fluctuate
over a longer temporal scale, and stresses experienced in one year
may carry over into the next.

Empirically, our case study did not include all possible all use and
non-use values of ecosystem goods. In our empirical analysis, we omit-
ted other ecosystem goods such as drinkingwater, recession agriculture
and timber production to name a few. The goods included are those
considered economically most important and directly linked to the
river and influenced by changes in its flow regime (with the exception
of recession agriculture, for which data were simply absent). For those
considered ecosystem goods, the case study only incorporates their
use value. Consequently, our findings (as summarized in Fig. 4) are con-
servative – an environmentally friendly flow regimemight revive areas
where recession agriculture may again become viable and yield higher
benefits.
5.1. Further considerations

It is recommended that further research be conducted toward the
detailed operational implications of releasing artificial floods during
the rainy season. This can also include the potential positive impact of
synchronizing dam operations of the Cahora Bassa with the Kariba
and the Kafue system upstream. Such a prospect is not farfetched
given that in 2011 the governments of Mozambique, Zambia and
Zimbabwe signed a Memorandum of Understand (MoU) “…for the
Collaboration on Information and Data Exchange in the Management
of the Catchment Areas of the Three Countries in the Zambezi Water-
course”. Also in that same year the relevant operational authorities
involved, namely the Zambezi River Authority, ARA-Zambeze, Zesco
Ltd., HCB and the Zimbabwe Power Company, agreed to establish a
Joint Operations Technical Committee to implement the MoU (see also
Nyatsanza, 2012; and SADC/GIZ, 2011).

Also, once the annual flooding events are implemented it will be
necessary to carefully monitor how the ecosystem responds, in order
to check and refine the current suitability curves. In this respect it
would be important to keep in mind that such monitoring could reveal
the importance of low flow conditions during the dry season.

There are also other sectors that are growing in importance in the
Lower Zambezi Basin such as coal mining and agriculture. The require-
ments of such sectors, whether in favor or against environmental
flows, are not precisely known as of now. However as their scale of
operations increase – and it is definitely set to increase – their influence
on the decisions made may also increase.

Another pertinent issue is regarding the impact on other goods if hy-
dropower capacity on the Lower Zambezi is increased. This is a distinct
possibility and consistentwith the existing plans, i.e. the construction of
the Cahora Bassa Left Bank (1500 MW) and Mpanda Nkuwa Dam
(1300 MW), which will increase hydropower production capacity
(Tha and Seager, 2008; LI-EDF-KP Joint Venture Consultants, 2000).
These constructions would further regulate the river and significantly
affect the balance of benefits and tradeoffs between the different
water users.
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