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Abstract
Using a model chain comprising of a hydrological model (IHACRES), a catchment-scale models for
phosphorus and nitrogen biogeochemistry (INCA-N,P) and a lake stratification and aquatic ecosystem
model (CE-QUAL-W2), we quantified nutrient sources and water quality in a large central European
catchment (the upper River Vltava in the southern Czech Republic, about 12,000 km2) during the last
half-century (1960–2010). The model chain was then employed to analyse the impacts of future
climate change and various potential trends in socio-economic development in the catchment on
nutrient status and eutrophication of surface waters and also to suggest cost-optimum measures for
achieving compliance of currently too high phosphorus concentrations in the runoff from the
catchment with the EU Water Framework Directive (WFD) standards for good ecological status. The
climate change that was predicted for the period 2031-2060 with data from three regional climate
models of different sensitivity to CO2 emissions (ECHAM5-KNMI, HadRM3-HacCM3Q0, SMHIRCABMC) showed well discernible effects on seasonal patterns of river flow and nutrient concentrations
in stream and lakes, however, its impacts were low when compared to much larger influences of
human activities and land use in the catchment. The best cost-effective set of mitigation measures to
decrease phosphorus concentrations below the WFD standards included a high-efficiency P removal
at most wastewater treatment plants combined with phosphorus-balanced fish production in
fishponds and reduction of P losses from agricultural areas. However, these mitigation measures
were shown on consultations with major stakeholders of the catchment problematic to realize due to
their high costs and inconsistencies in the national legislation in the water management and surface
water quality regulations.

1. Introduction
Water quality and security is an important issue in all European countries because of great pressures
on freshwater ecosystems by agricultural use of catchments, wastewater discharging, urban
development, hydropower production etc. which may be even aggravated in the conditions of the
ongoing climate change. The need for optimum use of water resources is obvious, but the problems
of system complexity and data uncertainty make the traditional sector-based optimization
approaches impractical (Hall and Borgomeo, 2013). The EU Water Framework Directive legislation
(Directive 2000/60/EC; WFD) represents a fundamental change in the attitude to decision-making
strategy with its demand to harmonize all water uses while considering also natural functions and
integrity of freshwater ecosystems. The WFD implementation throughout Europe is approaching a
crucial point in 2015 when application of river basin management plans should ensure good
ecological status of all water bodies and meet specific water quality and ecological targets for rivers,
lakes, wetlands and groundwater.
In the Czech Republic, as in other countries, a wide range of measures including wastewater
management, good agro-environmental practice, restoration of streams and wetlands,
environmental friendly flood control and forestry have been proposed and evaluated to achieve the
desired good ecological status of surface waters (Cihlář et al. 2005). Many of these measures are
expensive and require cooperation from a wide range of stakeholders. One of the most serious
problems of surface water quality and ecology in the Czech Republic is eutrophication resulting from
high nutrient loads into river systems from point and diffuse sources. This problem has been
recognised already since the 1970s (e.g., Straškraba and Straškrabová 1975, Hejzlar et al. 1996,
Procházková at al. 1996, Hejzlar et al. 2000). Phosphorus (P) is considered to be the major element
controlling productivity in lakes and reservoirs, but also in lowland streams where sufficient water
residence time allow phytoplankton growth (Vollenweider 1968, Straškraba et al. 1995). Phosphorus
control has therefore been suggested as the main management strategy to prevent the growth of
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nuisance algae and cyanobacteria in the Czech rivers systems (Hejzlar et al. 2010a,b). However, the
problem of high phosphorus level in many streams and reservoirs is lasting and probably will cause
non-compliance with the WFD requirement for achieving good ecological status in 2015.
Integrated modelling systems that couple bio-physical models of aquatic ecosystems with catchment
processes, land use and climatic drivers can play an important role in planning and catchment
management by providing an assessment of various mitigation and adaptation measures (Rekolainen
et al. 2003, Whitehead et al. 2013). Such integrated models need to describe the true functional
relations between the drivers and modelled variables, correctly represent the catchment mass
balance and include all important sources and sinks and the physical, chemical and biological
processes. These models then can be used also for assessment of cost effectiveness of different
measures or combination of measures to reveal the costs of achieving goals of the WFD (Volk et al.
2008). Integrated modelling frameworks with bio-physical, environmental and economic components
have been frequently developed for solving agro-environmental tasks, for example to assess the
impact of the Nitrate Directive on farming systems (Belhouchette et al. 2011, Britz et al. 2012) but
much less modelling systems exist for evaluations of complex river-lake networks (Volk et al. 2008,
Wade et al. 2002, Whitehead et al. 2013).
In river basin management planning, long-term trends of external driving forces that influence
freshwater ecosystems such as changes in land use and climate need to be taken into account. In the
case of land use and land cover, reliable predictions of long-term trends are difficult to be done
because of uncertainty of global and local societal and economic development. Instead, a range of
scenarios is usually used to provide a plausible description of possible future states within the
context of future uncertainty. The ICCP SRES framework (Nakicenovic et al. 2000) uses a two-axis
approach to describe different world futures arranged across two distinct dimensions, namely
economic versus environmental values and global versus regional governance. This approach has
been frequently applied to predict landscape development in Europe (Audsley et al. 2006, Westhoek
et al. 2006), although there are also other frameworks, such as EURALIS (Verburg et al. 2006) or
PRELUDE (Volkery et al. 2008), and of some critique concerning for example a neglected role of local
conditions that not always reflect general trends (Bush 2006, Houet et al. 2010) and the use of
economic criteria as a single representative for much more complex social component (Girot et al.
2009). Regarding the issue of climate change, there is today almost complete agreement among
scientists and politicians about its reality (IPCC 2013) and that, regardless of future greenhouse gas
emission trends, substantial changes in climate and hydrology conditions are unavoidable. The future
climate projections for the Czech Republic indicate a continuous increasing trend of temperature and
little or inconsistent changes in average precipitation but with marked changes in precipitation
seasonal patterns (e.g. Cahynová and Huth 2009). These changes will significantly influence the
hydrological cycle throughout the Czech Republic: mean river flow will decrease, the seasonal
pattern of flow will be modified towards wetter winter and drier summer conditions, and prolonged
periods of drought and higher flow fluctuations (Vizina and Horáček 2009, Hanel et al. 2011) will
negatively affect water storage in reservoirs (Nacházel and Fošumpaur 2010).
This study deals with all the above aspects relating to water quality, processes in the catchment and
cost-effectiveness of mitigation measures in order to identify the best strategy for river basin
management. The analysis also takes into account the effects of changes in climate, land use and
water resources for mitigation or adaptation strategies. The upper part of the River Vltava catchment
down to the Orlík reservoir is used as a case study to develop methodologies for quantification of
catchment nutrient sources, exploration of historical perspectives of the problem and prediction of
possible future projections. The biophysical modelling at the catchment-scale is used to enable a
socio-economic analysis that can help for searching feasible solutions to abate nutrient pollution and
improve the ecological state and potential of rivers and reservoirs in the Czech Republic.
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2. The River Vltava catchment
The upper River Vltava catchment (12,116 km2, mean altitude of 589 m above sea level (masl))
stretches from the border mountain range of the Bohemian Forest between the Czech Republic,
Austria, and Germany (maximum altitude of 1378 masl) to the Orlík reservoir (altitude of 354 masl),
situated ca 70 km south of Prague (figure 1).

Figure 1. The upper Vltava River catchment with subcatchments and reservoirs (Lipno, sub. 2; Římov, sub. 4;
Hněvkovice, sub. 6; Orlík, sub. 14) used in the INCA–CE-QUAL-W2 model chain system

This landscape is of old geological age (Precambrian) and naturally lakeless, but there are numerous
artificial ponds and reservoirs. Most of these water bodies are shallow and were created in the
Middle Ages and early Modern Ages for fish production. Four large and deep hydropower, water
supply and flood protection reservoirs were constructed by damming the Vltava River and its
tributaries during the second half of the 20th century (i.e., Lipno, Orlík, Římov, and Hněvkovice). The
bedrock of the catchment is mostly formed by gneiss, mica-schist, and granite. Soils are dominated
by cambisols (67%), stagnosols (13%), and podzols (10%), with the depth usually less than one metre
in steep mountain areas, and greater than one metre elsewhere. Main land use classes include
currently (2005-2010) farmland, forests (consisting of more than 80% of Norway spruce plantations),
surface waters and urban areas in proportions of 52%, 42%, 3%, and 3% of the catchment area,
respectively. Relative proportions of land use classes differ with elevation, from farmland dominance
(60%) below an elevation of 600 m to forest dominance (88%) at elevations greater than 900 m.
From 1960 to 2010 the forest proportion of the total catchment area increased from 39% to 42%,
whereas the farmland decreased from 56% to 52% (figure 2a), mainly due to natural reforestation of
abandoned pastures and meadows, and the area of surface waters increased from 370 to 460 km2.
The volume of surface waters almost tripled from 0.57 to 1.6 km3 during 1960–1963 due to the
construction and filling of two deep reservoirs (Lipno, Orlík) and was further increased to 1.7 km3 by
1991 due to the construction of two smaller reservoirs (Římov, Hněvkovice). The population density
in the catchment is moderate (ca 60 inhabitants per km2) and the population was growing slowly by
ca 0.2% annually during 1960–2010 (figure 2b).
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Figure 2. Temporal development of (a) areas of total agricultural land, arable land, grassland, drained
agricultural areas, forest, and urban area, (b) population and its connection to public water supply systems,
sewerage systems and sewerage systems with secondary treatment of wastewaters, (c) N and P fertilisation
rates in synthetic and organic fertilisers per hectare of agricultural land, (d) loading of phosphorus into
surface waters from wastewater discharges and specific production of P to wastewaters by inhabitants (Pspec,
grams per person per day) in the upper Vltava catchment. Data are based on information from Statistical
Yearbooks of the Czech Republic (www.czso.cz).

The upper Vltava catchment includes most of the area of the administrative South Bohemian region
(i.e., area of 12,106 km2; figure 1), with available annual statistical information on land use,
agricultural and fishery activities (production of major products, livestock numbers, application of
synthetic fertilisers and drainage of farmland, fish production), population and development of
sanitary systems (waste water production and treatment). Consequently, reliable long-term data on
proportions of land use categories, use of synthetic and organic fertilisers in agriculture, fisheries
production, nutrient inputs into surface waters by wastewater discharges etc. were available for the
study catchment. These statistical data document large socio-economic changes during the last halfcentury, which were reflected also by significant changes in surface water quality.
Important impacts on water quality had the intensifying of agriculture production in the conditions of
planned economy during the post-war communist regime in the Czech Republic and later the change
to more environmental friendly management practices associated with the entering the country to
the EU and implementing the common agricultural policy of the EU. Between 1950 and 1980, the
proportion of agricultural land in large cooperative and/or state farms increased from <10% to >80%
(Kusková et al. 2008). Prices of agricultural inputs (man-power, engines, fuel, fertilizers, etc.) and
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products were planned, state guaranteed, and largely independent of the international market.
Increasing consumption of synthetic fertilizers (figure 2c) and the drainage of waterlogged soils
contributed to an elevated production of almost all agricultural products during 1950–1990. In the
early 1990s, the shift from a planned back to a market economy resulted in a temporary recession
and a massive restructuring of the economy and agricultural sector. Farm incomes rapidly decreased
due to dramatically increasing prices of agricultural inputs (energy, fertilizers, labour, etc.),
approaching those on the international market, without a proportional increase in prices (or
subsidies) of agricultural products. This situation resulted in a rapid decline in the domestic
agricultural production (Kopáček et al. 2013a). Some agricultural land was abandoned and arable
land at high elevations was changed to pastures (figure 2a). Reductions occurred in the production of
cattle and pigs and consequently in the applications of organic fertilisers (Kusková et al. 2008,
Kopáček at al. 2013a). In the conditions of subsidised agriculture after 2003 when the Czech Republic
entered the EU, the less intensive agricultural practices and economic use of synthetic fertilisers have
largely continued from the 1990s, apparently also due to subsidised agro-environmental
management programmes.
Fishpond production of carp is a specific feature of the South Bohemian region with a long tradition
reaching to the Middle Ages. The area of production fishponds in the upper Vltava catchment covers
ca 160 km2 (which is 1.3% of the catchment area or 47% of surface water area in the catchment or
one third of the total area of production fishponds in the Czech Republic) and during the past halfcentury gradually became a nonnegligible source of diffuse nutrient pollution. Fishpond productivity
grew progressively during the past half-century from about 100 to >500 kg of fish biomass per
hectare of fishpond area and year (figure 3). This growth was based on the increasing fish stocking,
feeding of fish with cereals (e.g., wheat or rye grain) and adding manure and mineral fertilisers to
fishponds to change their originally mesotrophic conditions to their currently highly eutrophic or
hypertrophic conditions (Pechar 2000). In the fishery production system of the recent period (since
the 2000s), the amounts of fodder and manure were in excess to phosphorus needs for fish
production with an average P-surplus of ca 3 kg ha-1 (Hejzlar et al. 2011). In contrast, the P-surplus
was even higher in the preceding decades despite the smaller fishpond productivity. This was
apparently due to only a gradual accumulation of phosphorus and enrichment of trophic conditions
in fishponds allowing high production rates only after reaching highly eutrophic conditions.
Important impacts on nutrient (especially phosphorus) pollution in the upper Vltava catchment have
been associated also with the development of public water supply and sanitation systems. The
population connected to public water supply and to sewerages have gradually increased from less
than 50% and 25% in the early 1960s to the current 91% and 85%, respectively (figure 2b). However,
sewers equipped with secondary treatment of wastewaters were built with a more than decadal
delay after the water supply systems and about 15% of untreated wastewaters is discharged into
streams until today, mainly at small municipalities with less than 500 inhabitants. The loading of
phosphorus in the surface waters with wastewaters increased fourfold (from ca 100 to 400 metric
tons (Mg) per year) between the 1960s and 1990s and, then, declined stepwise to ca 200 Mg a-1 in
the end of 2000s. The time course of P-export reflected on the one hand the gradually increasing
population connected to sewers and the delayed building of wastewater treatment plants (WTTPs),
on the other hand also the changes of P concentration in domestic wastewaters due to varied use of
phosphate in washing detergents, as indicated by the specific human production of P into
wastewaters (Pspec) (figure 2d). The drops in the Pspec values in 1994 and 2006 occurred when
governmental directives restricted the use of P in washing detergents by limits of 5.5% and 0.5% P,
respectively.
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Figure 3. The productivity of fishponds and the fisheries P-surplus between inputs (fish fodder, manure) and
output (produced fish biomass) in the upper Vltava catchment during 1960–2010. The fishpond productivity
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A detailed inventory of nutrient sources in the catchment of Orlík reservoir was done for the 2007–
2009 period using a nutrient source apportionment at 157 subcatchments (namely, WFD water
bodies), where the riverine fluxes of nutrients were determined using data on flow and measured
water quality, and divided among wastewaters, runoff from forest, farmland and urban areas,
fishpond fisheries and atmospheric deposition, with considering also nutrient retention in the river
network (Hejzlar et al. 2010a,b,c). This inventory was later used as a base for the analyses of
temporal development of nitrogen (Kopáček et al. 2013a,b) and phosphorus (Hejzlar et al. 2011)
sources in the upper Vltava catchment (figure 4). These analyses demonstrated that the extensive
drainage of waterlogged agricultural areas during the 1970s and 1980s was the major controlling
factor for long-lasting increased nitrate export from the catchment (Kopáček et al. 2013a,b) while the
municipal wastewater discharges with a smaller contribution of P-surplus in fishpond fisheries was
the principal source of phosphorus (Hejzlar et al. 2011).
In the upper Vltava catchment, the N concentrations comply on average with the WFD standard,
however, the P concentrations are high in many parts of the catchment and are the reason for failing
to achieve good ecological status as defined by the WFD (Pokorný et al. 2013). For streams and rivers
at altitude below 800 m, the total phosphorus (TP) and phosphate (PO4-P) standards for good status
are below 0.045–0.05 mg l-1 and 0.035–0.040 mg l-1, respectively (table 1). The recent TP
concentration in the total inflow into the Orlík reservoir from all its tributaries was 0.11–0.13 mg l-1,
i.e., more than two times above the required standard. A similar relation is also between the TP
standard (0.03 mg l-1) and the current TP concentration (ca 0.05 mg l-1) in the Orlík reservoir. Hence, a
great challenge for mitigation measures is to get below these standards.
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(a) total N and (b) total P in the total combined inflow into the Orlik reservoir during 1961–2010. The values
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However, another challenge is to promote effective mitigation measures against phosphorus
pollution of surface waters within the current Czech legislation environment of the water sector. The
Czech Water Act (Act No. 254/2001 Coll. as amended in 2013) has implemented WFD principles and
considers standards of water quality in rivers that are in compliance with the WFD. However,
regulations that are used in water management practice in permitting the discharge of pollution into
waters often allow emissions that are in conflict with improving of water quality. For example, the
government regulation on indicators and values of acceptable pollution of surface water and
wastewaters (Government Regulation No. 23/2011 Coll.) sets no phosphorus emission limits for
municipalities or agglomerations less than 2,000 inhabitants and the limit for the category 2,000–
10,000 inhabitants is very mild (effluent P concentration of 3 mg l-1 and 70% efficiency of P removal).
In the upper Vltava catchment, where 39 and 20% of the population live in municipalities with sizes
<2,000 and 2,000–10,000 inhabitants, respectively, the application of this directive might have little
effect for reduction of phosphorus emissions into surface waters. Another example is the guideline
for authorizing the use of harmful substances in fish farming in ponds, which allows the use of fish
fodder and fertilisers in doses that lead to P-surplus up to 20 kg ha-1 and permit adjustments of TP
concentrations in fishponds (that are part of the river network in the basin) up to 0.4 mg l-1, which is
8 times more than the WFD water quality standard for streams and rivers.
Table 1. WFD nutrient and eutrophication standards for the Czech Republic rivers and reservoirs (boundary
values between high and good (H/G) or good and moderate (G/M) ecological status for streams and rivers or
ecological potential for reservoirs)
-1

Water type
Streams and rivers:*
altitude 200–500 m
altitude 500–800 m
above 800 m altitude
Reservoirs:†
Lipno
Římov
Hněvkovice
Orlík  upper / dam part

-1

TP, mg l
H/G
G/M

PO4-P, mg l
H/G
G/M

-1

NO3-N, mg l
H/G
G/M

Chla, µg l
G/M

0.035
0.025
0.02

0.05
0.045
0.03

0.02
0.015
0.01

0.035
0.03
0.02

1.7
1.2
0.8

3.2
2.3
1

–
–
–

–
–
–
–

0.015
0.03
0.04
0.04 / 0.03

–
–
–
–

–
–
–
–

–
–
–
–

2.3
3.2
3.2
3.2

3
10
20
10

*, standards in streams and rivers are median values from annual monitoring;†, standards in reservoirs are mean values
from seasonal (April–October) monitoring of surface layer at the reservoir dam
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-1

3. Catchment-reservoir model chain
The model chain system was developed for the description of effects of land use and climate changes
on hydrology and water quality in the Vltava River catchment and consists of two major model
components, i.e., the INCA-N/INCA-P and CE-QUAL-W2 models for simulations of the precipitationrunoff process in the catchment and the reservoir hydrodynamics and water quality, respectively,
and several auxiliary submodels that couple these two models together and provide additional
necessary data on the inflow water quality (DOM, STEMP) and on hydrological operation of
reservoirs (RESMNG) (figure 5).

Figure 5. The diagram of the INCA/CE-QUAL-W2 model chain system showing major (full-line rectangles) and
auxiliary (dash-line rectangles) model compartments and their input and output variables. Abbreviations:
IHACRES, rainfall runoff submodel; RESMNG, reservoir operation submodel; DOM, dissolved organic matter
submodel; STEMP, stream temperature submodel; Ta, air temperature; Prec, precipitation; HER,
hydrologically effective rainfall; SMD, soil moisture deficit; RH, relative humidity; WS, wind speed; WD, wind
direction; CL, cloud cover; PO4-P, orthophosphate phosphorus; DPorg, dissolved organic phosphorus; PP,
particulate phosphorus; Tin, water temperature in reservoir inflow; Q, flow; Q o, outflow; Qwd, withdrawal;
Elev, surface water level elevation; T, water temperature; DO, dissolved oxygen; DOM, dissolved organic
matter; TP, total phosphorus; Chla, chlorophyll-a; Si, silicon; Phyto 1,2,3, phytoplankton groups 1,2,3; ISS,
inorganic suspended solids

The INCA-N (Whitehead et al., 1998) and INCA-P (Wade et al., 2002) have been used as the core
models for simulations of flow and nutrient (N, P) export from the catchment. The outputs provided
by the INCA model are introduced into the two-dimensional, laterally averaged numerical reservoir
model CE-QUAL-W2 (v. 3.7; Cole and Wells, 2011) that simulates water temperature, ice cover
thickness, dissolved oxygen, biomass of 3 phytoplankton groups, labile and refractory dissolved and
particulate organic matter (LDOM, RDOM, LPOM, RPOM), orthophosphate P (PO4-P), NO3-N, and
NH4-N. The auxiliary submodels include: (i) The precipitation-runoff process model IHACRES (Croke et
al. 2005) with a simple snow model for calculations of hydrologically effective rainfall (HER) and soil
moisture deficit (SMD). (ii) The DOM (=dissolved organic matter) model which is an empirical
regression model that was developed to describe dynamics of stream water DOC concentrations as a
10

function of temperature and precipitation in the Vltava catchment (Hejzlar et al., 2003); the DOC
values are then converted to dissolved organic matter (DOM) for the purpose of the CE-QUAL-W2
input data assuming a 40% carbon content in the aquatic DOM (Thurman, 1985). (iii) The STEMP
model which is used to calculate daily water temperature in streams that enter the reservoirs; it uses
a harmonic function to mimic the annual temperature cycle and is calibrated to local conditions with
daily air temperature data (Straškraba and Gnauck, 1985). (iv) The RESMNG which is a simple water
balance model for simulations of the outflow and withdrawal operation at the reservoir dam
according to the given operation manual.
The model chain system for the upper Vltava River catchment is spatially organised into
14 subcatchments (figure 1) that are modelled by the INCA models and with 4 major reservoirs
(Lipno, Římov, Hněvkovice, Orlík) that are simulated by the CE-QUAL-W2 model. The input data for
the INCA models include daily time series of climate data, land use categories, nutrient inputs by
fertilisers and atmospheric deposition in the soil and by wastewaters and nutrient surplus from
fishpond fisheries into streams. The INCA models then provide daily time series of flow and
concentrations of major nutrient forms and suspended sediment at each subcatchment that are used
as inputs for the CE-QUAL-W2 model. The CE-QUAL-W2 output data comprise daily vertical and
longitudinal profiles in the reservoirs for temperature, ice cover, concentrations of dissolved oxygen,
nutrients, three groups of phytoplankton and chlorophyll-a and biomass of macrophytes and
epiphyton.
The INCA/CE-QUAL-W2 model chain was successfully calibrated and validated for all subcatchments
and reservoirs in the upper Vltava catchment for the periods 1991–2000 and 2001–2010,
respectively (figure 6). Typical values of the Nash-Sutcliffe model efficiency coefficient (Nash and
Sutcliffe 1970) were 0.6–0.8 for simulated and measured flow and 0.2–0.4 for monthly and/or annual
mean nitrogen phosphorus and chlorophyll-a concentrations in rivers and reservoirs, which indicates
that the models reasonably captured seasonal variability and long-term trends in the measured data
and correctly represented the processes in the catchment and river network. The performance of
models was tested also through sensitivity and uncertainty analyses that evidenced a relatively large
source of uncertainty in different possibilities how to parameterise the models but also in the
uncertainty of the input data. The modelling results in figure 6 illustrate the total uncertainty bounds
for nitrate N and total P concentrations in the inflow to the Orlík reservoir simulated by the INCA
models and for the total P and chlorophyll-a concentrations at the dam of the Olík reservoir
simulated by the CE-QUAL-W2 model.

4. Scenarios
As part of the REFRESH project, a set of scenarios have been elaborated for the upper Vltava
catchment to evaluate potential mitigation measures for improvement of water quality and ecology
of rivers and reservoirs to meet the WFD standards and also to indicate effects of land use trends
according to storylines of the IPCC SRES framework (Nakicenovic et al., 2000). All scenarios were run
in climate conditions of the last 30-year period (1981–2010) but also in conditions of predicted future
climate in 2031–2060 by three regional climate models.
The nine scenarios included:
1. Baseline: Current (i.e. mean 2006–2010) conditions of wastewater management, land use and
fishpond fisheries.
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Figure 6. Simulated monthly mean concentrations (line) with measured data (points) and simulated
minimum and maximum uncertainty bounds (shaded areas) for the (a) nitrate N and (b) total P
concentrations in the total inflow into the Orlík reservoir and the (c) total P and (d) chlorophyll-a
concentrations in the Orlík reservoir during 1961-2010

2. Agri: A mitigation measure in agriculture targeted against erosion of arable land and at
interception of nitrogen and phosphorus losses from farmland in buffer zones along water
bodies. Namely, all arable areas with incline >7° and 20-m buffer zones along streams and
reservoir shores were converted to unfertilised grassland, which means approximately 10%
decrease of the current arable land areas in the upper Vltava catchment.
3. Fish: A mitigation measure within fishpond fisheries that would change the current intensive
fishpond fishery production with positive P-surplus to an extensive production with zero
P-surplus and hence without any losses of phosphorus.
4. WW: A mitigation measure to reduce P discharges in all municipal, industrial and domestic
wastewaters by highly efficient technologies with a 95% removal of P to a concentration of
0.3 mg l-1. This level of P removal can be achieved using tertiary treatment with effluent
filtration or ultrafiltration (EA UK 2012) or at small-size sources by extensive low-loaded
wetlands or by using alternative ecological sanitation systems, for example compost toilets.
5. Optim: A mitigation measure composed of a selection of the most cost-effective measures to
decrease P export from individual point (wastewater discharges) and diffuse (agricultural and
fishpond areas in water bodies according to WFD) sources in the upper Vltava catchment. This
measure is described in more detail in the next chapter.
6. A1 – World Markets: A future development scenario with assuming a market oriented approach
to the provision of goods and services and increasing globalisation. In the upper Vltava
catchment, this scenario is expected to result in the use of agricultural land in areas with good
soil quality only, but with higher intensities. Less productive farmland (ca 8%) will be
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abandoned and spontaneously turns into a forest. Synthetic N and P fertiliser applications will
increase to 100 and 20 kg ha-1, respectively. Livestock will increase from the current 0.6 to ca
1.1 LU per hectare of agricultural land (LU = livestock unit of 500 kg alive weight, i.e., 1 cattle, 5
pigs, 250 hens or 10 sheep). Fishpond production will increase to approximately 700 kg ha-1 in
comparison with the current 500 kg ha-1 and the P-surplus in fisheries will rise to 2.5 kg ha-1.
Sewerage of municipalities and wastewater treatment will improve and reach the standard of
western European countries; i.e. wastewater treatment plants will be built also at small
settlements and nutrient discharges will decrease by approximately 50% compared to the
current situation. Hence, the input of P by wastewaters into the river network will decrease
from the current value of 200 Mg a-1 to 100 Mg a-1.
7. A2 - National Enterprise: A future development scenario with a market-oriented approach, but
with a regional or national focus and great diversity. In the upper Vltava catchment, the
interventions by state and subsidies for agriculture will keep agricultural land in a similar state
as today; areas of forests and farmland will increase and decrease along the trends of the last
50 years, i.e. by approximately +3% and -3%, respectively. The increased use of fertilisers and
livestock density will be similar as in the previous scenario A1 but fishpond production and
wastewater discharges will be more environmental friendly with the P-surplus of 1 kg ha-1 and
the input of P in wastewaters into the river network of 80 Mg a-1.
8. B1 - Global Sustainability: A future development scenario with sustainable approach to the
provision of goods and services and with strong global institutions. In the upper Vltava
catchment, a lower proportion of agricultural areas will be used as arable land and the rest will
be changed to grassland or meadows, part of less fertile agricultural areas will be used for
production of energetic woody species, and forest areas will increase by 3% off the agricultural
areas. Productive agricultural areas will be used extensively with fertilisation intensities similar
to the current level or smaller, pastures will be used extensively with the current livestock
density (0.6 LU ha-1). Fishponds fisheries will be also extensive, without fertilisation and fish
feeding, i.e. with production based on natural productivity and negative P-surplus -1 kg ha-1.
Hence, fishponds will efficiently retain phosphorus. Municipal wastewaters will be treated with
respect to maximising phosphorus removal and export of P into streams in the catchment will
decrease to 55 Mg a-1.
9. B2 - Local Services: A future development scenario with community-oriented approach to the
provision of goods and services, with no global overview and dominance of local approaches.
For the Vltava catchment it was assumed that changes would be very similar to the A2
scenario, thus these two scenarios were merged into one (A2/B2) scenario.

4.1. Effects of climate change
Predictions of future climate conditions in the upper Vltava catchment were done with three regional
climate models to represent a range of sensitivities to CO2 emissions, namely ECHAM5-KNMI (KNMI;
average sensitivity), HadRM3-HacCM3Q0 (HC; higher sensitivity), and SMHIRCA-BMC (SHMI; lower
sensitivity).
In the middle of the 21st century (2031–2060), a temperature increase of 1–2.2 °C was projected by
the climate models in comparison with the current (1981–2010) conditions, which means a
prolongation of growing season (i.e., period with mean daily temperature above 5 °C) by
approximately 2–3 weeks. The future precipitation is also expected to moderately (by 1–9%) increase
by all climate models.
The changed climate conditions influenced the hydrology and water quality of the river network and
reservoirs as simulated by the INCA and CE-QUAL-W2 models. The mean runoff from the catchment
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changed relatively little (+1 to -9%) in the future period, however, the seasonal distribution of runoff
was markedly modified with increased (by 13–19%) winter values, decreased (by 2–25%) spring and
summer values and large but among the models inconsistent (+45 to -29%) changes in the autumn.
The hydrological changes apparently took part in an increase (by 7–21%) in the average TP
concentration in the inflow of the Orlík reservoir. The TP concentration increased mainly in summer
(by 18–35%) while in other seasons occurred with little or no changes. The increases were mainly
associated with low flow situations, indicating a major influence of lesser dilution of wastewater
inputs into the river system. In contrast, the mean concentrations of NO3-N moderately (by 1–9%)
declined in the future weather conditions with the largest (by 3 to 15%) decreases in the summer,
apparently due to lower losses by leaching from agricultural land or a greater nitrogen retention in
the river network resulting from the lowering of flow.
In the Orlík reservoir, the modelled future climate conditions caused only a small change of the
average volume of water stored but the range of water level fluctuations significantly increased by
0.5–3 m in comparison with a 2-m range in the period of 1981–2010. The water temperature in the
reservoir increased in parallel with air temperature by 0.3–1.4 °C in the surface layer and 0.1–0.9 °C
in the hypolimnion. The hypolimnion oxygen deficits deteriorated as indicated by the decrease in the
mean hypolimnion dissolved oxygen concentration by 0.1–0.4 mg l-1, apparently mainly due to
prolongation of summer stratification period. Despite the increase in the inflow P concentration the
trophic status of the reservoir at the dam reduced and TP, PO4-P and chlorophyll-a concentrations
decreased by 3–6, 3–9 and 3–15%, respectively, which was obviously related mainly to higher
phosphorus retention in conditions of increased water residence time in the reservoir. In terms of
the WFD standards, these climate-related changes in water quality slightly deteriorated the
compliance of P concentrations in the river network and in the inflow in the Orlík reservoir but
improved the compliance for P and chlorophyll-a concentrations in the dam part of the reservoir
(table 2).

4.2. Effects of mitigation measures and future land use projections
The results of scenarios 2–5 that tested the effect of mitigation measures for the individual types of
catchment P sources and their optimum cost-efficient combination (table 2) indicate the potential of
each source type for the improvement of water quality in the upper Vltava catchment. It is apparent
that the suggested mitigation measures in agriculture have only a small capacity to decrease
phosphorus concentrations but can markedly decrease nitrate concentrations. The mitigation
measures at fishpond fisheries and wastewater treatment are much more important for the control
of P concentrations; anyway, the compliance with the WFD standards for P can be attained only
through a joint application of combined measures within all three types of sources or at least for
wastewaters and fisheries. The optimum cost-effective combination of measures has the potential
of achieving the WFD standards in the runoff from the catchment under current climate conditions
but not in the future. On the other hand, the relative effect of the mitigation measures will not be
significantly influenced by the changes of future climate and of hydrological conditions, as it can be
inferred from figure 7.
As seen in table 2, scenarios 6–9 on future alternatives of socio-economic development in the upper
Vltava catchment according to storylines A1 (World Markets), A2/B2 (National Enterprise/Local
Stewardship), and B1 (Global Sustainability) showed a potentially very large differences in their
impacts on surface water quality. In scenario A1, almost no net change in concentrations of P in
runoff from the catchment occurred, despite wastewaters were treated with higher efficiency (80%
in comparison with 60% in the baseline scenario), because the decreased P export in the wastewater
effluents was offset by increased P losses from agriculture and fisheries. In scenario A2/B2, which is
characterized by the same intensity of agriculture as scenario A1 but has a greater proportion of
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arable land, less intense fisheries and higher efficiency of phosphorus removal from wastewaters
(85%), there was a partial improvement in P concentrations, but the concentration of nitrate
increased significantly, probably resulting from a greater proportion of arable land and higher
intensity of fertilization. But just in scenario B1, which is characterized by extensive agriculture,
extensive fisheries, as well as by the highest efficiency of phosphorus removal from wastewaters
(90%), the P concentrations in runoff from the catchment and in the Orlík reservoir were reduced to
levels compliant with WFD.
Table 2. Results of scenario runs for assessment of mitigation measures against eutrophication of the Orlík
reservoir to reach compliance with FWD for the standard TP, PO4-P, and NO3-N concentrations in its total
inflow and TP and chlorophyll-a concentrations in the dam part of the reservoir (the inflow concentrations
are annual averages and the reservoir concentrations are April-to-October averages). Numbers in italics on a
pink background indicate discrepancy while blue background means compliance with the WFD standards.

TP(Orlík-input), mg l

2006-2010
2031-2060

0.161
0.175

Mitigation measures
Land use scenarios
Agri
Fish
WW Optim
A1
A2/B2
B1
0.154 0.126 0.063 0.050 0.163 0.108 0.050
0.168 0.140 0.073 0.058 0.178 0.118 0.056

NO3-N (Orlík-input),
-1
mg l

2006-2010
2031-2060
2006-2010
2031-2060
2006-2010
2031-2060

1.57
1.47
0.065
0.051
10.4
8.1

1.11
1.05
0.062
0.049
10.1
7.4

-1

-1

TP (Orlík-dam), mg l
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μg l
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Figure 7. Percent reduction in baseline concentrations of (a) total P and (b) nitrate in the total inflow of the
Orlík reservoir and of (c) total P and (d) chlorophyll-a in the surface water layer at the dam of Orlík reservoir
in a range of mitigation measures and land use scenarios for current (1981–2010) and future (2031–2060)
climate conditions. Error bars denote min–max ranges of model runs of various climate models.
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These scenario runs have shown that changes in land use and wastewater discharges might have
much greater impact than climate change on nutrient concentrations in runoff from the catchment
and in the Orlík reservoir, even if the effects of climate change on the nutrient regime of the
catchment are also clearly discernable. For example, the climate change impacts to catchment
hydrology can contribute to the deterioration of eutrophication in rivers due to the greater influence
of both point sources during low-flow periods and diffuse sources during more frequent torrential
summer rains. In reservoirs, in contrast, climate change can slightly reduce eutrophication due to
increased nutrient retention in conditions of longer water residence time. Also, the concentrations of
nitrate in terms of future climate change rather decrease, and surface water in the upper Vltava
catchment might be less vulnerable to nitrate losses from agricultural land.

5. Cost-efficiency assessment of mitigation measures
The WFD requires Member States to set water quality standards and identify cost-effective
mitigation measures to achieve good ecological status in natural water bodies and good ecological
potential in artificial or heavily modified bodies like river impoundments. A cost-effectiveness
analysis (CEA) of water pollution mitigation measures has to be conducted as a prerequisite in
preparing a programme of measures in order to reach the objectives set out in the WFD at the lowest
economic costs. The cost effectiveness of measures can be determined for a catchment by estimating
the costs and effects of a range of feasible measures to reduce pollution. For example, Whitehead et
al. (2013) addressed this issue by using a catchment-scale model (INCA-P) to assess the impacts of P
control on in-stream phosphorus concentrations.
In this study, we evaluate relevant mitigation measures in the upper Vltava catchment to reduce
phosphorus concentration in the inflow into the Orlík reservoir to a non-eutrophying level, which
would meet the WFD TP standard of 0.05 mg l-1. It is apparent that this target will not be achieved in
2015 when the first planning period of the River Basin Management Plans (RBMPs) ends, although
some mitigation measures, mainly on point sources, have been taken (Povodí Vltavy 2009a,b).
According to the study of nutrient sources in the upper Vltava in 2007-2009 (Hejzlar et al. 2010a,b), it
was necessary at that time to reduce phosphorus export from the catchment of about 136 Mg a-1.
However, the reduction due to the measures planned within the first RBMP of the Vltava catchment
(Povodí Vltavy 2009a,b) can be just about 22 Mg a-1. Hence our goal was to select for the second
RBMP (2016–2023) an optimum cost-effective set of measures that could reduce the export of
phosphorus from the catchment of the remaining 114 Mg a-1. The measures should cover all three
types of major phosphorus sources, i.e. wastewater discharges, agricultural losses and fisheries,
because, as it was shown earlier, only common efforts against all types of phosphorus pollution can
result in sufficient reduction in phosphorus concentrations. It was evident that the measures have to
go beyond the requirements of current legal regulations and, hence, the situation requires that
polluters bear largely the costs of mitigating measures. Therefore, we also tried to assess the
(dis)proportionality between costs for implementing the measures and potential benefits of
improved ecological quality of surface waters in the upper Vltava catchment and tried to explore
views of different groups of stakeholders involved in this issue.
The measures were evaluated for all point sources at individual level (i.e., municipalities or industrial
discharges; 1830 sites) and for diffuse sources within 157 WFD water bodies (mean area of 77 km2)
that are delineated in the Orlík reservoir catchment.
The measures in wastewater treatment were aimed to increase the cleaning efficiency for
phosphorus to 90% at most municipalities. According to the state of sewerage and wastewater
management in municipalities in the upper Vltava catchment, the measures can be divided into five
categories:
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B, enhancement of technology in an existing WWTP with P precipitation (by iron or aluminium salts);
C, construction of a new WWTP with P precipitation that can use an existing sewerage system;
D, construction of a new separate sewer system and enhancement of an existing WWTP with P
precipitation;
E1, construction of a new sewerage system and a new WWTP;
E2, construction of a new retention wetland in addition to an existing septic tank system (only at
small municipalities with less than 200 inhabitants and where favourable local conditions allow for
siting of the wetland).
The measures against phosphorus losses from agricultural areas were mainly based on the
reductions of erosion and runoff of organic fertilisers by surface washes:
A1, expansion of existing grassed buffer zones between arable land and watercourses and reservoirs
to a 20-m width;
A2, use of no-tillage practices on sloping fields with a slope of more than 3° ;
A3, no use of organic fertilisers on sloping grassland with a slope of more than 3°.
The measures in fisheries were based on the principle of adjusting the average stocking density and
production of fish from the last-decade values (i.e., ca 600 kg ha-1) to obtain zero or negative
phosphorus balance between supply of phosphorus in fish feed and fertilizers and its removal in the
produced fish:
F1, levelled fish production (ca 300 kg ha-1 a-1) with zero phosphorus balance;
F2, extensive fish production (ca 150 kg ha-1 a-1) without any use of feed and fertilisers, which
corresponds to a net P removal of 1.2 kg ha-1 a-1.
The cost estimates of the measures were for the point sources based on methodological instructions
of the Ministry of Agriculture on designing of WWTPs, sewerage and retention ponds, for the
agricultural sources on the catalogue of measures (Cihlář et al. 2005) and expert opinions about costs
and efficiencies of measures against agricultural phosphorus losses, and for the fisheries on
estimates of the loss of profit due to decreased fish production. The effectiveness of the measures in
terms of phosphorus removal was evaluated with respect to pollution levels established for point
sources individually and for diffuse sources within the WFD water bodies in the period 2007–2009
(Hejzlar et al. 2010a,b). Cost-effectiveness values of individual measures were then calculated from
the cost and the amount of phosphorus removed.
The cumulative costs of all P mitigation measures in the Orlík catchment sorted in ascending order
according to their cost-effectiveness are shown in figure 8 and the summary of the optimum
selection of the most cost-effective measures to reduce phosphorus export from the catchment by
114 Mg a-1 is shown in table 3. Total 1,610 measures were used in the optimum selection with the
total cost of CZK 602 million per year (about EUR 23 million per year). The measures in fisheries were
used almost all (96%), while only about two-thirds from the possible measures were applied for
wastewater and agricultural sources. The fisheries measures removed the largest amount of P from
the inflow to the Orlík reservoir (namely 69 Mg a-1), which was 22 Mg a-1 more than the actual
contribution of the P-surplus in fish production; an apparent cause is the preponderance of measures
with extensive fish production that is characterized by a net P retention. The measures in
wastewater treatment reduced the P export from the catchment of 34 Mg a-1, which is about a third
of the total P contribution (namely 94 Mg a-1) by wastewaters. This relatively low participation of
measures in wastewater treatment is due to a generally poor wastewater management in relatively
small municipalities with less than a thousand inhabitants and the need to build new sewerage
systems with WTTPs at most of these sites, which makes this type of measures expensive and hence
low cost-effective. On the other hand, at small localities of a limited size (max. ca 200 inhabitants),
the construction of retention wetlands or the use of existing ponds to retain residual phosphorus
from existing septic tank systems could be a viable solution. The measures in agriculture decreased P
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export from the catchment by 11 Mg a-1, which corresponds to about half of the total phosphorus
pollution from agriculture and is less important in comparison with the two previous categories.

Total costs, CZKmillions a-1
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Figure 8. Dependence of the total cumulative costs on the amount of phosphorus removed by mitigation
measures in the catchment of Orlík reservoir. Each point represents one application of measure; the vertical
red line indicates the amount of phosphorus that must be removed to achieve the WFD water quality
standards in the inflow to the Orlik reservoir.
Table 3. Costs and cost-effectiveness of optimum set of mitigation measures to reduce P input into the Orlík
reservoir by 114 Mg per year
Type of measure

Wastewaters

Agriculture

Fisheries
Total

B
C
D
E1
E2
total
A1
A2
A3
total
F1
F2
total

No. of
applications

P reduction,
-1
Mg a

Costs,
-1
CZK million a

Cost-effectiveness,
CZK thousand per kg P

56
11
52
37
1,122
1,278
122
51
60
233
19
80
99
1,610

9.6
0.6
8.6
5.0
10.2
34.0
5.4
2.0
3.6
11.0
21.2
47.9
69.1
114.0

3
8
126
111
19
266
10
10
7
27
47
263
310
602

0.3
12.7
14.6
22.3
1.8
7.8
1.8
5.1
1.9
2.4
2.2
5.5
4.5
5.3

It is apparent that the cost-optimum set of measures creates a disproportion between polluters and
cost bearers for removal of pollution. Although more than half of the phosphorus pollution comes
from municipalities and only one fifth from fisheries, most of the costs for improving water quality is
paid by fisheries (51%) and municipalities cover only 44% of the cost. This is mainly due to the fact
that the construction of new sewerages and WTTPs at small municipalities is very expensive but with
little effect on the removed amount of phosphorus and, on the other hand, the extensive fishpond
fisheries actually do not pollute but absorb phosphorus from the other sources.
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Another disproportion can be seen between the bearers of costs and recipients of benefits from
clean water that will be associated mainly with the recreational use of the Orlík reservoir and will be
exploited mainly by tourism entrepreneurs. These benefits from increased capacity of recreational
facilities, high visitation rates and full uses of the recreation potential of the Orlík reservoir for water
sports, bathing, swimming and sport fishing after improvements of water quality were estimated
using an economic model in the amount of CZK 60–200 million per year (Vojáček et al. 2013), which
is relatively small amount in comparison to the total expenses incurred to improve water quality.
The results on the analyses of nutrient sources in the upper Vltava catchment and on potential
mitigation measures against phosphorus pollution were presented and discussed with major
stakeholder groups of the catchment (municipalities, farmers, fishpond owners, river basin authority,
regional authorities, academic sector) at several workshops (Lapka et al. 2011, Políčková and
Švejdarová 2012, Vojáček et al. 2013). These workshops showed that representatives of
municipalities admit partial responsibility for phosphorus pollution, however the implementation of
measures at point sources would require large investments that may be beyond what the
municipalities can afford (especially the smaller ones). Regarding the fisheries, any voluntary
reduction of fish production cannot be expected without compensations or a stricter regulatory
framework because any reduction means lower profit. The majority of the fishpond owners and
managers disputed the results of research and argued that the real extent of their pollution and also
their potential for mitigation measures should be further investigated. Apparently, this scientific
conflict needs to be resolved before any discussion with this stakeholder group can proceed further.
The stakeholders were also given room to express their local views and perceptions on the issue of
disproportionality. There was consent among the workshop participants that the municipalities
should be the main investors and the representatives of municipalities agreed. Pond owners and
farmers stressed the important role of the state budget, which should strongly support any solution.
Institutional and municipal representatives also thought that tourism entrepreneurs should be
important cost bearers. With the exception of municipal representatives, the other stakeholder
groups (farmers, fishpond owners) labelled themselves as the least likely potential payers. In general,
a strong reliance on government subsidies is still the common practice in the CR when discussing
public interests.
Our results showed the importance of economic analyses because using CEA the target of achieving
good ecological status in the Vltava catchment can be reached at optimised costs for the society. On
the other hand, our results from the cost-effectiveness analysis, cost-benefit analysis and public
consultations with stakeholders demonstrate also pitfalls of using purely economic evaluations when
applied to environmental measures (Ackerman and Heinzerling 2002). The cost-optimum scenario
may suggest that the highest expenditures for implementation of water quality measures should be
paid by those who do not have any benefits from the water quality improvement. However, the
problem can be viewed also from another perspective: If the producers are not restricted by law, the
market is still forcing them to increase profits and thus to transfer environmental costs on the
society. This was clearly shown in the stakeholder workshops, when the various individual polluters
claimed financial compensation in exchange for the reduction of pollution discharged. This situation
is in a large extent also due to inconsistencies in the legislation of the Czech Republic in the field of
water management. In our opinion, this might be a crucial issue in searching for socially acceptable
policy.
The problem of not accepting the cost-optimum scenario by the part of stakeholders can be seen in
three dimensions: (i) Economic profit is strong argument for stakeholders for maintaining the status
quo of pollution when it is compared with the purely economic benefits of clean water in terms of
increased recreation. (ii) Societal benefit of clean water from the ecological and strategic assets at
market economy cannot be quantified and it becomes a burden in the thinking of stakeholders. If the
stakeholders admit its importance, they would have to accept also their liability. (iii) The narrow
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economic thinking is compliant for stakeholders and provides them with seemingly rational
arguments why the situation cannot be voluntarily changed. A change can be acceptable again only
in a narrow economic model where the role of the one who orders and pays clean water is adopted
by the state.

6. Conclusions
A comprehensive process-based dynamic model system consisting of the catchment models INCA-N
and INCA-P linked to the reservoir model, CE-QUAL-W2 was set up to simulate the upper River Vltava
catchment. The purpose was to investigate the effects of changes in land use, wastewater
management, and climate on flow, water quality, and the ecology of the major streams and
reservoirs in the catchment. The methodology used in this study includes complex interactions
linking natural processes of the export of nutrients from the catchment, the socio-economic system
of land use, water supply, and water management, and the ecological system of the River Vltava with
its cascade of reservoirs and addresses also specific issues of the EU WFD. In the centre of interest of
our study is the question, what measures have to be used to decrease phosphorus loading to the
river network and combat eutrophication of the Orlík reservoir and if these measures will be
sufficient also in the future with the changed climate.
The application of INCA/CE-QUAL-W2 modelling system to the upper River Vltava catchment to
address a range of scenarios was a complicated, but useful, methodology for assessing possible
management options. It was shown that the strategy of high efficiency P removal at WWTPs
combined with phosphorus-balanced fish production in the fishponds and reduction of P losses from
agricultural areas is required to manage P in the River Vltava and achieve compliance with the
requirements of the EU WFD. It is likely that this modelling strategy is applicable also to other
catchments with single reservoirs or reservoir cascades in the Czech Republic and can be used also in
other stated across the EU. This study also demonstrated that the underlying impacts on water
quality and ecology in the River Vltava catchment and its reservoirs come from the catchment land
use and wastewater management while the influence of expected climate change is well
recognisable but less important and can play even an alleviating role in eutrophication of reservoirs
due to changes in hydrology and increased phosphorus retention.
The modelling in our study has shown a powerful connection between societal decisions and water
ecology, allowing for seeking satisfying solutions to problems based on quantitative background.
Such quantitative assessments are required by governments, water authorities and environment
agencies to justify expenses on costly water demand and mitigation strategies. This can be especially
important in the uncertain world of future climate change. Integrated modelling is even more
valuable for solving questions of water governance and where multiple stakeholders need to
negotiate an agreed water security solution. The modelling approach allows for an independent and
candid view of system behaviour, and the analysis of scenarios and various mitigation measures can
help maintain confidence between negotiating parties, so that water management strategies can be
developed.
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