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General Introduction

Background

Nutrient loads and retention in surface waters

Eutrophication has been among the main water quality issues since decades
(4Ertebjerg et al. 2001). It is caused by excess loads of nutrients (mainly nitrogen and
phosphorus) from point and diffuse sources, accelerated by increased anthropogenic
activity in the river basins. Major contributing sources are point loads from urban areas
and industries, and diffuse emissions from agricultural activity, related to excess
fertilizer application (Carpenter et al. 1998).

In surface waters, high nutrient concentrations can lead to excessive growth of
phytoplankton resulting in a deterioration of the aquatic ecosystem (Smith 2003). Water
clarity decreases, oxygen is depleted resulting in fish kills and odour problems,
biodiversity declines and harmful toxic algal blooms occur more frequently. This also
impairs the use of water for drinking, industry, agriculture, recreation, and other
purposes (Boesch 2002). The negative effects on the ecosystem and the value of its
services to society can be considerable. For instance, the societal costs of freshwater
eutrophication in England and Wales are estimated at £ 75-115 million.yr™ (Pretty et al.
2003). Eutrophication also affects coastal marine systems. In the mid 90-ties the total
load of nitrogen and phosphorus to the North Sea amounted to around 1100 GgN.y*
and 65 GgP.y*, of which more than half originated from the Rhine catchment (Figure
1.1). Although recent data analysis indicate that the loads have decreased, the coastal
zones of the North Sea are still classified as high risk areas for eutrophication (OSPAR
2003).

The abatement of eutrophication is generally focused on reducing nutrient
concentrations in the affected surface waters. This consists of two stages. First,
ecological and accompanying chemical targets must be set, that protect the waters
from undesirable effects. Secondly, to reach the targets measures should be developed
and implemented to reduce the emission of nutrients to the surface waters (Laane et al.
2005). When developing a policy to regulate emission, it is important to note that the
link between emission levels and the final concentrations in the downstream waters is
not straightforward. Numerous studies show that the sum of the emissions can deviate
quite strongly from the load at the outflow of the catchments (Svendsen & Kronvang
1993; Van Breemen et al. 2002). During transport through the ditches, streams and
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rivers physical and biochemical processes transform, remove or release nutrients,
generally resulting in a sink of nutrients in the surface water system. The difference
between the total incoming emissions and the exported loads out of the catchment is
commonly indicated as Retention.

For design of emission reduction measures and evaluation of effectiveness it is
essential to have a quantitative insight in the fate of nitrogen and phosphorus in surface
waters (Kronvang et al. 2005). Nutrients budgets at different scales still contain
considerable errors and uncertainties, which largely can be contributed to retention
processes (De Vries et al. 2003; Nixon et al. 1996)
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Figure 1.1 Nitrogen and phosphorus loads to the North Sea in 1995 in Gg.y'1 (maximum
estimates) (data from OSPAR 1997)

Definition of retention

There is no complete consensus on the definition of retention (Kronvang et al. 2004).
Some authors distinguish between retention and removal, in which the former is
defined as a temporary storage in biomass or sediment and the latter is used to
express a more permanent elimination like gaseous losses of nitrogen via
denitrification. However, it is common practice to apply the term retention for the total
removal, both temporary and permanent, that is detected within the timeframe used for
the analysis.

For this thesis | defined retention as follows: The difference between the incoming load
and the exported load within a certain timeframe and within certain spatial boundaries.
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The timeframe is usually a season or a year, but depending on the scope of the
research other time frames can be used too. Examples of different spatial boundaries
are: a catchment, a network of ditches, a river stretch or a lake.

In most cases the outgoing load is smaller than the incoming load, indicating that the
water system act as a sink for nutrients. In that case retention has a positive value.
However, situations can exist with net release of nutrients, for instance in lakes with
loaded sediments or streams during periods of high flow conditions. In such cases
retention has a negative value.

Retention may be expressed in absolute terms (eq.1) or relative to the incoming mass
flux (eq.2).

M., —M

RET, =M, —-M (eq.1) RET, = mTout (€q.2)

out
with: RET, = absolute retention (mass.time™)
RET; = relative retention or retention fraction (-)
M, = incoming mass load over the system boundaries (mass.time™)
Mou = OUtgoing mass load over the system boundaries (mass.time™)

The rates of individual retention process are generally expressed in mass.area™.time™
in which area relates to area of surface water or sediment. Alternatively, the rates can
be expressed in mass.mass™.time™ in which the second mass relates to mass of
biofilms, plant biomass or sediment.

Nutrient retention processes

During transport in the surface water system nitrogen and phosphorus are subject to
various processes transforming them (e.g. between inorganic-organic and dissolved-
particulate) or removing them from the water system (Figure 1.2 and Figure 1.3). Both
biotic and abiotic mechanisms regulate the relative pool sizes and transformations of N
and P compounds within the water column and the sediment. Biotic processes include
assimilation, decomposition, mineralization, nitrification and denitrification. Abiotic
processes include sedimentation, adsorption by sediments, and exchange processes
between the water column and the sediment on one side and the atmosphere on the
other side (Reddy et al. 1999).

-11-
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Figure 1.2 Phosphorus cycle in shallow vegetated fresh waters. Phosphorus fractions
include dissolved inorganic (Dl), dissolved organic (DO), particulate inorganic (Pl) and
particulate organic (PO), (from Dunne & Reddy 2005).

The main processes that remove N and P from the water phase are sedimentation,
uptake by primary producers (algae and macrophytes) and denitrification (just N).
Settling of suspended particulate material with N and P will decrease the concentration
in the water phase. Oppositely, settled material can be resuspended again by
bioturbation, water flow or wind influence, releasing nutrients to the water column. The
status of the water system, the period and the temporal and spatial scale of
investigation determine whether there is a net sedimentation or resuspension flux.

In small waters with little flow, a net sedimentation will often occur, and when followed
by burial this can result in a permanent removal of nutrients (Brenner et al. 2006). This
is especially the case when watercourses are dredged for maintenance. In the case of
phosphorus, such retention is possible even in the absence of dredging. This is
because phosphorus may be bound irreversibly in sediments under some conditions
(Macrae et al. 2003). Often, the fraction of particulate P is far larger than the fraction
dissolved P in the water column (Bowes, House & Hodgkinson 2003). Therefore,
sedimentation and subsequent burial or dredging is the main retention mechanism for
phosphorus in surface waters (Reddy et al. 1999).
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Figure 1.3 Simplified nitrogen cycle in fresh waters.
(F=fixation, S/R=sedimentation/resuspension C=decomposition, M=mineralization,
N=nitrification, D=denitrification, A/R=absorption/release)

In general, the larger part of nitrogen compounds in running waters is dissolved, mainly
inorganic (NO;” and NH,"). Lacking large quantities of particulate N sedimentation
contributes less to nitrogen retention compared to phosphorus (Nixon et al. 1996).
Aquatic macrophytes and algae assimilate dissolved inorganic nutrients for biomass
production. In the growing season this may lead to a significant reduction of nutrient
concentrations in the water column (Bernot et al. 2006). In unmanaged aquatic systems
the removal of nutrient is only temporary, as mineralization of biomass during fall
releases the nutrients again (Clarke 2002). Net retention of nitrogen taken up by plants
and algae occurs only when part of the biomass is stored in or on top of the sediment in
the form of inert detritus. Obviously, retention of nutrients may be increased by
harvesting the aquatic vegetation (Gumbricht 1993). In any case, the accumulation of
nutrients in macrophyte and algal biomass usually contributes little to retention in
natural waters, as the absolute biomass quantities are generally low and the average
nitrogen content of the biomass is in the order of 1 % and for phosphorus in the order of
0.1% (Saunders & Kalff 2001). In constructed wetlands specific management and
selection of the vegetation type can enlarge the effectiveness of this removal
mechanism (Langergraber 2005; Reinhardt et al. 2005).
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Denitrification is the main process removing nitrogen in the aquatic environment (Nixon
et al. 1996; Seitzinger 1988). In the absence of oxygen, facultative anaerobic bacteria
use nitrate as the final H acceptor in respiration. In this process nitrate is transformed to
gaseous forms of nitrogen (mainly N, and some N,O) that escape to the atmosphere
(Gumbricht 1993). The rate of denitrification in aquatic systems can be particularly high
if there is a large supply of nitrate and degradable organic carbon, and oxygen
concentrations are low. Such conditions occur in the anaerobic layer of the sediment,
but also in biofilms on submerged macrophytes and other substrates (Eriksson &
Weisner 1997). In waters with a high external input of nitrogen the supply of nitrate for
denitrification often comes largely from the water column. However, when water column
nitrate becomes limiting nitrate may be supplied largely by nitrification of ammonium.
The latter process, known as coupled nitrification-denitrification, is common in fresh
surface waters (Van Luijn et al. 1999).

In summary, most phosphorus retention in fresh water systems is due to sedimentation
and adsorption to sediment. By contrast, the major retention mechanism for nitrogen in
fresh waters is denitrification.

Role of aquatic vegetation in nutrient retention

Ditches, brooks, floodplains of rivers and littoral zones of lakes may harbour abundant
vegetation. Such aquatic macrophytes may promote retention of nutrients in these
water bodies (Clarke 2002). Different mechanisms are involved. In running waters with
abundant aquatic vegetation the flow velocity can be reduced significantly (Madsen et
al. 2001; Clarke 2002). Field studies show that reduction of flow velocities can range up
to a factor 10 to 20 compared to unvegetated waters (Sand-Jensen 1998; Schulz et al.
2003). The reduced flow implies an increase of the hydraulic residence time allowing
the impact of nutrient transformation processes to increase. Decreased flow also leads
to an increase in sedimentation and a reduction of resuspension (James, Barko &
Eakin 2002; Madsen et al. 2001), implying retention of particulate nitrogen and
phosphorus. Uptake for growth also reduces nitrogen and phosphorus concentrations,
albeit often only temporally, as mentioned earlier.

Last but not least, macrophytes can stimulate denitrification. This is because the plants
provide substrate for epiphytic biofilms of denitrifying bacteria (Eriksson & Weisner
1997; Schaller et al. 2004), but also because plants supply degradable organic matter
that for the denitrification process (Bastviken et al. 2007; Weisner et al. 1994). In
addition, microgradients in redox potential found in plant beds may stimulate the
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coupled nitrification-denitrification process (Eriksson & Weisner 1999; Kadlec & Knight
1996).

Taken together these mechanisms tend to lead to a high retention of nitrogen and
phosphorus in macrophyte dominated fresh waters, compared to unvegetated water
systems.

Quantification methods

For estimation of nutrient retention in the aquatic environment different approaches
exist (Reddy et al. 1999). Here | briefly highlight the merits and drawbacks of the four
main approaches, based respectively on mass balances, process rates, empirical
relations and deterministic models.

Mass balances.

In mass balance approaches the total retention is estimated from the difference
between measured incoming and outgoing loads. This net retention does not provide
information on specific internal transformations. Estimating retention with a mass
balance approach implies that the uncertainty may be substantial, since the errors and
uncertainties of the separate mass fluxes are all reflected in the unknown item, i.e.
retention. However, by combining mass budgets of several catchments patterns can be
recognized that enable extrapolation of the results to comparable situations (Behrendt
& Opitz 1999; Van Breemen et al. 2002).

Process rates.

Measurements of individual process provide information on the rates of transformation
and removal of nitrogen and phosphorus. Denitrification is probably the most intensively
studied, both in the laboratory and under field conditions. In a review of denitrification
research in aquatic ecosystems it was found that lakes, rivers, estuaries and coastal
zones are studied quite intensively, whereas measurements in smaller water systems
(headwaters, ditches) are rare (Pina-Ochoa & Alvarez-Cobelas 2006). The study also
suggests that there may be about an order of magnitude of variation in denitrification
rates. Reported annual rates range from around 0.3 moIN.mZy” in estuaries and
coastal zones to around 2 molN.m™.y™* in lakes and rivers. Importantly, within the water
types even larger differences in denitrification rate are found. Several factors may
contribute to such within-system variation. For instance losses of particulate nitrogen
and phosphorus through sedimentation are variable, depending on the settling
properties of the particles, flow conditions and dimensions of the water system. In
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addition, presence of macrophyte stands strongly promotes sedimentation rates.
Research in the river Spree (Germany) showed sedimentation rates of 0.1-0.2 molP.m’
2yt and 1-2 moIlN.m?.y™? in dense vegetated areas, accounting for up to 25% of the
total nutrient retention (Schulz et al. 2003). Such variability implies that up-scaling
measured process rates to estimate their contribution to retention on larger scales may
introduce considerable errors if data are scarce.

Empirical relations.

The dependency of nutrient retention on environmental conditions can also be
expressed in simple empirical relations. For instance, for deep lakes Vollenweider
showed that the ratio of phosphorus concentration to inflow concentration is related in a
simple way to hydraulic residence time (OECD 1982). Similar relations were derived for
shallow lakes (Portielje & Van der Molen 1999) and nitrogen retention in lakes (Windolf
et al. 1996). Also for streams and rivers empirical relations for nutrient retention have
been developed, with hydrological conditions as the major explanatory factor (Behrendt
& Opitz 1999; Seitzinger et al. 2002). Empirical relationships have their well known
problems. For instance, a major pitfall of such models is application of the empirical
relationship outside the scope that they were derived for. Nonetheless, these methods
have proven to be useful in delivering rough estimates of retention in lakes and river
catchments on basis of scarce data, a.o. (Arheimer & Liden 2000; Jensen et al. 2006).

Deterministic modeling.

An obvious alternative approach to prediction of future developments is the use of
deterministic models in which knowledge about the main processes driving an aquatic
ecosystem is combined in a set of mathematical equations. A major proble is that all
the important mechanisms should be incorporated and hence such models easily
become very complex. For simulation the values of the parameters and coefficients
have to be set, few of which can actually be determined accurately for specific field
situations. Therefore parameters usually need to estimated by fitting the model to data.
This implies large uncertainty about the realism of the model, as good results can easily
be obtained for the wrong reasons (Scheffer, Bakema & Wortelboer 1993).
Nonetheless such models can be useful, especially for exploring hypothesis about the
functioning of the system, and obtaining an estimate of the relative importance of
different mechanisms.

Various models describing the fate of nutrients in the aquatic environment at different
scales have been developed. An example of a complex nutrient and vegetation model
is PC-Ditch (Janse 1998). The model comprises nutrient transformations and
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vegetation growth and transitions, at the scale of an individual watercourse. It has been
applied to set critical values for nutrient loads to drainage ditches. INCA is an example
of a catchment scale model. It simulates dynamically the nutrient export from different
land-use types within a river system, and the in-stream nitrogen and phosphorus
concentrations (Wade et al. 2002).

Objectives and outline of this thesis

Objectives of the thesis research

The brief overview in this introduction shows that despite the effort that has been put in
quantifying and explaining nutrient retention in surface waters, we are still poorly
equipped if it comes to accurate prediction of retention and the way in which it may be
affected by different water management strategies.

The overall objective of the research reported in this thesis research is to elucidate the
fate of nitrogen and phosphorus in running waters and to provide tools that may be
used for estimating the effects of different river catchment management plans on
nutrient loads.

Outline of this thesis

This thesis addresses various water types at different scales, and covers experimental
work as well as data analysis and modeling. Special attention is paid to ditches and
headwaters and the role of aquatic vegetation. First | address the nitrogen and
phosphorus budgets on a national scale (chapter 2). In this research an alternative
method for estimating nutrient loads to the coastal zones is presented, taking into
account different pathways and retention processes. Additionally, the propagation of
the uncertainties in load calculations and retention estimates on the final loads is
studied.

Subsequently (chapter 3) experimental research of denitrification in drainage ditches is
presented. The rates of denitrification in ditches were largely unknown, whereas there
may be a great potential to remove nitrogen in areas with dense networks of ditches. In
addition to quantification of the denitrification rates this research addresses the effect of
temperature conditions, an important issue in the light of climate change.

In chapter 4 | present a model of fate of nutrients and suspended matter in streams
dominated by aquatic vegetation. The dynamics of growth and decomposition of
submerged macrophytes, nutrient transformations and sedimentation and resuspension
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are studied under various simulated conditions. In the following chapter (5) this model
is applied to simulate a lowland stream, and analyze the potential impact of submerged
macrophytes and management options on retention of nutrients.

In chapter 6 | develop an empirical model for nutrient export and retention, based on
basic catchment properties and nutrient emissions. | test this approach on time series
of measurement data of 13 lowland catchments. Using the model, nutrient export can
be estimated on a monthly basis, thus showing seasonal dynamics.

Going back to a large scale approach, | present nutrient budgets in subregions of the
EU-countries (chapter 7), predicting surface water nutrient concentrations in the far
future, assuming agricultural practices to continue unchanged.

Finally, in chapter 8 | reflect on the main results and present a simplified concept of
how to deal with nutrient issues in water management.

-18 -
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Nutrient loads to the Dutch part of the North
Sea: sources, pathways, and uncertainties.

Abstract

We present a novel method to estimate nutrient loads from river basins to the coastal
areas. The method is a good alternative, when measurements in river outlets are
unavailable or are highly uncertain due to the complex hydrology in the transition from
fresh water streams to estuaries and coastal zones. In addition, with this method it is
possible to quantify the contribution of different sources and areas to the final load to
the sea, by identifying the specific pathways and retention processes during transport.
The method is applied to the Netherlands, resulting in nutrient loads to the Dutch part of
the North Sea. By means of a Monte Carlo simulation the uncertainties in the estimated
loads are quantified. In the period 1995 to 2005.the average load amounted to 336 + 41
Gg.y" total nitrogen and 17.5 + 3.9 Gg.y™ total phosphorus, of which transboundary
sources contributed 75 to 80%. However, expressed per area catchment and per
inhabitant, the Dutch part of the river basins contributed equal or even more, compared
to the neighboring countries.

The total retention of N and P in the surface waters was 136 + 36 GgN.y™* and 9.9 + 2.2
GgP.y™. Although river retention fractions are estimated to be not more than 4-9%, the
largest part of the nutrients was retained within the main river system, due to high
cumulative loads. This implies that increasing nutrient retention capacity in the rivers,
for instance by restoring floodplains, can potentially reduce the nutrient loads to the
North Sea.

Introduction

Eutrophication of fresh waters and coastal zones

Eutrophication of both fresh waters and coastal zones is of increasing general concern
in many countries. Although substantial progress has been made in combating
eutrophication, European policy has consistently identified eutrophication as a priority
issue for water protection (European Communities 2005). Eutrophication is caused by
an increase in the amount of nutrients being discharged to the water body. As a result
algal production will accelerate, and a variety of following impacts may occur, including
nuisance and toxic algal blooms, depleted dissolved oxygen, and loss of submerged
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aquatic vegetation, undesirable disturbance of the balance of organisms present in the
water, and deterioration of the water quality (Smith 2003). Besides disturbance of the
aguatic ecosystem, eutrophication in coastal and fresh water areas can lead to socio-
economic consequences, such as reduced recreational value and drinking water
treatment costs (Pretty et al. 2003).

For the protection of the marine environment the contracting parties of OSPAR
assessed the status of their coastal zones, estuaries and fjords around the North Sea,
regarding eutrophication and related effects (OSPAR 2003). The assessment revealed
that the investigated waters show increased riverine N and P inputs, both from direct
sources as from increased transboundary nutrient inputs. As a result of this many of the
assessed coastal areas, fjords and estuaries show elevated levels of chlorophyll-a, and
nuisance or toxic phytoplankton biomass. On basis of this assessment coastal regions
are classified as Problem Area, Potential Problem Area or Non Problem Area. For the
Netherlands it was concluded that the Dutch coastal North Sea waters, Dutch Ems and
Western Scheldt estuaries and Dutch Wadden Sea must all be classified as ‘Problem
Areas’ (Figure 2.1).

Germany

The Netherlands

Belgium . Problem Area

France

Potential Problem Area
3

Figure 2.1 Classification of Dutch coastal waters according to OSPAR eutrophication status
assessment (OSPAR 2003).
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The elevated concentrations of nutrients in the coastal zones are mainly caused by the
rivers, which accumulate nutrients from the catchments discharging at the rivers. They
account for 65 — 80 % of the total nitrogen inputs and for 80 — 85 % of the total
phosphorus inputs (OSPAR 2000). Atmospheric deposition also contributes
substantially to the nitrogen input, up to 30% of the load to the North Sea (OSPAR
2000).

Although progress has been made in reducing the point emissions to the surface
waters, nutrient loads are still high (EEA 2005). The main source of nitrogen is run-off
from agricultural land. Most of the phosphorus comes from households and industry
discharging treated or untreated wastewater (EEA 2005). Quantitative insight in nutrient
loads as well as the magnitude of the separate sources is essential for a proper
evaluation of emission reduction measures. Moreover, nutrient transformation during
transport through the streams and rivers will significantly affect the final loads to the
coastal zones and the rates of transformation must be known (Crouzet et al. 1999; Neal
& Heathwaite 2005).

Calculation of riverine loads from concentrations measurements and discharges, as
prescribed by OSPAR contain substantial uncertainties (De Vries & Klavers 1994).
Especially in estuaries with tidal influence mass transport is often difficult to assess.
This, among others, hampers the set up of reliable nutrient budgets and therefore
identification of major contributing sources.

In this study an alternative method (flow-path approach) is presented to estimate
nutrient loads to the Dutch coastal zones of the North Sea and the contribution of
individual sources. Different path-ways and route specific retention of nutrients in
freshwaters are taken into account.

Objectives of the study

The objectives of this study were:

« to quantify the loads of N and P to the Dutch part of the North Sea coastal
zones via the discharge points of the main rivers in the period 1995 to 2005,
taking into account nutrient retention in the transporting fresh waters;

- to identify the contribution of regional sources in the Dutch part of the Rhine,
Meuse and Scheldt catchment, and the contribution of transboundary
nutrient import to the total loads to the coastal zones;

+ to estimate the uncertainties in the nutrient load calculations.
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Methods

General approach

The general approach of the research is setting up mass balances of total nitrogen (N)
and total phosphorus (P) over the Dutch surface waters for each year in the period
1995-2005. By quantifying the sum of the sources and retention the final load to the
North Sea is determined. To account for regional conditions and different pathways
budgets are set up for 19 individual subcatchments covering the whole Netherlands.
The subcatchment borders are defined in the national policy document Water
Management 21% century (see Annex 2.1). The mass balances per subcatchment
contain the following items:

In: Import from Belgium and Germany and/or upstream subcatchments
Diffuse sources in the Netherlands (NL)
Point sources in the Netherlands (NL)

Out: Retention in surface waters and estuaries.
Load to downstream subcatchments and/or to the coastal zones.

Via the so-called flow-path approach the nutrient loads through the subcatchments are
coupled. The final results are total annual loads of nitrogen and phosphorus to the
North Sea, quantified separately for the main river discharge points

Input Sources

Transboundary loads from Belgium and Germany via the rivers Rhine, Meuse and
Scheldt are calculated from measurements at the monitoring stations at Lobith, Eijsden
and Doel (see Annex 2.1). Discharges are measured daily and nutrient concentrations
weekly to bi-weekly (Riza 2004). Annual loads of total N and P are calculated using the
‘weighted concentration method' (De Vries & Klavers 1994).

Diffuse sources consist of leaching from nature areas, agricultural landuse, and
atmospheric deposition directly on surface water. Emissions from agriculture are
calculated with the modeling tool STONE (Wolf et al. 2003). This is a deterministic
model that calculates annual emissions in 6000 subregions, covering the whole
country. Inputs for the model are fertilizer application and atmospheric deposition on
the soil.
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For atmospheric deposition on surface water a uniform value is used
(Emissieregistratie 2007). The atmospheric load is calculated, related to the total area
of open water in the subcatchment.

Point sources consist of direct emissions from industry and domestic sources (direct or
via the waste water system). Total loads are calculated from data of the national
Emission Registration database (Emissieregistratie 2007). In the database data of
2440 drainage areas are collected, which are summarized for this study per
subcatchment.

Flow-path approach

The basis of the flow-path approach is coupling of the 19 subcatchments from
upstream to downstream. The nutrient budgets of the separate subcatchments are
thus not independent from each other. A subcatchment receives nutrient loads from
upstream subcatchments or from transboundary rivers and it transfers loads to
downstream subcatchments and finally the coastal area of the North Sea. During
transport through the subcatchment nutrients are retained in the regional waters and
the main river system including the estuary (Figure 2.2).

Water discharges through the main river system, that connects the subcatchments, are
determined with the national distribution model, consisting of a network of main river
sections and large lakes (Annex 2.1) (Driesprong-Zoeteman 2004).

Import from
upstream

g

Point sources
Diffuse sources

Regional water system ..---

(ditches, streams, lakes)
Export to /

downstream

retention

Main water system
(rivers)

Figure 2.2 Calculation of nutrient flows within a subcatchment
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Retention of nutrients

Many studies have been conducted on retention of nutrients in surface water. Part of
this concerned quantifying process rates of the main nutrient retention processes like
denitrification of nitrogen (Pina-Ochoa & Alvarez-Cobelas 2006) and sedimentation of
particulate P (Reddy et al. 1999). On the other hand research has been focused on
setting up nutrient balances of water systems or catchments. Retention is thus
determined from the difference of total incoming and outgoing load (e.g. Kronvang et al.
2004).

Retention processes vary among the different types of surface waters (stream, river,
lake) (Pina-Ochoa & Alvarez-Cobelas 2006). For lowland stream catchments it has
been calculated that nutrient retention in surface water can be considerably, but also
variable (0.25 — 0.75, expressed as fraction of the total emissions) (e.g. Behrendt &
Opitz 1999; Svendsen & Kronvang 1993). Measurements in headwater streams
showed that at least half of the incoming inorganic nitrogen load is retained (Peterson
et al. 2001). Nitrogen removal in 16 catchments in the US, in area ranging from 400 to
20,000 km?, was around 0.4 — 0.6 (Seitzinger et al. 2002). The same study revealed
that relative nitrogen retention decreases with increasing river Strahler order, indicating
a higher retention fraction upstream compared to downstream river reaches.

In large rivers in the Netherlands (Rhine and Waal) retention of nitrogen is generally
very low (0-0.03) and for phosphorus this is usually not higher then 0.05 to 0.10 (Van
Der Lee, Venterink & Asselman 2004). The same range of retention values was
reported for the Humber River and estuary (UK) in the present state (Jickells et al.
2000). For the Mississippi watershed it was found that relative retention of nitrogen
reduces with increasing dimension of the water courses (Alexander, Smith & Schwarz
2000). In that study, for small streams a 1*' order retention coefficient of 0.45 day™ was
calculated and for large rivers around 0.015 day™. In the sections of the distribution
model and the 19 regional subcatchments of this study an average residence time of 2
days is estimated. With the reported 1% order retention coefficient this results in a
relative retention factor of 0.6 for streams and 0.03 for rivers.

Analysis of data of a large number of shallow lakes in the Netherlands, covering the
period 1980-1996, indicated retention factors of 0.1 to 0.35 for nitrogen and 0 to 0.70
(average 0.45) for phosphorus (Portielje & Van der Molen 1999). In a study of shallow
Danish lakes, with hydraulic residence time below 0.25 year, retention of nitrogen was
calculated in the range of 0.18 to 0.38 (Windolf et al. 1996). An overview of retention
factors and calculations methods is reported in the Nutrient Retention Handbook of the
Euroharp-project (Kronvang et al. 2004).
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On basis of the reported studies, and taking into account typical Dutch conditions, we
set average retention factors for all water types (table 2.1). These factors represent
relative retention, i.e. the fraction of the total incoming load that is retained in the
surface water.

Table 2.1 Estimated average annual retention factors (-) per water type (+ indicates average
range found in literature).

Water type N P References

small ditches and headwater 0.5 0.1 0.3 +0.05 (Peterson et al. 2001)

streams (< 3 m width) (De Klein et al. 2008)

ditches and streams 0.6 +0.1 0.5+0.1 (Alexander et al. 2000)

(3 tot 6 m width) (De Klein et al. 2008)

streams (> 6 m width) 0.6 0.1 0.5#0.1 (Seitzinger et al. 2002)
(Behrendt & Opitz 1999)

Shallow lakes 0.25 +0.05 0.45+0.1 (Windolf et al. 1996)
(Portielie & Van der Molen
1999)

rivers 0.04 +0.01 0.09 +0.02  (Alexander et al. 2000)

(Van Der Lee et al. 2004)

Overall nutrient retention for all subcatchments is estimated as an area-weighted
average factor of small ditches, ditches, streams and lakes. The main river system is
treated separately. Here, the retention factor for rivers is applied, except for the lakes in
Zeeland and Lake 1Jssel, for which the retention factor for lakes is used.

Besides the type of surface waters, an important explanatory factor for the variability of
retention on a catchment scale is the total area of open water within the catchment.
With the run off this determines the displacement time (m.y™), or specific run off (m.y™),
in the catchment (Seitzinger et al. 2002; Venohr et al. 2005). To account for these
hydrological conditions, retention factors are corrected for the area of surface water in
the subcatchments (spatially variable), and the annual precipitation (temporally
variable), related to average conditions in the Netherlands (Eq. 1).
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a

P/P,

R F. / F. . (Eq.1)

with: Csr = correction factor for specific runoff (-)
P = Annual precipitation (m)
P,y = Average annual precipitation (m)
Fsw = Fraction of surface water area (-)
Fsw-a = Average fraction of surface water area in the Netherlands (-)
a = power value (-);

The power a expresses the rate of influence of hydraulic residence time on nutrient
retention. Various researchers reported values for @, ranging from -0.18 (Windolf et al.
1996) to -0.49 (Venohr et al. 2005), with P retention being less influenced by
hydrological conditions (a closer to zero). We set the value for @ at -0.2 for P and -0.4
for N. The total area of surface water and the distribution over the different water types
are determined for all subcatchments from digital maps (250 by 250 m grid).

Verification of calculated loads to the North Sea

The flow-path approach results in calculated loads to the North Sea, taking into account
retention in the regional waters and the main river system. To verify this method we
quantified the loads to the North Sea based on measurements at the river outflow
locations (Annex 2.1). Additionally, the loads were compared with calculations in the
frame of OSPAR (Patsch & Lenhart 2004). It should be noted that the ‘measured’ loads
are based on the same set of data. However, due to different calculation methods the
outcomes are not identical and will differ to a certain extent.

Uncertainties

Like all (model) calculations the presented method for estimating nutrient loads to the
North Sea contains uncertainties. These are uncertainties in the input data, river load
estimates, retention coefficients etc. For the nitrogen budget on a national level the
uncertainties related to all relevant measurement techniques, calculation methods, lack
of data etc. are described (Kroeze et al. 2003). For evaluation of the results and
comparing with results of other studies it is essential to gain quantitative insight in the
uncertainties of the final outcomes.

The flow-path approach used in this study consists of a series of calculations, which are
all dependent. This hampers the evaluation of the propagation of the uncertainty in a
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straightforward way. Therefore, we calculated the uncertainties in the loads to the North
Sea by means of a Monte Carlo simulation (Vose 1996).

It is expected that the transboundary loads contribute most to the total nutrient load of
the Dutch freshwater system, and therefore also to the uncertainties. An extensive
study on uncertainties in calculated loads of dissolved and suspended matter in large
rivers was done by De Vries & Klavers (1994). The researchers analyzed high-
frequency measurement series of ammonium, chloride and suspended matter in Rhine
and Meuse. By sub-sampling the total data set the effect of monitoring frequency and
calculation method on the accuracy (indicating the systematic error) and the precision
(confidence interval, indicating the random error) were studied. It was concluded that
for the weighed concentration method (used in this study) with biweekly concentration
measurements the accuracy is high (systematic error is negligible). However, the
precision (expressed as a 95% confidence interval) can be considerable and is variable
for the different substances. For chloride the precision was +5-10% and for suspended
matter £20-30%. For this study, we averaged the precision of chloride and ammonium
for total nitrogen load and of suspended matter for total phosphorus load. For uniformity
the confidence intervals are converted to standard deviation (divided by 1.96).
Uncertainties were estimated for all input data and coefficients on basis of literature and
expert judgment. We assumed normal distributions for all inputs and coefficients,
characterized by a mean and a relative standard deviation (table 2.2).

The Monte Carlo simulation was run 2000 times, with random selection of input values
from the normal distributions. By subsequently discarding the uncertainties of certain
inputs and rerunning the Monte Carlo simulation the contribution of individual inputs to
the final uncertainty is determined.

Table2.2 Coefficients of variance (CV, as % of mean value) of the inputs and parameters in
the flow-path calculation.

Variable CV (%) Remarks

Loads of transboundary 6, 12, 50 6% N, 12% P (Rhine), 50% P (Meuse);
rivers (De Vries & Klavers 1994)

Point sources (NL) 20 Explication document Emission Registration
Diffuse sources (NL) 30 Validation Stone; (De Vries et al. 2003)
Atmospheric deposition 15-30 (just for N)(Bleeker & Duyzer 2003)
Retention factors 17-25 Range in literature (see table 2.1)
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Results and discussion

Emissions to surface water and load to the North Se a via the main
Dutch rivers

For the period 1995-2005 yearly average nitrogen and phosphorus budgets are
calculated including the loads of the main Dutch rivers to the North Sea (table 2.3 and
2.4). These years represent considerable differences in average precipitation and river
discharges. Tables 2.3 and 2.4 show that the main part of the nutrient load to the Dutch
surface waters is coming from the transboundary rivers Rhine, Meuse and Scheldt, on
average 73% for N and 68% for P respectively. It should be noted that atmospheric
deposition is completely regarded as an inland source, which may be argued. Part of
the atmospheric pollution is also transboundary, however this is difficult to assess and
the total contribution of this source is minor in the total budget.

Furthermore, the calculations show that on average 71% of the total N load to the
surface water reached the coastal waters and 29 % of the load was retained during
transport in the water system (1995-2005). For total P the surface water retention was
even 37 % and the export load to the North Sea 63 % of the total emissions to the
surface water. Although retention factors are the smallest in the rivers, the largest part
(65-71%) of the total nutrient removal in the surface waters is in the main river system.
The load transported through the rivers is the sum of all transboundary and internal
sources and therefore absolute retention is relatively large. This is consistent with what
was observed for river catchments in the US; relative retention decreases with
increasing dimensions, while absolute retention increases due to the cumulative load of
the upstream area (Seitzinger et al. 2002).
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Among the years, large differences in the emissions and exported loads can be seen.
The period 1995-2005 comprises different hydrological years. 1996 and 2003 were very
dry with a precipitation sum of 576 and 631 mm, whereas 1998 was extremely wet
(precipitation 1240 mm). The average precipitation in the evaluated period was 839
mm.y" (Figure 2.3). It is likely that the sum of precipitation will affect the magnitude of
nutrients exports and possibly also the share of inland sources to the exports.
Regression analysis revealed an increase of the variables with increasing precipitation.
However, most of the relations are weak and not significant. An explanation of the weak
relations may be that the variation in precipitation is only partially reflected in the Rhine
discharge at Lobith, which is the main contributor of the transboundary loads (Figure
2.3). Apparently, a large precipitation sum in the Netherlands does not automatically
imply large precipitation in the rest of the Rhine catchment. Moreover, the Rhine
discharge is for a large part originating from glaciers.

A significant relation (p<0.02) was found between annual precipitation and the
contribution of inland nitrogen sources to the export to the North Sea. The latter
increases with increasing precipitation. This may be due to the increase of diffuse
emissions, mainly leaching from agricultural areas, in relatively wet years.

In general, annual precipitation is not a good predictor for annual nutrient loads to the
North Sea.
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Figure 2.3 Annual average precipitation in the Netherlands and average discharge of the
Rhine at the German-Dutch border.
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Uncertainty analysis

The results of the Monte Carlo simulations are summarized in table 2.5. Values and
uncertainties for all inputs, retention and load to the North Sea are presented as an
average value, standard deviation (SD) and the coefficient of variance (CV; standard
deviation relative to the mean). Figure 2.4 shows the frequency distributions of the final
outcome, i.e. the average nutrient loads to the North Sea in the period 1995-2005.

Table 2.5 Results of Monte Carlo simulations (2000 repetitive calculations)

Period 1995-2005 N P
mean SD Ccv mean SD Ccv
Ggy'  Gogy' % Ggy' Ggy' %
Transboundary rivers 343.2 16.8 5.4 18.7 2.2 12.6
Point sources (NL) 45.5 2.3 5.6 4.9 0.4 7.9
Diffuse sources (NL) 71.9 5.4 8.3 3.8 0.4 10.1
Atmospheric deposition 11.7 1.7 16.0 - - -
Retention 136.1 15.8 12.7 9.9 11 11.7
Load to North Sea 336.2 20.6 6.7 17.5 2.0 12.3

The outcome of the Monte Carlo simulation is normally distributed and the mean values
correspond with the average data presented in table 2.3 and 2.4. This was expected,
since the inputs for the calculations were set as normally distributed, with an

expectation of the mean error at zero.

Monte carlo simulation N-load (n=2000)
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Figure 2.4 Frequency distribution of the Monte Carlo calculation results (average nutrient

loads to the North Sea in the period 1995-2005)

The coefficient of variance of the load to the North Sea is 6.7 % for N and 12.3 % for P.
The higher value for P is due to a higher uncertainty in the calculation of river P loads.
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Phosphorus is mainly transported as particulate matter, whereas nitrogen is mainly
dissolved. Generally, quantification of suspended matter load contain more uncertainty
compared to the load of dissolved substances (De Vries & Klavers 1994). The 95%
confidence interval for the average load to the North Sea is 336 + 41 GgN.y™ and 17.5
+3.9 GgP.y™.

Further analysis of the results of the Monte Carlo simulation revealed that the main
contributors to the uncertainty in the final outcome were the transboundary loads (41-
50%) and retention (39-47%). The latter is dominated by the uncertainty of the retention
in the main water system (rivers).

The coefficients of variance (table 2.5) are lower than the basic coefficients of variance
of the different inputs and parameters (table 2.2). For atmospheric deposition and point
and diffuse sources this is caused by the fact that all 19 regions are treated separately
with their own random sampling of the input values. An overestimation in one region
may thus be compensated by an underestimation in another region and visa versa. So
the CV of the total input on a national scale becomes lower than the CV’s in the
individual regions. This can only be applied when uncertainties in the data are related
to regional conditions and not to systematic errors in the applied models and
calculations methods.

To gain insight in the effect of this assumption we calculated the average load to the
North Sea again, now with one standard deviation of all the regions. In this case one
random sampling in the normal distribution was applied to all regions. For atmospheric
deposition and point sources this revealed a negligible effect on the final outcome. For
diffuse sources a limited increase in CV was observed from 8.3 to 9.2% for N and from
10.1 to 12.8% for P. For the retention in different water types and the three
transboundary loads the calculations are independent and it is obvious to treat the
sampling of input values from the probability function separately.

Verification of the loads calculated with the flow- path approach

In figure 2.5 the calculated nutrient loads to the North Sea via the Dutch main rivers are
compared with ‘measured’ loads at the discharge points. These loads are in fact
calculated from measurements of N and P concentrations and discharges. In this paper
we use the term ‘measured’ to distinguish with the calculations of the flow-path
approach. The error bars indicate the 95%-confidence intervals for the calculated loads
based on the results of the Monte Carlo simulation.
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Figure 2.5 Calculated and measured annual average loads of nitrogen and phosphorus to
the North Sea via the main Dutch rivers (error bars represent 95%-confidance interval)

A reasonable agreement is found between the calculated loads (flow-path) and the sum
of the ‘measured’ loads at the river discharge points of the Dutch coast, especially
taking into account the estimated uncertainties (Figure 2.5). But also differences can be
seen. To determine nutrients loads in coastal zones and estuaries is difficult, as the
influence of tide hampers an exact measurement of discharges. Combined with
uncertainty related with discontinuous concentration measurements this results in large
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uncertainties. Although in the study for OSPAR (Patsch & Lenhart 2004) uncertainties
are not discussed, it is likely that load calculations in transitional waters contain larger
uncertainties than at monitoring stations in the rivers evaluated by De Vries & Klavers
(1994). Differences between ‘measured’ loads are mainly due to the different calculated
methods. We used the weighted concentration method whereas OSPAR loads were
calculated with the interpolation method.

The years 2003-2005 show remarkable low loads for both N and P. This is due to
relatively low discharge of the Rhine in that period. Average discharges were < 1900
m3.s™, which is even lower than in the extreme dry year 1996. 2003 was also dry, but
for 2004 and 2005 no obvious explanation can be given.

From the validation we can conclude that in general the flow-path approach generates
plausible loads to the North Sea, which justifies the additional analysis of calculation
results.

Contribution of inland and transboundary sources to the final loads to
the North Sea

The contribution of different sources to the total emissions to the Dutch surface waters
(table 2.3 and 2.4) is not by definition equal to the share in the final loads to the North
Sea. Through different path-ways and regional differences in retention, the ratio
between foreign and inland sources can deviate. The here presented flow-path
approach enables the quantification of the internal sources and transboundary loads
separately and determination of the individual contributions to the final load to the North
Sea (table 2.6).

Table 2.6 Contribution of transboundary annual average loads and inland sources to the
load to the North Sea (average 1995-2005).

N P
Total load to North Sea (Gg.y™) 333 19.7
Share of transboundary sources 80.8 % 77.9 %
Share of inland sources 19.2 % 22.1%

The annual average contribution of inland sources to the eventual load to the North Sea
in the period 1995-2005 is 19 % for N and 22 % for P, whereas the share in the
emissions to the surface water was 27% and 32% respectively (see table 2.3. and 2.4).
In regional surface waters the relative retention of nutrients is larger than in the main
rivers, which decreases the share of inland sources to the loads on the marine waters.

It may be expected that the share of transboundary and inland sources is related to the
size of the catchment and the number of inhabitants (Billen et al. 1999). The Dutch part
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of the Rhine, Meuse and Scheldt is relatively small. Therefore, we expressed the
transboundary and inland nutrient loads per square kilometer catchment area and per
inhabitant (table 2.7).

Table 2.7 Catchment characteristics, transboundary and inland annual average nutrient
loads per square kilometer catchment area and per inhabitant (1995-2005)

Total of Rhine, Meuse and Scheldt
Catchment area outside the Netherlands 199200 km?
Catchment area in the Netherlands 37700 km?
Inhabitants outside the Netherlands 61.2 10°
Inhabitants in the Netherlands 16.4 10°
N P
Transboundary load to North Sea (Gg.y'l) 270 14
Inland load to North Sea (Gg.y™) 66 4
Transboundary load per area (Kg.km?.y™) 1357 69
Inland load per area (Kg.kmZy™) 1751 106
Transboundary load per inhabitant (Kg.y™) 4.4 0.23
Inland load per inhabitant (Kg.y'l) 4.0 0.24

Per area catchment the Dutch contribution to the North Sea loads is significantly larger
than from the neighboring countries. Expressed per inhabitant the differences are
small.

Per area and per inhabitant exports from the Rhine, Scheldt and Meuse, as calculated
from this study, are compared with data from other river basins (table 2.8). Presented
data are from different periods and calculated with different methods. However, some
general conclusions can be drawn. The Rhine, Scheldt, Meuse catchment exhibits
comparable fluxes as from the PO and Danish sound basins.

In intensively populated river basins riverine fluxes can range up to 1500 kgN.km2.y™
and around 100 kgP.km™.y™. This is about 20 times higher than basins under ‘pristine’
conditions, for which fluxes of around 75 kgN.km™.y™* and 5 kgP.km™.y™ were estimated
(Howarth et al. 1996). On a per inhabitant basis, however, the largest fluxes are found
in less populated basins. Apparently, the exported nutrient loads are determined by
both the size of the drainage area and the number of inhabitants.
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Table 2.8 Basin characteristics and annual average nutrient loads per square kilometer
drainage area and per inhabitant from various river basins.

Per Inhabitant Per Area

(kg.y™") (kg.km-*.y™)

Basin Population  Area N P N P
(10% (10% km?)

Rhine, Scheldt, Meuse ? 77.6 237 4.3 0.23 1418 76
The Netherlands # 16.4 38 4.0 0.24 1751 106
Total Baltic Sea (1996-2000) °  83.1 1735 9.3 0.47 446 23
Danish Sounds (1996-2000) 5.2 29 7.3 0.32 1316 58
Po (1990-1995) ° 16.0 70 6.6 0.51 1514 117
Danube (1989-1992) 76.0 817 9.9 0.66 918 61
Mississippi (1989-1991) © 64.0 3230 28 1.70 563 33

2 this study; ® (Morth et al. 2007); © (de Wit & Bendoricchio 2001); ¢ (Garnier et al. 2006); ®
(Howarth et al. 1996)

Conclusions

The presented flow-path method enables the estimation of annual average nutrient
loads to coastal zones from emission data and discharges from the main rivers. It
accounts for retention of nutrients, both in the large rivers and in the regional surface
waters. For the Dutch coastal zone it was found that estimated loads in the period
1995-2005 differ slightly from the measurements at the river outlets (3-8% for N and 1-
6% for P depending on the calculation method for the riverine nutrient loads). Given the
uncertainties in both the calculated and the ‘measured’ loads we can state that these
do not significantly deviate from each other. Thus, the flow-path approach may be a
good alternative to estimate loads to coastal areas, when measurements in river outlets
are unavailable or are highly uncertain due to the complex hydrology in the transition
from fresh water streams to estuaries and coastal zones.

With the presented method it is also possible to apportion the source areas within the
river basin. In the period 1995 to 2005 the average nutrient loads to the Dutch part of
the North Sea amounted to 336 + 41 Gg.y™ total nitrogen and 17.5 + 3.9 Gg.y™" total
phosphorus, of which transboundary sources contributed 75 to 80%. However,
expressed per area catchment and per inhabitant, the Dutch part of the river basins
contributed equal or even more, compared to the neighboring countries. Moreover, it
revealed that the share of separate sources in the emissions to the surface water is
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different from the share in the final loads to the North Sea. This is caused by different
path-ways and subsequent retention processes.

The total retention of N and P in the surface waters was 136 + 36 GgN.y™* and 9.9 + 2.2
GgP.y™. Although river retention fractions are estimated to be not more than 4-9%, the
largest part of the nutrients was retained within the main river system, due to high
cumulative loads. This implies that increasing nutrient retention capacity in the rivers,
for instance by restoring floodplains, can potentially reduce the nutrient loads to the
North Sea. Therefore, the concept of different pathways and route-specific retention
should be taken into consideration when emission reduction measures are evaluated.
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Effect of temperature on denitrification in
vegetated ditches

Abstract

Water column and sediment denitrification rates were measured in situ in vegetated
ditches using *°N Isotope Pairing Techniques. Weekly and daily measurements were
conducted in summer and fall to study the effect of environmental and weather
conditions.

Denitrification in drainage ditches ranged from 200 to 350 pmol.m™?.h™ during summer
months and from 50 to 150 umol.m2.h™ in the fall. In general, rates were comparable to
denitrification rates previously reported for rivers and wetlands.

We estimated the annual removal of nitrogen from agricultural ditches, via
denitrification to be 15 gN.m™.y™". In areas with a dense network of drainage ditches this
represents a high potential for removal of nitrogen, leached from agricultural areas. Our
results suggest that denitrification in ditches can remove more than 50% of the total
diffuse inputs.

The main driver for temporal variability of denitrification rates in vegetated ditches was
found to be water temperature. The overall Arrhenius temperature coefficient was 1.28,
which is significantly higher than reported coefficients so far.

The high temperature dependency means that with a temperature rise of 3 °C, as
foreseen in IPCC scenarios denitrification in ditches could double.

Introduction

Denitrification is a major process removing nitrogen from surface waters and is
therefore an important mechanism for the control of eutrophication (Seitzinger 1988). It
is a dissimilative process in which a whole range of organisms including heterotrophic
and lithotrophic bacteria, fungi, and archaea can transform nitrate to nitrous oxide or
nitrogen gas. Denitrification requires anaerobic conditions and the availability of
degradable organic carbon as the electron donor and nitrate (instead of oxygen) as an
electron acceptor (Burgin & Hamilton 2007). Nitrate can be supplied either from
external sources or from ammonium oxidation (nitrification). In systems with low internal
inputs of nitrate the main nitrogen removal pathway is coupled nitrification-
denitrification, which requires both aerobic and anaerobic conditions (Van Luijn et al.
1999). Over short distances, aerobic and anaerobic sites can be present in sediment
layers or in epiphytic biofilms. In wetlands and ditches, submerged macrophytes
support the denitrification process by offering attachment surfaces for denitrifying
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biofilms. In addition, macrophytes supply organic carbon from plant litter and from living
biomass (Bachand & Horne 2000; Weisner et al. 1994). Moreover, by growth and
respiration, macrophytes determine the oxic conditions in the water column to a large
extent. Therefore, it is clear that aquatic vegetation plays a crucial role for denitrification
in shallow water bodies.

Artificial drainage systems have been constructed to facilitate agricultural practices.
These drainage systems typically consist of a network of shallow ditches (< 1 m deep)
ranging from one to a few meters wide. During wet periods ditches transport surface
runoff and subsurface drainage water away from agricultural fields, whereas in dry
periods water is supplied for infiltration. In most agricultural areas in the lower parts of
Western Europe and North-America, ditches are the dominant water type (Strock, Dell
& Schmidt 2007) (Oenema, van Liere & Schoumans 2005). For the Netherlands, the
total length of ditches ranging from one to six meters in width is estimated at almost
300,000 km (Janse 1998). In the western provinces, the density ranges from 8 to 12 km
of ditches per km®. Ditches are generally eutrophic due to high nutrient loading from
adjacent fields. Leaching of nitrogen and phosphorus originates from excess fertilizer
applications and from mineralization of the organic soils (Oenema & Roest 1998; van
Beek et al. 2004). Analysis of about 3000 sampling locations in Dutch ditches (1985-
2005) showed that mean total-N concentrations ranged from 2 to 9.7 mgN.I"* (10- and
90-percentile respectively) with a median value of 4.2 mgN.I*. Average total P
concentrations ranged from 0.11 to 1.7 mgP.I* (median 0.32 mgP.I"). Excess
phosphorus is stored in sediments and plant biomass, whereas nitrogen is cycled faster
between the different soluble forms and organic matter (Burgin & Hamilton 2007)
(Reddy et al. 1999).

The permanent removal of nitrogen via denitrification results in a decrease of nitrogen
concentrations and thus the subsequent nitrogen loads to downstream regions (Pina-
Ochoa & Alvarez-Cobelas 2006). Rates of denitrification in the aquatic environment
have been studied intensively, at different scales and in a variety of water types (a.o.
(Seitzinger 1988) (Dong et al. 2000; Pattinson, Garcia-Ruiz & Whitton 1998; Pina-
Ochoa & Alvarez-Cobelas 2006). Denitrification rates can be highly variable, both
temporally and spatially (Seitzinger 1988; Pina-Ochoa & Alvarez-Cobelas 2006). Most
research has been conducted on wetlands, rivers, estuaries and coastal areas,
whereas denitrification studies in ditches are rare. The physical dimensions of ditches
can be compared to the head waters of streams and brooks. However, in ditches the
hydrological residence time is generally much longer and more variable (hours to
weeks). In addition, primary production, including macrophyte growth is much larger in
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ditches. Therefore, previously reported denitrification rates may not be representative
for what might be expected in ditches.

Like many microbial processes, a major factor influencing the rates of denitrification is
temperature. Generally, higher water temperatures enhance biochemical processes in
natural aquatic systems, which usually have temperatures in the range of 5-25 °C
(Schwoerbel 1984). An increase in temperature results in a faster cycling of carbon,
nutrients and oxygen both in the water column and the sediment. Experimentally, the
direct effect of temperature on the rate of denitrification has shown that the activity of
denitrifying bacteria increases with increasing temperature, with optimum rates
occurring from 30-35 °C (Stanford, Dzienia & Vanderpol 1975) (Pfenning & McMahon
1997). Temperature also indirectly affects N-removal by denitrification, due to
stimulation of mineralization and nitrification, resulting in higher nitrate availability. To
complicate the matter further, the effect of temperature on denitrification is also affected
by primary production, since denitrification is very sensitive to the presence of dissolved
oxygen (Christensen et al. 1990). In particular, the productivity of epiphytic biofilms
regulates small scale oxic and anoxic conditions and thus influences potential
denitrification rates (Eriksson & Weisner 1997). In addition, denitrification can be
inhibited by primary producers through competition for ammonium and nitrate (Cabrita
& Brotas 2000). We have constructed a flow diagram summarizing hypothesized direct
and indirect effects of temperature on denitrification (Figure 3.1).

In this study we explore how denitrification measured in situ in ditches varies over time
and estimate the overall effect of temperature on this complex process.
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Primary production

TA

’ Nitrogen gas ‘

Figure 3.1 Schematic presentation of the effect of temperature on nitrogen cycling in
aguatic systems.

Methods

Study site

The field study was conducted in an experimental ditch system at Wageningen
University. The ditches were originally constructed in the 1970’s for research on water
flow patterns in vegetated ditches. During the last 30 years the watercourses were
managed according to typical agricultural practices, resulting in vegetated ditches with
a variety of submerged macrophytes (e.g. Potamogeton sp., Elodea, Hydrocharis) and
patches of floating duckweed (Lemna sp.). Inflow of groundwater from a reservoir was
regulated with a pump and both inflow and outflow were measured using V-notch weirs.
An impermeable layer under the ditches prevented interaction with groundwater and
enabled the setup of adequate water and nutrient budgets. For the entire experiment,
conducted between July and September 2001 and July and November 2002, the water
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flow was set at 1.5 |.sec™, which resulted in a water residence time of 4 days. During all
experiments, the ditches were artificially elevated to a concentration of ~1-2 mg N I*
NOs’, to mimic the nitrate concentrations commonly found in agricultural ditches in the
Netherlands. The nitrate solution was prepared using agricultural grade KNO; fertilizer
and demi-water, and was added to the inflow water using a Watson-Marlow pump.

Setup of experiments

First, a pilot study was performed between July and September 2001, to optimize the
experimental setup and to study the difference between measurements taken during
the day (13.00-16.00) and at night (1.00-4.00). In the same experiment the effect of
macrophytes on denitrification was investigated. We measured sediment and water
column denitrification on bare sediment, sediment covered with Elodea and sediment
with floating plants (Hydrocharis morsus-ranae), during both the day and night, all in
triplicate.

Subsequent to the pilot study, weekly denitrification sampling sessions were conducted
between July and August 2002, and daily measurements were taken for 20 days in
September and October. In order to measure during a range of different weather
conditions, additional spot sampling was also performed in October and November,
when precipitation increased and temperature decreased.

Denitrification measurements

Denitrification is often measured under laboratory conditions, using water and sediment
samples removed from in situ conditions (Pina-Ochoa & Alvarez-Cobelas 2006).
Therefore, potential denitrification rates are most commonly determined by
manipulating the in situ environmental conditions (Bastviken et al. 2007; Dong et al.
2000). In order to gain a better idea of the actual rate of denitrification in situ, we
measured denitrification in the ditch itself, using small enclosures. For the detection of
denitrification we selected the *°N isotope-pairing technique (Nielsen 1992).

During the pilot study and the first period of weekly sampling we used three separate
cylindrical chambers that were pushed a few centimeters into the sediment, remaining
there for a period of ca. 3 hours. The placement and removal of the cylinders caused
some disturbance of the sediment and the macrophytes. We assumed this to be of
minor effect during the 7 day interval time between sampling. However, to avoid this
disturbance during the daily sampling, we designed and constructed a split-box
measuring device, which consisted of three identical chambers (Figure 3.2). The
bottom part of the box was placed on and pushed partly into the sediment, and was left
there for the entire research period (Figure 3.2, top). The top part was securely
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attached to the bottom section, only when the measurements were actually conducted,
from 09.00 to 12.00 (Figure 3.2, bottom). This procedure enabled in situ conditions and
processes to continue during most of the day and avoided stirring up the sediment at
every occasion measurements were taken. The three chambers represented replicates
of denitrification rates.

stirrer oxygen probe
septum for
spiking and ﬁ ﬁ
sampling
=@t =9
! ﬂ ! /[_\‘

Figure 3.2 In situ denitrification measurement enclosures.
Top figure: open during normal conditions; bottom figure: closed during measurements.
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Denitrification rates were determined in situ using IPT adapted from the NICE (Nitrogen
Cycling in Estuaries) protocol handbook (Dalsgaard 2000). With this method
denitrification of both nitrate sources, water column and nitrification, can be determined
(Steingruber et al. 2001). We placed Perspex chambers on the ditch bottom, enclosing
part of the water column and submerged macrophytes. After placement of the sampling
enclosures the system was left to settle for 30 minutes before switching on the stirrers.
Each chamber was spiked using 1 molar >NO5’, (99% purity) resulting in a *>NOs-
concentration of 0.5 to 0.9 mgN.I"* in the chambers. Water (containing the gaseous
isotopes 2N,, 2N, and *N,) was sampled 0.5, 1.5 and 2.5 hours after spiking, using
syringes (5 ml), and injected into 10 ml Exetainer ® (Labco, High Wycombe) glass
sampling tubes. The Exetainer ® tubes were pretreated with 100 pl of ZnCl (50% wi/v),
to terminate further biological activity, and tightly sealed using caps with a rubber
septum. Subsequently the tubes were flushed for 2 minutes with helium gas (250 ml
min™) using a syringe system, and equilibrium pressure in the tubes was attained using
a helium balloon. Directly prior to sampling, 5 ml of helium gas was extracted from the
sampling tubes, to make a vacuum space for the 5 ml water sample. After injecting the
water sample the Exetainer® tubes were kept refrigerated prior to analyzing the
nitrogen 2N, and *°N, isotopes using isotope ratio mass spectrometry (IRMS).

For calibration of the absolute amount of N,-gas measured with IRMS, six standard
solutions were prepared in triplicate. 5 ml of gas was removed from pre-prepared
Exetainer ® tubes (see above) and 5 ml of re-aerated (to atmospheric concentrations)
demi-water was injected. Volumes of 0, 50, 100, 200, 300 and 400 pl N, gas were
subsequently added to the tubes using glass syringes. Exetainer ® tubes containing
standard solutions and samples (removed from refrigeration) were placed in a shaker
for ~ 30 min to induce equilibrium between water sample and headspace. Isotopic
ratios of the N, gas in the headspace was analyzed using a Finnigan MAT, type Delta
C, isotope ratio mass spectrometer (IRMS). To account for instrumental drift during the
IRMS analysis, a reference gas was analyzed with every sample.

Field measurements and analyses

During the experiment, dissolved oxygen concentrations (DO) and temperature in the
ditch was measured continuously using an O, /temperature probe and recorded using a
data logger. DO and temperature was also measured in all the sampling chambers, at
the same time denitrification samples were taken, and before and after each
experiment. Additionally, EC (electric conductivity) and pH were measured in the
surrounding ditch water using a pH/ conductivity probe.
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Nutrient samples were collected in the surrounding ditch water. Half of the nutrient
samples were filtered through a 45 pm filter. Filtered samples were analyzed for NH,",
NOs, NO, and PO,". Unfiltered samples were analyzed for total nitrogen and total
phosphorus.

During August and September, the sediment oxygen demand (SOD, in gO,.m™?.d™) was
measured at three locations. A pyramid shaped hood (bottom area 0.5 by 0.5 m) with a
small stirrer and oxygen probe was placed gently at the sediment surface. After 15
minutes of sediment resettling, the stirrer was switched on and the dissolved oxygen
concentration under the hood was recorded every 5 minutes, until DO dropped by 2-3
mg.I"t. From the initial slope of the DO concentration profile the SOD was calculated

Results

Pilot study

In the pilot study we measured denitrification rates which ranged from 0 to 277 pmol.m’
2 h™. The average rate during daytime was 74 (SD +58, n=18) and during the night 142
(SD 77, n=18) pumol.m™.h™, which differed significantly (p=0.005). The effect of aquatic
vegetation and time of measurement is presented in Figure 3.3.
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Figure 3.3 Denitrification rates measured during day and night, for sediment with no
vegetation, sediment and elodea, and sediment and plants with floating leafs (error bars
indicate standard deviation; n=6).
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Between the groups only non-vegetated sediment and floating plants differed
significantly (ANOVA, posthoc test Bonferroni, p<0.05). Within the groups, only for
Elodea there was a significant difference between day and night denitrification (one-
way ANOVA). The results indicate that in this ditch floating aquatic vegetation had a
negative effect on denitrification during summer, whereas presence of submerged
macrophytes (Elodea) did not affect the total rates of denitrification.

Denitrification rates

Measured denitrification rates, including nitrate concentrations and the water
temperature measured during the second research period are plotted in Figure 3.4. In
the weekly measurements during July and August we observed average denitrification
rates ranging from 200 to 350 pmol.m?h™. Standard deviations were high, which
indicates a high spatial variability among the individual chambers.
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Figure 3.4 Denitrification rates, water temperature and nitrate concentration in the enclosure
chambers (error bars for denitrification rates indicate the standard deviation; n=3)

In the second period, the daily measurements in September and October, denitrification
rates began around the same level as measured in the summer. However, within a
short period, denitrification rates dropped to 150 umol.m?h™, and then gradually
decreased to around 50 pmol.m?.h™*. Remarkably, differences between the three
chambers decreased in this period, compared to the summer; standard deviations
dropped from average 36 % to average 16 %. At the end of October and November
denitrification rates ranged from 20 to 50 umol.m?Zh™. From July to October the
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macrophyte composition and biomass was observed to be more or less stable with
respect to species type and density. Over this period, no large changes or sudden
shifts in aquatic vegetation appearance were observed.

Effect of environmental conditions

To evaluate the relationship of various environmental conditions on denitrification we
performed a correlation analysis. Kolmogorov-Smirnov normality tests indicated that
some of the combined data was not normally distributed. Data were transformed using
various techniques (logarithmic, square root, and arcsin) and the transformations
resulting in the best fit was chosen by analyzing and comparing quantile/quantile plots.
Variables which displayed a normal distribution without transformation were
temperature, dissolved oxygen (DO) and electrical conductivity (EC). After logarithmic
transformation the variables NH," and NO; were normally distributed. The remaining
variables did not display normal distribution even after transformation. For this reason,
both Pearsons correlation and the non-parametric Spearman rank correlation
coefficients were calculated, and the latter are used for correlations involving variables
that were not normally distributed (Table 3.1).

Table 3.1 Pearsons correlation (bold data) and Spearman rank correlation matrix showing
relationships between all variables (n=29). Temp= water temperature, DEN = denitrification

rate
DO pH Temp EC NH," NO3z
pH -0.00
Temp -0.63** -0.12
EC -0.04 0.51%* 0.18
NH," -0.31 -0.21 0.73** 0.39
NO3° -0.31 0.09 0.39 0.59** 0.57**
DEN -0.60** -0.15 0.85** 0.11 0.75* 0.41*

**Correlation is significant at the 0.01 level (2-tailed).
*Correlation is significant at the 0.05 level (2-tailed).

Scatter plots are used to examine the significant correlations further (Figure 3.5).

- 58 -




Temperature and denitrification

8.0 0.8
7.5 0.7 1 .
7.0 4 L 4 0.6 4 .
— Ea *
T 65 = 05 ¢
o 3 %
D 6.0 * * £ 041 .
£ . e 3
O 55+ M SO T 031
al . L3 z
5.0 . 02
.. s AR Y . Ve o 0
] 0.1 .
45 . .’0 e % A4
4.0 ‘ ‘ ‘ ‘ 0.0 ‘ ; ‘ ‘
5.0 8.0 110 140 170 200 100 120 140 160 180 200
temperature ( °C) temperature ( °C)
400.0 400.0
H: 350.0 . :': 350.0 | .’
o : o :
‘e 300.0 | * ‘e 300.0 | **
2 250,01 g 25001
EY . £ .
— 20004 ¢ 4 — 200.0 ¢ *
s 5
£ 1500 . £ 150.0 1 .
g oo S PO
' 100.0 A £ 100.0 .
= 'S c .
@ i A A o o, @ ) 2%e ®
3 s00 . RN 2 . 2 5004 o >4 b 4
0.0 : : : : ‘ ‘ 0.0 ‘ : : ‘ ‘
40 45 50 55 60 65 70 75 80 100 120 140 160 180 20.0
-1
DO (mgO; 1) temperature ( °C)
400.0 400.0
—~ * —~ *
" 3500 | . T 3500 .
o : d
= 3000 . . (\"E 300.0 1 o
2 25001 2 2500
3 * = *
— 200.0 A * ¢ — 200.0 oo
g c
o
2 15001 £ 150,01 S
g A 8 o o
£ 1000 { £ 100,01
g e 5 $ €0re
g 500 & . 2 50,0 RS RN
.
0.0 ‘ ‘ ; 0.0 ‘ ; ‘
0.0 0.2 0.4 0.6 0.8 0.0 1.0 2.0 3.0 4.0
+ -1 - -
NH4* (mgN 1™ NO3™ (mgN 1)

Figure 3.5 Scatter plots of denitrification and environmental conditions
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Denitrification rates correlate most strongly with temperature and ammonium (Figure
3.5). At the same time temperature and ammonium are also strongly correlated,
implying that both factors can not be treated separately when explaining rates of
denitrification. Moreover, there is an inverse correlation of denitrification rates and DO.
From the scatter plots we observe that at low oxygen concentrations denitrification
rates range from low to high, indicating the presence of other limiting factors, but at
high oxygen concentrations denitrification was never high. The rates of denitrification
are also, albeit less significantly, correlated to nitrate concentrations. In contrast with
ammonium, nitrate is not correlated with temperature. We also performed a stepwise
regression analysis (both backward and forward selection) on the combined data
(SPSS 2005). This revealed only temperature as a significant predictor for
denitrification (adj. r>= 0.71; p<0.001). However, like most biochemical processes the
effect of temperature on the rate of denitrification is not linear. Rather, it can be
expressed with a modified Arrhenius temperature dependency (equation 1),

DR, = DR,,8" (eq. 1)

were DRy and DRy, are denitrification rates ( pmol.m?2.h™) at temperature T and 20 °C
respectively, and 6 (theta) is the temperature coefficient (Kadlec & Knight 1996;
Thomann & Mueller 1987). Typical values for the temperature coefficient range from
1.0 to 1.15 for various biochemical processes (Thomann & Mueller 1987). For nitrogen
cycling reactions (mineralization, nitrification, and denitrification) in treatment wetlands
(Kadlec & Reddy 2001) found temperature coefficients varying from 1.05 to 1.24.

We fitted the model (eq.1) with the measured data using regression analysis on log-
transformed data (SPSS 2005). Optimal values were 430 pmol.m?.h™ for DRy, and
1.29 (-) for theta (r* =0.79; p<0.001 for both parameters) (Figure 3.6). Adding NH,",
NO;" and DO as other factors (non-linear regression) did not improve the model.
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Figure 3.6 Effect of water temperature on denitrification rates; measured data and fitted
model (eq 1).

Extrapolation to annual denitrification

Now we have established a relationship between denitrification rates and water
temperature, the potential rates of denitrification during the different seasons can be
calculated, resulting in an estimation of denitrification over an annual cycle. In our
experiment, nitrate concentrations were elevated artificially to mimic a higher
background level, and to increase the level of labeled *N-nitrate for the measurements.
In water systems with low external input of nitrogen, nitrate concentrations may become
depleted during the summer period, as a result of primary production and denitrification
(Cabrita & Brotas 2000). This is often observed in Dutch ditches with low runoff and
high residence time during summer. Thus, for an appropriate estimation of annual
denitrification, inhibition by low nitrate concentrations needs to be taken into account.
The response of denitrification rates to increasing and decreasing nitrate
concentrations can often be described by Michaelis Menten-type kinetics (Monod).
Half-saturation concentrations generally range from 25 to 50 uM NO3/, i.e. 0.35 to 0.70
mgN.I" (Bachand & Horne 2000; Seitzinger 1988). We calculated monthly
denitrification rates in a standard ditch, based on the temperature model expanded with
a monod-limitation factor for nitrate (eq. 2), with My being the half saturation value (0.5
mgN.I™).
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_ NO3
DR =DR, G20 == .
R Ry NO3+M (eq. 2)

To compensate for the nutrient limitation DR,y was recalculated at 582 pmol.m’z.h'l.
Average monthly temperature and nitrate concentrations in ditches were derived from
the Dutch Limnodatabase. The seasonal variation of temperature, nitrate and estimated
denitrification is presented in Figure 3.7.
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Figure 3.7 Extrapolated (modeled) monthly denitrification in ditches in the Netherlands, at
average monthly nitrate and temperature conditions.

Estimated monthly denitrification increases and decreases in accordance with the
temperature profile. In addition, we observe a small decrease during summer, due to
limiting nitrate concentrations. This pattern is supported by previous research, which
states that spring and fall peaks can be explained largely by two factors: temperature
and nitrate concentration (Hasegawa & Okino 2004; Pattinson et al. 1998). The
average of all the monthly denitrification rates was 117 pmol.m?.h™ which
corresponds to an annual denitrification rate of 14.4 gN.m2y™.

In view of the potential effects of temperature rise due to climate change, we also
analyzed measured temperatures in Dutch ditches, in search for trends. Analysis of
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measurements at 3000 locations in the period 1980-2005 shows an average yearly
trend of +0.06 °C.year” (Kendall Seasonal Slope Estimator, significant at 0.05 level).
Average monthly temperature and estimated trends are presented in Figure 3.8.
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Figure 3.8 Average monthly water temperature in ditches in the Netherlands (1982-2005),
and estimated yearly trend in same period (Seasonal Kendall Slope Estimator).

Discussion

Timing of denitrification measurements

Several studies have reported differences in denitrification rates during the day and
night, and with light and dark incubations, however results have been contrasting.
Some researchers report inhibition of anoxic denitrification during illumination, as a
result of photosynthesis in the uppermost sediment layers and in epiphytic biofilms
(Eriksson 2001; Sorensen, Jorgensen & Brandt 1988; Venterink, Hummelink & Van den
Hoorn 2003). Others found stimulation of nitrification during the daytime, resulting in
the increased rate of coupled nitrification-denitrification (Laursen & Seitzinger 2004;
Risgaard-Pedersen et al. 1994). Still others found that denitrification rates were similar
in both light and dark incubated sediments (Cabrita & Brotas 2000). In the pilot study
we found that the highest denitrification rates occurred during the night, and the rates
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were in the range of 20 to 50 % higher, compared to the daytime measurements.
Differences between the day and night measurements were largest when submerged
macrophytes were abundant, indicating that photosynthesis and respiration, driving a
diurnal pattern in dissolved oxygen concentration, were key factors. From continuous
DO measurements an average diurnal pattern of DO in the experimental ditches was
constructed that showed minimum DO around 07:00 and a maximum around 17:00.
Analyses of 26 days continuous measurements showed that average DO between
09:00 and 12:00 deviated by only 1.0% (xSD 1.1) from 24 hour averages. Therefore,
we took our measurements during these hours, which seem most appropriate to obtain
results getting as close as possible to daily average denitrification rate.

Denitrification rates compared to other studies

During summer, denitrification rates ranged from 200 to 350 pmol.m?2.h™. This is within
the range of what has been reported as average values for rivers and lakes (Pina-
Ochoa & Alvarez-Cobelas 2006). Specifically for headwaters of agricultural streams,
denitrification rates of 10 — 350 pumol.m?h™*(Royer, Tank & David 2004) and 223
pmol.m?.h™ (mean value) (Inwood, Tank & Bernot 2005) have been measured.
However, numerous studies of individual sites show highly variable rates of
denitrification, both spatially and temporally. For instance (Laursen & Seitzinger 2002)
estimated denitrification rates ranged from 270 to >10.000 umol.m™?.h™ in agricultural
streams. In wetlands highly variable denitrification rates have also been measured
(Sirivedhin & Gray 2006; Vymazal 2007). To relate our results to those of previous
studies, a distinction should be made between reported potential and actual
denitrification rates. In table 2 an overview of some reported data is presented,
restricted to rates of actual denitrification in wetlands, not treating waste water. In
addition, the results are expressed in per area units, in contrast to per gram sediment
or biofilm organic matter. It can be seen that the denitrification rates in the Wageningen
test ditches fit in the range of rates for constructed and natural wetlands.

Table 3.2 Some data of actual denitrification rates in wetlands, not treating waste water

Water system Denitrification  Reference
(umol.m~.h™)
Disturbed and undisturbed wetlands 20 - 260 (Seitzinger 1994)
Constructed wetland 345 (Reinhardt et al. 2006)
River Floodplain Wetlands 70 - 110 (Venterink et al. 2003)
Created riverine wetlands 328 - 778 (Hernandez & Mitsch 2007)
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Temperature dependency

The main driver for temporal variability of denitrification in the Wageningen test ditches
was temperature, with a temperature coefficient (theta) of 1.28. Specifically for
denitrification rates, values for theta of 1.15 to 1.18 have been reported (Bachand &
Horne 2000) and 1.07 to 1.14 for denitrification in a temperature range of 10 to 25 °C
(Kadlec & Reddy 2001). In our whole system, the effect of temperature was not only
restricted to the denitrification process itself, but also involved other processes
supporting the nitrogen removal. We suggest that decomposition and nitrification,
supplying organic matter and nitrate for denitrification, were also enhanced by
increasing temperature. This might explain why our overall temperature coefficient was
significantly higher than values found for the single process coefficient.

Adding other factors did not improve the temperature model. For DO and NH," this was
expected since they are strongly correlated with temperature.

Besides the modified Arrhenius equation (eq.1), there are alternative ways to describe
temperature dependency. It has been found that the effect of temperature on
denitrification enzyme activity was better fitted with the model of Ratkowsky than with
the Arrhenius equation (Pelletier et al. 1999).This model relates the square root of
denitrification to temperature and is thought to describe better the effect of low
temperatures. On the other hand, from the results of this study (Figure 3.6) a threshold
of 15°C can be postulated, above which denitrification increases linearly with
temperature. Below this threshold denitrification rates are low and without temperature
dependency. A similar transition of temperature dependency above 15°C was also
found for denitrification rates in soils (Keeney, Fillery & Marx 1979). The parameters of
the 3 optional models were fitted to the measured data (table 3.3).

Both the visual and the calculated model performance (adjusted R?) are lowest for the
Ratkowsky model. For the highest and the lowest temperatures large deviations from
the measured data are found. The threshold model has the best fit, indicating a
temperature independency up to 15°C, followed by a linear increase in warmer
conditions. However, variability of denitrification with temperature below 15°C has been
reported by various researchers (Bachand & Horne 2000; Pfenning & McMahon 1997;
Seitzinger 1988). Moreover, in this whole system measurement several subsequent
processes are involved, all with different temperature dependencies (Kadlec & Reddy
2001). Thus, a gradual increase in the overall denitrification rate seems more likely to
be realistic.
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Table 3.3 Options for temperature-denitrification models for this experiment. (DEN is
denitrification rate (zmol.m?.h™), T is water temperature in °C).

Temperature Model Equation (best fit parameters on measured data)**  Adj R?
Modified Arrhenius DEN = 430* 128729 0.79
Ratkowsky ~/DEN = 136* (T — 84) 0.76

o If T< 15, DEN =53.5
Threshold 15°C 0.84
If T >15, DEN = 54.6*T — 703

** all models significant; p<0.001

Organic carbon

The amount and quality of the available organic matter was not specifically studied in
the ditch system. However, a layer of fine organic material was observed on the ditch
bottom, and course biofilms covered most of the submerged vegetation, both which
represent a pool of degradable organic matter. Measurements of sediment oxygen
demand (3.4 + 0.1 gO,.m? day™) suggest a high organic matter content and high
decomposition rate (Thomann & Mueller 1987) (Seitzinger & Giblin 1996). It was also
suggested that sediment organic matter (expressed as % of dry weight) may represent
a better measure of C availability, at the point of denitrification in the anoxic benthos,
than stream water DOC (Arango et al. 2007).These findings support our assumption
that in this system, organic matter was not likely to be a factor limiting denitrification.

Potential of nitrogen removal from an agricultural ditch landscape

In the Netherlands, estimates of diffuse inputs of nitrogen to surface waters in
agricultural areas, drained by ditches, range from 25 to 30 kgN.ha™y™® (Oenema &
Roest 1998). We estimate an annual nitrogen removal through denitrification in
vegetated ditches of almost 15 gN.m?2y™. Assuming a dense network of ditches
covering around 10% of the catchment area this can be expressed as 15 kgN.ha™.y™.
This implies that from the total load to the surface waters, at least 50% is already
removed from the drainage ditches, and thus not transported to downstream surface
waters. Similar removal rates have been found in headwater streams (Peterson et al.
2001). During seasons of high biological activity, the reaches of headwater streams
typically export less than half of the input of dissolved inorganic nitrogen from their
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watersheds. It is clear that ditches contain a high potential for self-purification.
However, it is likely that the actual removal rates depend strongly on the presence and
type of aquatic vegetation. The denitrification potential of vegetated ditches has been
found to be 2-4 times higher compared to non-vegetated ditches (Ullah & Faulkner
2006). In addition, a mixture of submerged and floating plants in combination with
emergent plants and grasses are recommended for improving denitrification rates
(Bachand & Horne 2000). On the other hand our pilot study indicated reduced
denitrification rates under floating vegetation as compared to submerged vegetation or
unvegetated water.

Aquatic vegetation composition and abundance is strongly affected by anthropogenic
management of the water body (Evans et al. 2007). It would therefore be good if we
would have a better insight in the effect of different plant types on self cleaning
capacity. With the knowledge, appropriate management of vegetation in drainage
ditches can be tuned to optimize the removal of biologically available forms of N from
drainage water.

Possible implications of changing climate on denitr ification

Due to global warming, the temperature of air and surface waters has been predicted to
rise over the coming decades (KNMI 2006). The Intergovernmental Panel on Climate
Change has developed different scenarios indicating a temperature rise from one to
several °C in the next 50 to 100 years (IPCC 2007). Our analysis of data from ditches in
the Netherlands shows that an increase in water temperature is already visible.

The outcome of our research implies that, with 8 (theta) being 1.28, a temperature rise
of 1 °C results in an increase of denitrification rates by 28%, and 110% at a
temperature rise of 3 °C. Obviously, these are potential values, assuming that other
factors controlling denitrification do not become limiting. Nevertheless, the results show
that there might be a significant impact of global warming on the permanent removal of
nitrogen from surface waters.
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AquaVenus, a model for Aquatic Vegetation,
Nutrients and Suspended matter in small
surface waters

Abstract

A simulation model was set up to evaluate nutrient retention in vegetated headwater
streams, with focus on the effect of macrophytes. It combines dynamic water flow
modeling with mechanistic macrophyte growth and nutrient processes. Interactions are
kept relatively simple, restricted to the relations that affect nutrient retention. Despite
the simplifications the model is able to predict nutrient concentrations and macrophyte
biomass quite well in a dynamic upper region of a lowland stream. The simulations
showed that average annual nitrogen retention was 25% of the incoming load.
Retention was mainly due to denitrification (75%). Annual phosphorus retention was
30%, predominantly from sedimentation (92%). The average simulated summer
denitrification rate was 560 pmol.m?.h™*, which is in agreement with reported data from
vegetated streams and wetlands.

Introduction

In addition to their drainage function and ecological values, ditches and headwater
streams have a potential to improve water quality by removing nutrients (Strock, Dell &
Schmidt 2007). In lowland areas and flat polder landscapes these waters have a
relatively long residence time compared to fast running streams in hill slope
catchments. Moreover, due to the shallowness, the water courses are generally
dominated by macrophytes and require maintenance (mowing and dredging) to
preserve their hydraulic capacity (Janse 1998). There is an increasing awareness of the
possibilities ror optimizing the purification capacity, combined with the hydrological and
ecological function (Evans et al. 2007; Scholz & Trepel 2004), especially regarding the
demand of the European Water framework Directive to achieve good ecological status
of all surface waters by 2015.

The important role of macrophytes in retaining nutrients in surface waters is generally
acknowledged (Clarke 2002; Gumbricht 1993). Mechanism, related to water plants, that
stimulate nutrient retention include: a) nutrient uptake for biomass production; b)
obstruction of water flow, increasing water residence time; c) stimulation of particulate
material sedimentation and reduction of resuspension risks; d) offering suitable
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substrate for denitrifying epiphytic biofilms. Studies on natural vegetated waters have
predominantly been focused on individual processes, and quantifying the rates of
retention in field conditions. Studies that address design and management options that
may improve the retention capacity in small running waters are rare. Several ecological
models for macrophyte growth have been presented, mostly focusing on different
aspects. Examples are vegetation dynamics and survival (Scheffer, Bakema &
Wortelboer 1993), harvesting strategies (van Nes et al. 2002), light climate (Best et al.
2001) and nutrient induced shifts (Janse & Van Puijenbroek 1998). In addition, models
are constructed to study flow obstruction effects of macrophytes in running waters (e.g.
(Green 2006)). However, to our knowledge, models that interrelate hydrodynamics,
macrophyte growth and nutrient retention have not been set up so far.

In this paper, an integrated dynamic deterministic model for water flow, macrophyte
growth and nutrient fates is presented and tested. It combines an existing
hydrodynamic modeling tool and a new nutrient and macrophyte model. Both parts run
simultaneously, which enables simulating effect of flow on water quality and
macrophytes, and visa versa. In a second paper (De Klein, Aalderink & Portielje 2008)
the model is applied to explore the effects of maintenance and design options on
nutrient retention.

Model description

The model is set up to explore the influence of macrophyte growth, flow regimes,
stream morphology and management options on the retention of nitrogen and
phosphorus. Therefore, complex ecological interactions and feedbacks are left out or
lumped to simple relations, with a focus on the effect of submerged macrophytes on
physical and biochemical processes. A major simplification is that we treat all
macrophytes as one single biomass pool, disregarding different growth forms and
competition between species. Since we focus on macrophyte dominated stream
headwaters and ditches, algae are left out, as well as other functional groups like
macro-invertebrates and fish.

The presented model is an application within Duflow®, a 1-dimensional modeling
package for water movement and water quality (Stowa / MX-systems 2004). It enables
the calculation of unsteady flow in networks of canals, rivers and channels with the full
Saint-Vernant equations for river flow, resulting in water level, discharge and velocity in
all sections and for all time steps. The water quality module describes transportation of
substances in free surface flow with the 1-D advection-dispersion equation. Both flow
and substance transport equations are solved numerically. For additional
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transformation processes mathematical formulations can be supplied by the user, in the
form of differential equations.

The AquaVenus model is such a set of equations. It includes processes in the water
column, assumed to be well mixed, and sediment storage and release (Figure 4.1).
Simulated state variables are biomass of submerged macrophytes (M), dissolved
inorganic nitrogen (NO3, NH4), particulate nitrogen (PN), sediment nitrogen (Nbod),
dissolved inorganic phosphorus (DP), particulate phosphorus (PP) and sediment
phosphorus (Pbod). To achieve closed nutrient budgets suspended matter is expressed
as PN and PP, and settled material as Nbod and Pbod. Part of the macrophyte
biomass is transformed in inert detritus, which is regarded as a permanent sink.

. <
harvesting

Atmosphere \

NO; : > N,

: L@ oo
Macrophytes phosphate ®
| Particulate @ @ Particulate
@ Organic [* Organic @
Nitrogen @ Phosphorus

A

@| |® ! @ |®

] ! ! Inert detritus |

4
A 4

A

Sediment

Figure 4.1 Pathways and processes of Nitrogen and Phosphorus in the model AquaVenus.
(Processes: 1. sediment release/absorption, 2. sedimentation, 3. resuspension, 4.
decomposition, 5. mineralization, 6. nitrification, 7. macrophyte uptake (net growth), 8.
epiphytic biofilm denitrification, 9. sediment denitrification.)

Macrophyte growth

Macrophyte growth is driven by nutrient, temperature and light limited photosynthesis,
and a loss rate that includes both respiration and decay and a harvest rate (Hv). Plant
biomass is treated as a ‘bottom’ variable, meaning that it is not transported by water
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flow. Nutrient limitations are described using a Michaelis-Menten type kinetics and
temperature dependence with a modified Arrhenius equation (Table 4.1).

The light climate in the water column is dealt with in two sections (Figure 4.2). The top
section is the open water above the macrophyte stand; here a light extinction according
to Lambert-Beer’'s law is used (Scheffer 1998). The bottom section is occupied by
macrophytes, where available light is determined by background extinction and self-
shading of the plants. For photosynthesis, light limitation according to Steele is
integrated over the depth Hm and over the day (Thomann & Mueller 1987). The height
of the macrophytes is calculated from the maximum height, and the biomass using a
hill-function.

lo

water surface

Hrm

sediment

Figure 4.2 Representation of he height of the total water column (z), the free water column
(Hw) and macrophyte stand (Hm) (all in m). lo is light intensity at the water surface (W.m’z)

Nutrient cycling processes

Nutrient cycling processes are sediment release/absorption, decomposition,
mineralization, nitrification, denitrification and macrophyte uptake. Most equations are
taken from well accepted basic eutrophication models (Brown & Barnwell 1987;
Reichert et al. 2001; Thomann & Mueller 1987)(Table 4.2.). Denitrification is split up in
sediment denitrification and denitrification by epiphytic biofilms. The latter is dependent
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on available substrate, i.e. submerged macrophyte biomass (Eriksson & Weisner
1999).

In addition, sedimentation and resuspension are important processes for particulate
nitrogen and phosphorus. Both process rates are partially determined by the biomass
of macrophytes, as water plants capture particles and reduce resuspension by
stabilizing the top layer of the sediment. Suspended sediment processes are described
using the equations of Partheniades and Krone (Blom & Aalderink 1998). In this
concept current flow induces bottom shear stress. In case shear stress is below the
lower critical value than particles will settle, whereas above the upper critical value
resuspension of settled material will occur. Shear stress between both critical values
will induce nor sedimentation nor resuspension.

Flow reduction by macrophytes

Macrophyte stands in running waters generally reduce the flow, resulting in decreasing
flow velocities and increasing water levels. In the hydraulic module of Duflow this is
described as:

oH oH
:A* 1_ *C* *7+A~k *W*i 22
Q 1-Aw) R* 5 A I (22)

where Q = discharge (m®s™), A = cross-sectional area of the water course (m?), Ay
vegetated fraction of the cross-section (m?), C = Chezy- coefficient (m”* .s™), R,
hydraulic radius of unvegetated part (m), dH/6x = slope (-), W = conductivity rate of the
vegetated part (m.s™) (Arcadis 2004). In the water quality module the value of Ay is
calculated from the macrophyte biomass (eq. 23) and since both modules run
simultaneously this will directly affect the flow.

Hm M *
Ay=—7 - (23)
z (M*+KgY)

with Kg the macrophyte half saturation value of vegetated area (g.m™).
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Table 4.1 Macrophyte growth and light climate equations (parameters explained in annex 4.1)

E*Hm |

opt opt

Variable / function Unit Model equation
. ) dm .
Macrophyte biomass g.m s = (netgr —HvY) * M (1)
Net growth rate d* netgr = Ly * F(T) * f(Nu) * f(L) — Loss )
Temperature limitation - f(T)= O, (T-20) (3)
Nutrient limitati f (Nu) = min( DIN bP ): DIN = NH4+ NO3 4
t t tat - = ’ ) =

utrient limitation DIN+K, 'DP+K, 4)
oref o A _ . ONH 4 = NH 4* NO3 N NH4* K, .

reference for Ammonium uptake - (NH4+KMN)*(NO3+KMN) DIN*(KMN +N03) (5)

y
Height of the macrophyte stand m Hm=Hmax*———— (6)
(MY +K,")
Light at top of macrophyte stand m | M= | 0 * g Ew HW (7)
Total extinction coefficient m* E=E,t A, *M (8)
271 I I

Light limitation - f(L)= 8. [exp(—“"* expe* Hm)) - exp(—l“")J 9)
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Table 4.2 Nutrient cycles equations (parameters explained in annex 4.1)

Variable / function Unit Model equation

Ammonium-N gN.m? d'\:j': 4 - netgr* %* PNH 4* Nm+k,, *©,, T2 * PN —k,, *©, " * NH4 + Nﬂzux (10)
Nitrate-N gN.m* d'\(;tO:?’ = —netgr * %* (L= PNH4)* Nm—Kog, * O, "2 * NO3+k,, * O, T2 * NH4 (D)
Particulate N gN.m? dth =-k,, *©,," 7 * PN + DECOM * '\:'* Nm* (1- FD) - Szd* PN + RS*ZNSS (12)
Sediment N gN.m? det;Od = * PN - Rs* Nss (13)
Decomposition rate  d* DECOM = —netgr ; if netgr < 0 (14)
Denitrification rate ~ d™* Kpen = (k;’ +Dy, * M) (15)
Dissolved P gP.m? dljtP = —netgr * I\;I* Pm+k,, *0,, " * PP+ Pﬂzux (16)
Particulate P gP.m> d;P = -k, *0,, " * PP + DECOM * '\;I* Mp* @-FD) - Sf* PP + RS*ZPSS 17)
Sediment P gP.m? dPbod _ Sd* PP — Rs* Pss (18)

dt
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Variable / function Unit Model equation
* * * KS 2
Shear stress Pa r =1000* (0.1*Vs* —>—) (19)
Ks+M
1 _ * r )
Sedimentation rate m.d Sd =Vss* (1-——) ; if T <Tgy (20)
T s
2. 41 * |<I’ * r .
Resuspensionrate  g.m?Zd? RS=Rflux* —"—*(—-1);if 71>7 21)
Kr + M res
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Study site and field research

The Duflow-AquaVenus model is applied to a small lowland stream headwater
catchment, Gooiermars (Figure 4.3). It drains runoff and regional seepage from 150 ha
grassland and natural forest. Watercourses range from 0.5 to 4 m in width, and 0.2 to
0.8 m in depth, all with abundant macrophytes during the growing season. Annual
average residence time of the water is in the range of one day.

At the outflow monitoring station discharge is measured continuously and in 2002
biweekly samples for nutrient analyses have been taken. During the summer of 2006
an extensive fieldwork was set up, to deliver input data and validation data for the
model (data not all reported here). At 5 locations in the mean stream and 5 locations in
the side streams sediment cores were sampled for nutrient release experiments. At 10
locations in the main stream macrophyte biomass was harvested in 0.5 m by 0.5 m
squares, representative for the density and composition of the macrophyte community.
Wet and dry weights from the biomass have been measured at 5 dates from April to
October. From a sub-sample of the different macrophyte species nitrogen and
phosphorus content has been determined. Groundwater was sampled at 3 dates and
analyzed for nutrients.

Simulation approach

The model was run over a 1 year period, both 2002 and 2006, simulating seasonal
dynamics of water flow, physical and biochemical processes and macrophyte growth.
Groundwater inflow data were derived from an existing regional groundwater model.
First, an indication of the sensitivity of the simulation for parameter settings was
obtained, by subsequently increasing and decreasing the parameter values with 20 %
and evaluating the effect on some key factors (growth rate, maximum biomass and
average nitrogen and phosphorus concentrations). Parameters were selected for
evaluation, based on known sensitivity in other macrophyte models (Giusti & Marsili-
Libelli 2005; Janse 1998; Scheffer et al. 1993) or difficulty to get independent estimates
of values for.

Subsequently, we estimated parameter values by calibrating the model with measured
nutrient data from the year 2002. Unfortunately, no macrophyte biomass data were
available for calibration. Therefore, biomass was calibrated using seasonal data and
maximum biomass from other studies in running waters (Champion & Tanner 2000;
Sand-Jensen et al. 1989). The model was validated with measured data of the field
research in 2006. Nutrient concentrations at the outflow point and average macrophyte
biomass in the main watercourse upstream the outflow were evaluated. Finally,
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separate process rates and nutrient budgets were retrieved from the simulation results
to study contribution of removal processes to the nutrient retention.
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Figure 4.3 The Gooiermars research area.

Results

The sensitivity evaluation revealed that changing some parameters had a large impact
on the net macrophyte growth, maximum biomass and average nutrient concentration.
Parameters with the largest effect on the biomass were maximum growth rate (Umax),
optimal light intensity for growth (l,y), the self-shading coefficient (Ay) and sediment
denitrification rate (Ksq)-

The model was calibrated for nutrient concentration at the outflow point of the
catchment. Generally, the range of the concentration is simulated quite well for all
variables, except PO,-P (Figure 4.4). This is due to low measured values, often below
the detection limit (0.01 mgP.I""). The seasonality, higher in winter and lower in
summer, is reproduced quite well.
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Figure 4.4 Calibration results of the model with data from 2002. (line is model; dots are
measurement data).
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Validation of the model with the field data of 2006 also showed fairly good results
(Figure 4.5). Ranges of concentration N and P are in good agreement, although not all
dynamics of nutrients are simulated correctly. The model fits macrophyte biomass
measurements remarkably well. The sharp decrease in the modeled biomass (end of
June) is due to an enforced reduction of biomass, representing a mowing event that
actually took place that date. To demonstrate the effect of the mowing, a simulation
without mowing is also presented (dashed line).

45 - Total-N 0.45 - Total-P

0 T T T T 7

Apr-06 May-06 Jun-06 Jul-06 Aug-06 Sep-06 Apr-06  May-06 Jun-06 Jul-06 Aug-06 Sep-06
300
250 Macrophyte Biomass
200 ’
i 150

100 4
50 A

0 T T T T T T T T T T T
Jan-06 Feb-06  Mar-06 Apr-06  May-06  Jun-06 Jul-06 Aug-06 Sep -06  Oct-06 Nov-06  Dec-06

Figure 4.5 Validation results of the model with data from 2006. Solid line is model; dots are
measurement data. Error bars for macrophyte biomass indicate standard deviation (n=10).
Dashed line for macrophyte biomass is simulation with no harvest in July.

The standard simulation scenario consisted of actual hydrological and meteorological
conditions in 2006, internal loading from sediment release and a limited harvesting
during one occasion. Average hydraulic residence time from the sources to the outlet of
the catchment were 1.6 d in the summer period (April to September), and 0.5 d in the
winter period (October to March). For the same periods nutrient budgets are calculated
and contribution of the main processes to the retention (Table 4.3). Summer retention
(around 40%) differs from winter retention (around 20 %.) due to longer residence time
and the presence of macrophytes. During summer, nutrients are stored in the biomass.
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In winter they are released again by decomposition. The main retention processes are
denitrification for nitrogen and sedimentation for phosphorus. The average summer
denitrification rate was 560 umol.m™?.h™. This is substantial, but in good agreement with
reported data of vegetated streams and wetlands (Pina-Ochoa & Alvarez-Cobelas
2006).

Table 4.3 Residence time, nutrient budgets and contribution of retention processes,
simulated for actual conditions in 2006.

N P

Summer Winter Summer Winter
Hydrological residence time
Average residence time (d) 1.6 0.5 1.6 0.5
Nutrient Budgets
Inflow and internal loading (kg) 1626 3980 118 270
Export load (kg) 965 3261 68 202
Retention (kg) 661 719 50 68
Retention fraction (-) 0.41 0.18 0.42 0.25
Contribution to retention
Biomass accumulation (%) 6.4 5.1 9.0 -5.4
Sedimentation (%) 16 27 20 97
Denitrification (%) 77 74 0 0
Detritus (%) 0.4 4.4 0.7 8.5
Discussion

Off course, actual interactions between nutrients, macrophytes, sediment and water
flow are more complex than simulated with the AquaVenus model. For example,
macrophyte stands mediate flow conditions on one hand, but conversely water
movement affects the growth of submersed macrophytes. Additionally, sediment
biochemical processes and redox conditions that may influence nutrient absorption and
release are omitted. In the model macrophytes are modeled as a lumped total biomass,
whereas not all macrophytes species show the same effects on flow and retention
processes (Clarke 2002).

However, making the model more complex generates more parameters for which
values have to be set. This introduces more uncertainties and may not make the model
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much more accurate. The results from the Gooiermars simulations show reasonable
agreement with the measured nutrient and biomass data, and resulting retention and
process rates are also in line with literature data. Clearly, this does prove that the
model is in fact correct, as there is always a real possibility that good results are
produced for the wrong reasons. Therefore it is important that we use the model to
explore changes in retention mechanism rather than to really predict nutrient
concentrations.
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Annex 4.1 Parameter explication and values, and external variables.

(** Bold values from calibration, italic values measured at the research site).

Parameter  Description Unit Range Used Reference
value**
Dus Specific biofilm denitrification m*.d".g" | 0.002 - 0.002 Calculated from (Eriksson & Weisner 1997)
0.0025 (Baldwin et al. 2006)
FD Fraction detritus production from - 0.5-0.6 0.5 (Giusti & Marsili-Libelli 2005)
vegetation loss
Hmax Maximum height of the vegetation m 05-2 1 Plant specific
lopt Optimal light intensity w.m? 50 - 400 250 Plant specific
Ks Half saturation value for vegetated cross g.m? 10-50 80 estimation
sectional area )
K Half saturation value for macrophyte g.m” 10 - 50 100 estimation
height
Kmi Mineralization rate constant d* 0.1-0.3 0.1 (EPA 1985)
Kmn Coefficient for ammonium preference g.m? 0-1 0.5 (EPA 1985)
Kn Half saturation value N for macrophyte g.m* 0.04 -0.12 0.1 (Bartleson, Kemp & Stevenson 2005)
growth
Kni Nitrification rate constant d* 0.2-04 0.2 (EPA 1985)
Kp Half saturation value P for macrophyte g.m? 0.01-0.05 0.01 (Bartleson et al. 2005)
growth
Kr Half saturation value resuspension g.m? 100 - 150 100 estimation
inhibition
Ks Half saturation value orbital velocity g.m? 80-120 100 Calculated from (James, Barko & Butler 2004)
reduction
Ksd Denitrification rate constant sediment m.d™ 0.1-0.2 0.1 Calculated from (Laursen & Seitzinger 2002)
(Pina-Ochoa & Alvarez-Cobelas 2006)
Loss Macrophyte loss rate dt 0.01-0.04 0.035 (Bartleson et al. 2005; Giusti & Marsili-Libelli

2005; Herb & Stefan 2003)
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Hmax
Nflux
Nm

Nss
Pflux

Pm

Pss
Chen
Oy

QIM
Q/N
Rflux

Vs

Am

Tres

Tsed

Maximum macrophyte growth rate

Nitrogen release/fixation sediment

Nitrogen content macrophytes

Nitrogen content sediment
Phosphorus release/fixation sediment

Phosphorus content macrophytes
Phosphorus content sediment

Temperature coefficient denitrification

Temperature coefficient macrophyte
growth
Temperature coefficient mineralization

Temperature coefficient nitrification

Resuspension rate
Settling velocity
Conductivity rate biomass

Hill function coefficient vegetated area
Hill function coefficient vegetation height
Background extinction

Specific macrophyte extinction

Critical shear stress resuspension

Critical shear stress sedimentation

-2 -1

gm-d
gN.g™

gN.g™

-2 -1

gm-d
-1

gP.g

gP.g

pa
pa

0.05-0.30

-0.1-05

0.015 -
0.025
0.01-0.02

-0.01-0.04

0.002 -
0.005
0.002 -
0.005
1.04-1.06

1.04-1.06

1.04-1.06
1.04-1.06
1000 - 1500
01-1

100 - 300
1-3

1-3

01-2
0.01-0.025

0.1-0.2
0.04-0.1

0.33

0.052
0.02

0.02
0.0003
0.003

0.002

1.04
1.05

1.04
1.06
1200

0.5
100

1
1
0.5

0.06

0.4
0.04

(Giusti & Marsili-Libelli 2005; Herb & Stefan
2003; Janse 1998; Scheffer et al. 1993)
(Giusti & Marsili-Libelli 2005)

(Janse 1998; Kadlec & Knight 1996;
Langergraber 2005)
Site specific

(EPA 1985)

(Janse 1998; Kadlec & Knight 1996;
Langergraber 2005)

Site specific

(Bartleson et al. 2005; Kadlec & Reddy 2001)
(Bartleson et al. 2005; Kadlec & Reddy 2001)

(Bartleson et al. 2005; Kadlec & Reddy 2001)
(Bartleson et al. 2005; Kadlec & Reddy 2001)
Site specific

(Blom & Aalderink 1998)

(Arcadis 2004)

estimation

estimation
System specific (measurement)

(Herb & Stefan 2003; Sand-Jensen et al.
1989)
(James et al. 2004)

(Blom & Aalderink 1998; James et al. 2004)
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External Variables

z Water depth

Vs Flow velocity

lo Day average light intensity
T daily temperature

Hv Days of harvesting biomass

From the hydrology module
From the hydrology module
Time series from meteorological station
Time series from meteorological station

User defined time series
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Modeling the impact of aquatic macrophytes
and management strategies on nutrient
retention in streams

Abstract

For the implementation of the EU Water Framework Directive member states have to
develop catchment management plans to achieve good ecological status of surface
waters. To evaluate the effectiveness of management options there is a need for
prediction tools. Quantifying retention of nutrients in surface waters is essential for
abatement of eutrophication and for setting nutrient emissions limits. We developed
and applied a mechanistic model to simulate the effect of management strategies and
aguatic macrophytes on nutrient retention in streams. Simulation scenarios comprised
changes in hydraulic residence time, macrophyte growth and sediment release in a
summer en winter period. The results suggest that mediating residence time and
maintenance of macrophytes may have large impacts on the retention of nutrients.
From the simulation results we derived a metamodel that allows predicting nutrient
retention without running the complex dynamic model.

Introduction

Eutrophication of standing waters and coastal zones is of great general concern.
Abatement strategies are focused on reducing the emissions of nutrients to surface
waters. In most countries largest diffuse emissions are related to agricultural land use
in the river catchments. European policies (i.e. Nitrate Directive, Water Framework
Directive) aim at reducing these emissions to protect groundwater quality and to
achieve good ecological status of the surface waters. Besides emissions, also
biochemical and physical processes during transport determine the fate of nutrients and
their effects on aquatic ecosystems. Retention caused by these processes can lead to
a considerable decrease in nutrient loads to downstream water bodies (Kronvang et al.,
2004). There is an increasing recognition that besides morphological and hydrological
improvement of rivers, restoration of internal biochemical processes should be
addressed even more (Doyle et al., 2003).

In the budgets of nitrogen and phosphorus in the soil-ground water-surface water
system, nutrient retention in surface waters can be considerable but is still highly
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uncertain (Reddy et al., 1999; Saunders and Kalff, 2001). Due to variability of the
retention processes, both in space and time, it is difficult to quantify changes in nutrient
loads during riverine transport. Based on process rates, mass balances and expert
judgment several retention coefficients have been deducted by different researchers
(e.g. Behrendt and Opitz, 1999; Kronvang et al., 2004). Although useful methods for
retention estimation exist which can be generally applied, they usually do not account
for specific local conditions, nor explicitly describe retention processes.

To develop mitigation strategies and to predict the effect of specific measures on water
quality, there is a need for a more mechanistic approach. Management options
specially refer to design of watercourses, presence and management of macrophytes,
local hydrology, etc. In this paper we present results of simulations with a new process
model. The overall objective is to set up a metamodel for estimating nutrient retention in
surface waters. We define a metamodel as an abstraction of a complex simulation
model that comprises the principal mechanistic concepts, without the need for a lot of
data and modeling effort.

Model overview

The general approach for this study is to run a series of modeling scenarios, using the
dynamic process-model AquaVenus. The model simulates seasonal variation of aquatic
vegetation growth, nutrient fate and suspended matter. The results of the modeling
scenarios are analyzed and transformed into simple input-output relations to derive a
metamodel. AquaVenus consists of a series of equations reflecting the main processes
of macrophyte biomass and nutrient in fresh water systems. In contrast to commonly
used, algae growth dominated eutrophication models the emphasis of the model
AquaVenus is on the specific role of submerged macrophytes on nutrient
transformations and suspended matter behavior. Therefore the model is applicable for
fresh waters that are dominated by aquatic vegetation like most lowland streams and
small rivers, ditches and shallow lakes. On the other hand, the effect of the absence of
macrophytes on nutrient retention can be evaluated, as is the case in many
eutrophicated shallow lakes that are in the phytoplankton dominated turbid state
(Scheffer, 1998). A detailed description of the model, parameter estimations and model
performance is presented in De Klein (2008). An overview of the nutrient pathways and
processes in the model is given in figure 5.1.
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Figure 5.1 Pathways and processes of Nitrogen and Phosphorus in the model AquaVenus.
(Processes: 1. sediment release/absorption, 2. sedimentation, 3. resuspension, 4.
decomposition, 5. mineralization, 6. nitrification, 7. macrophyte uptake (net growth), 8.
epiphytic biofilm denitrification, 9. sediment denitrification.)

Macrophytes play a distinct role in the retention of nutrients and suspended solids. This
relates not only to biochemical processes but also to the physical environment. Four
different mechanisms can be distinguished:

1. macrophytes can reduce flow velocities significantly, resulting in an increase of the
hydraulic residence time:, 2. reduction of current velocity promotes the deposition and
trapping of suspended particles within the macrophytes stands; 3. uptake of nitrogen en
phosphorus by macrophytes; 4. macrophytes stimulate denitrification by supplying
suitable substrate for denitrifying epiphytic biofilms.

These mechanisms are incorporated in AquaVenus in a straightforward way. The
purpose of the model is to generate generic knowledge of nutrient retention and the
effect of mitigation measures, with a limited number of equations and parameters.
However, despite these simplifications the analysis of model behavior, calibration and
verification shows satisfactory results in relation to the models objective (De Klein,
2008).
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Methods

For this study the process model AquaVenus was linked to the 1D hydrodynamic
modeling tool Duflow for modeling transport of water and substances (Aalderink et al.,
1995). Duflow is recently expanded to allow modeling feedbacks of water quality on
hydrology, such as the obstruction of flow by macrophytes. The model was applied for
the upper part of a lowland stream (Gooiermars).

Gooiermars consists of several first and second order streams, with a total length of
around 4 km. Average hydraulic residence time is 1.66 days in summer and 0.51 days
in winter. Average slope is 0.4 m.km™. Most reaches are macrophyte dominated. A
detailed description is presented in De Klein (2008).

Water flow, nutrient transport and processes were calculated dynamically for a period
of one year, with a time step of one hour. We used different modeling scenarios
reflecting varying conditions of water flow, release of nutrients from the sediment,
profile redesign and vegetation maintenance. Several studies indicate that hydraulic
residence time is an important factor for nutrient retention in fresh waters (Behrendt and
Opitz, 1999; Seitzinger et al.,, 2002). We simulated N and P retention with varying
residence times, by increasing (200%) and decreasing (40% and 20%) the groundwater
flow to the watercourses, causing an inverse change in the residence time (50%, 250%
and 500%). Groundwater concentrations were unchanged so total incoming loads
varied proportional to the groundwater flow. To study the effect of higher incoming
loads we calculated all above scenarios with and without nutrient release from the
sediment. Sediment release in Gooiersmars under basic conditions is estimated at 0.06
gN m?d™*and 0.01 gP m?d™. In scenarios with no release these rates are set to zero.
Furthermore, we examined the impact of macrophytes on retention by running two
simulation scenarios: one with undisturbed vegetation growth and one without
vegetation growth at all, and additionally two different scenarios with vegetation
harvesting: cutting once the vegetation (July) to 10% of its actual biomass, and cutting
three times (June, August, and October) to 50%.

Nutrient retention may benefit from changes in (hydro) morphological conditions in
small water courses (Doyle et al., 2003), especially measures that enlarge the hydraulic
residence time. We hypothesized that impacts of adapting residence time may be
different when applying different types of measures. We studied three ways of
mediating water residence time: a) increasing/decreasing the inflow of groundwater, b)
applying a deeper/undeeper profile (and c) applying a wider profile.

For all scenarios nutrient retention of the whole water system was calculated by
quantifying the total incoming and outgoing load of nutrients. To account for seasonality
we distinguished a summer period (April —September) and a winter period (October —
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March). Retention was calculated following R = 1 — Loy / Lin, where R is retention
fraction (-) or relative retention, Li, is incoming nutrient load (g) and Loyt is outgoing
nutrient load (g). Loads are summarized over a half year period. Note, that for the
retention calculation sediment release is regarded as an external source, so it is
calculated in the incoming load (eq. 1).

A
L,=(C,Q+SA)D (1) and C,=C, +SQ @

where C,y is discharge weighted average nutrient concentration of incoming flows (g m®
%), Qs total discharge of inflows (m® d™), Sis nutrient release from sediment (g m? d™),
Ais total sediment surface (m?), D is length of the evaluated period (d) and Cjy, is the
apparent inflow concentration in the water system (g m™).

Results and Discussion

Simulation results

The simulations suggest that under basic conditions relative nitrogen retention is about
0.41 in summer and 0.18 in winter, and for phosphorus 0.42 and 0.25 respectively.
Expressed as an average areal retention rate this amounts to 1150 kgN ha'y™ and 98
kgP hay™. These retention rates are in line of what is usually found in streams and
rivers (Svendsen and Kronvang, 1993; Saunders and Kalff, 2001; Bernot et al., 2006).
For the EU-project Euroharp data from a number of catchments were analyzed to
design nutrient retention guidelines (Kronvang et al.,, 2004). The researchers
suggested 840 kgN hay™ and 55 kgP hay™ as an average value for retention of
nutrients in lowland rivers. Compared to these values our annual retention rates are
higher, which can be explained by the nature of our modeled water system. Gooiermars
is a network of upper reaches of a lowland river, whereas for Euroharp whole
catchments are analyzed. It was found that headwaters and upper parts of river
systems exhibit a higher relative nutrient retention compared to downstream reaches
(Peterson et al., 2001; Wollheim et al., 2006).

Nutrient retention related to hydraulic residence time is presented in figure 5.2. This
figure also shows the effect of diffusive nutrient release from the sediment. As was
expected results show a strong increase of retention with increasing residence time.
The relation is not linear, but approaches a saturation level indicating first order process
kinetics. The consequence of this is addressed later.
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As stated earlier retention is calculated with the input from sediment release treated as
an external source. In theory retention may thus be independent from the rate of
sediment release. For nitrogen this is indeed found. Extra N input is easily (de)nitrified
so the retention fraction stays at the same level. However, in summer phosphorus
retention decreases when there is nutrient flux from the sediment. P release increases
the concentration of dissolved phosphorus which has to be transformed in particulate
organic P via macrophyte growth and decomposition. This effect gets more pronounced
at high residence times, where the relative contribution of the release flux to the total
input load increases.

0.9
0.8 4 Summer period ...
0.7 -

0.6 -
0.5 -
0.4 -
0.3 -

Retention fraction (-)

0.2 4 - -A--N (no release)
0.1 -

0 T T T T
0 2 4 6 8 10| ---O0--- P (norelease)

hydraulic residence time (days) A P (release)

—m— N (release)

0.8 1 winter period

Retention fraction (-)
o
N

O T T T
0 0.5 1 15 2 2.5 3

hydraulic residence time (days)

Figure 5.2 Nitrogen (N) and phosphorus (P) retention with varying hydraulic residence time,
under basic conditions (with release) and without release of N and P from the sediment.
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To study the mechanism of nutrient retention in our water system we quantified the
separate process rates and set up a mass balance for N and P under basic conditions
(figure 5.3). The inflow and outflow mass of N and P balance quit well. The maximum
discrepancy was found for N in the summer period (3.7 %). On an annual basis this
was less than 1.5 %. Inaccuracy can be explained by numerical errors in the model.
The water budget showed an error of around 1 %. Accumulation in the water phase,
due to differences in nutrient concentrations at the start and the end of the simulation
period (not presented in figure 5.3), was less than 0.1 %.

Nitrogen
100%

80% -

60% -

40%

20%

0%
IN summer OUT summer IN winter OUT winter

Phosphorus
100%

80% -

60%

40% -

20%

0%

IN summer OUT-summer IN winter OUT winter

O Rest 0 Export denitrification [0 veg. biomass
H sedimentation O IN groundwater IN release

Figure 5.3 Mass balance and relative contribution of retention processes for the modeled
water system under basic conditions.

- 103 -



Chapter 5

An analysis of the process rates and verifications, presented in De Klein (2008) showed
good agreement with other studies of nutrient retention mechanisms. The main
mechanism for nutrient removal in the model is denitrification for nitrogen and
sedimentation for phosphorus (figure 5.3). This is in line with results from many
researches, (e.g. Kronvang et al. 2004; Schaller et al. 2004). Furthermore, nutrient
uptake by macrophyte growth contributes less than 2 % to N and P retention. Even in
permanently vegetated constructed wetlands this is usually no more than 4 -5 %
(Langergraber, 2005).

Although the direct effect of macrophyte (uptake) may be small, the indirect effects on
nutrient retention are substantial (Figure 5.4). An undisturbed growth of macrophytes
may clearly stimulate nutrient retention in the summer period. For nitrogen the model
predicts an increase of around 25 % and for phosphorus even around 60 % compared
to a situation with no macrophyte growth. In the winter period no significant effect is
predicted for phosphorus, and only a 19 % increase for nitrogen is computed.

Nitrogen
0.5

0.4

0.3

0.2

0.1

retention fraction (-)

0 :
macrophytes no macrophytes harvesting once 3 times O Summer
harvesting @ Winter

Phosphorus

o
&)

© o o o
PN W

retentiefraction (-)

o

macrophytes no macrophytes harvesting once 3 times
harvesting

Figure 5.4 Effect of presence and maintenance of macrophytes on nutrient retention, under
basic conditions.
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Macrophyte stands promote sedimentation and reduce resuspension of organic
particles, which are the main mechanism for P retention. Additional N removal is also
explained by epiphytic biofilms denitrification. Nevertheless, the relative N retention is
increased less by presence of macrophytes due to sediment denitrification, which is, in
general, independent from the presence of vegetation (Schaller et al., 2004). In the
model, harvesting of biomass during the growing season does in fact decrease the
nitrogen retention compared to a situation without harvesting. The extra removal of
nutrients via biomass harvesting and disposal does not counterbalance the (temporal)
disturbance of macrophytes stands and its positive effect on retention by sedimentation
and denitrification.

Alternative ways of manipulating residence time affect retention differently (Figure 5.5).
The results show a clear difference in nutrient retention for different hydro-
morphological measures. At comparable residence times the wide profile is most
efficient in retaining nutrients, whereas the deep profile is less efficient. For the flow
variation scenarios the watercourses profiles are kept at basic conditions. Differences
in profiles can be expressed as the average width to depth ratio. For the wider profile
this ratio is 11.5, for the basic profile 7.5 and for the deeper profile 4.0. These
differences in width to depth ratios largely explain the differences in observed nutrient
retentions, as the bottom related processes (macrophyte growth, sedimentation, and
denitrification) dominate the retention mechanisms. For the deep profiles it can be
observed that the advantage of increased residence time is neutralized by the increase
in water depth and thus a decrease of the effect of benthic processes.
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Figure 5.5 Retention at varying residence time, resulting from changes in the watercourses
profile, compared with varying residence time resulting from changes in water inflow rates
(summer period).

Metamodel

From the results we conclude that the main controlling factors for nutrient retention in
streams and small rivers are hydraulic residence time, macrophytes and sediment
release flux. To describe these relations quantitatively we suggest that a metamodel
can be applied assuming an ideal mixed water system, since we evaluate half year
periods and inflows are diffuse over the reaches. Because saturation levels of retention
do not all approach 1, a 1* order decay rate and a zero order term should be used. The
mass balance equation for a completely mixed water system yields:
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Vif:me—QC—@CV+&V @

where C is nutrient outflow concentration (g.m™®), Ky is 1st order decay rate (d), Ko is
zero order term (g.m>.d") and V is total water volume (m®. For average hydraulic
residence time T=V/Q (d) and assuming steady state (process rates are relatively fast
compare to the half year period) the outflow concentration C and retention fraction R
can be calculated as:

Kk
1+79. T
C.+k,T /
C:M (4) and R:l—gzl—i (5)
1+k,T C, 1+k,T

We argue that K is related to complex interactions in the deterministic model and zero-
order processes such as release from the sediment. Since Cj, is also determined by
sediment release we presume that both are related. Therefore ko/Cin is replaced by Ka.
As a consequence, retention calculation becomes independent from the apparent
inflow concentration. To account for the effect of macrophytes we introduce a third
parameter, indicating the influence of macrophytes M (-). Thus, we define our final
metamodel as:

+
11k T
1+k.T

The parameters are calibrated with the results of the process model retention
calculations. For parameter estimation the solver option of MS-Excel is used, optimizing
the R* (Table 5.1).

For most of the scenarios the metamodel fit to the simulations is very high (R>>0.96).
For P in summer with sediment release R?is lower but still 0.77. Ky values for P are in
the range of the sedimentation rates (1.5 d™* in summer with macrophytes and 0.7 d™ in
winter). For nitrogen, K; values represent lumped 1st order process rates
(mineralization, nitrification and denitrification) which are varying and cannot be link
easily to the metamodel parameters.
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Table 5.1 Calibrated parameter values for the retention metamodel (eq. 6).

Summer Winter
No release Release No release Release

N P N P N P N P
K1 0.447 0562 0562 1.738 0.497 0.489 0.632 0.819
Ka 0.050 0.007 0.093 0.831 0.108 0.001 0.177 0.144
M (macrophytes) 1 1 1 1 1 1 1 1
M (no macrophytes) 0.77 0.61 0.77 0.61 0.81 1 0.81 1
R? 0.996 0.995 0.999 0.774 1.000 0.978 1.000 0.960

To demonstrate the effect of the zero-order component in the metamodel we plotted
AquaVenus results, metamodel and a straightforward 1% order decay model (Figure
5.6). The metamodel performance is better compared to that of the 1% order model;
especially the saturation of retention at high residence times is predicted more
accurately.
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0.60 =

g el

E 0.50

------- 1stomer
model

“ n4n
£ 030 .
g0 /g
&0 }/
= 0.10 &

0.00 . : . :

metamodel

070
060
050 -

040 4
0.30 /

0.20

P retention fraction (-)

0.10

0.0o

2

4

B

g 10

hydraulic residence time {days)
Figure 5.6 Calculated nitrogen and phosphorus retention with the dynamic model
AquaVenus, a 1%-order decay and the metamodel with parameters according to table 5.1.
(Summer period at basic conditions, with release from the sediment).
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Conclusions

Our results indicate that hydraulic residence time and macrophyte biomass can have
large effects on the retention of nutrients in streams. Longer residence time promotes
the retention of N and P, saturating at long residence times to a maximum retention
capacity. Macrophyte growth may promote retention processes up to 60% compared to
a situation without macrophytes. Harvesting of macrophytes to remove nutrients has no
effect or decreases nutrient retention. Our simulations suggest that redesign of
watercourses to mediate water flow and hydraulic residence time can have different
effects. A wider profile is predicted to enhance nutrient retention due to a higher
sediment to water ratio. Deepening a profile has no effect or reduces retention,
compared to a basic profile with comparable residence time.

The results of the complex mechanistic model can be approximated with a metamodel,
containing a first and zero-order term. Metamodel calculations show good agreement
with the simulations of AquaVenus. The retention metamodel allows estimating the
effect of management options on nutrient retention in streams without the time effort
and data demands of a complex dynamic model. This concept will be used in the
development of an integrated evaluation tool for catchment management plans in the
Netherlands.
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Quantifying seasonal and annual retention
of nutrients in lowland rivers at catchment
scale

Abstract

Nutrient retention in freshwater systems is usually calculated from mass
balances or estimated from catchment characteristics as an average annual
loss. However, to set accurate critical values for the protection of lakes and
coastal areas, it is crucial to know the seasonal variation of the nutrient exports,
especially for lakes with low residence times. This paper aims at improving
methods for estimating in-stream nutrient retention and its seasonal variation.
For 13 lowland river catchments in Western Europe, inputs to surface water
and exports were calculated, on a monthly as well as an annual (average)
basis. The catchments varied in size (21 to 486 km? and annual in-stream
retention ranged from 23 to 84 % for N and 39 to 72 % for P.

A novel calculation method is presented that quantifies monthly exports from
lowland rivers based on an annual load to the river system. Inputs in the
calculation are annual emission to the surface waters, average monthly river
discharge, average monthly water temperature and fraction of surface water
area in the catchment. The method accounts for both seasonal variation of
emission to the surface water and seasonal in-stream retention. The similarity
of calculated values and the calibration data was high (N: R*= 0.93; p<0.0001.
P: R?= 0.81; p<0.0001). Validation of the equations also showed good results
(model efficiencies for the separate catchments ranged from 31% to 95%,
average 76%). This implies that exports of nitrogen and phosphorus on a
monthly basis can be calculated with few input data, for a range of Western-
Europe lowland rivers.

Our analysis shows that, in general, retention in summer is higher than in
winter, resulting in lower summer nutrient concentrations than calculated with
an average annual input. In shallow lakes with short water residence time,
seasonal variation in nutrient load will have a greater impact on in-lake nutrient
concentrations compared to larger lakes. This implies that accurate evaluation
of critical thresholds for eutrophication effects requires that we take seasonal
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variation in hydrology and nutrient loading into account. Our quantification
method thus may improve the modeling of eutrophication effects in standing
waters.

Introduction

Eutrophication of standing waters is a serious problem in many countries.
Nutrients originate from point and diffuse sources. Subsequently, they are
transported trough catchments and discharged to lakes and coastal areas. This
results in an excessive growth of phytoplankton and absence of water plants
(Scheffer 1998). In many countries much effort has been undertaken to reduce
the loads of nutrients. However, in only few cases this has lead to an
improvement of transparency and macrophyte abundance in the lakes. After all,
the mechanisms related to increased nutrient loads in lakes are complex and
despite numerous studies, nutrient transformations in lakes and streams are
not completely understood (Thomann & Linker 1998).

Only part of the nutrients discharged to the surface water by leaching or
erosion will eventually enter the coastal systems. Several budget studies on
catchments show a substantial discrepancy between the emissions from the
land to the head streams and the final export out of the catchment (Billen et al.
1999; Faafeng & Roseth 1993; Zessner & Kroiss 1999). For a number of
European catchments, it was found that this discrepancy could not be
explained by uncertainties in the budget calculations and measurements
(Behrendt & Opitz 1999). Presumably, during riverine transport nutrient cycling
takes place, almost always resulting in a net retention of nitrogen and
phosphorus.

Estimates of nutrient retention in streams vary from around 10 to 60 % of the
emission (e.g (Zessner & Kroiss 1999) (Reddy et al. 1999) (Garnier et al.
2002).). The underlying retention processes differ for phosphorus and nitrogen
by the nature of the emissions. In general, more than 70% of total P and less
than 10 % of total N is transported in rivers in particulate form (Svendsen &
Kronvang 1993). For nitrogen, denitrification is an important retention
mechanism, whereas phosphorus is mainly removed by sedimentation of
particles. Furthermore, aquatic vegetation and algae take up nutrients for
primary production.
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The relative contribution of different retention mechanisms is related to
meteorological and hydrological conditions and catchment properties. These
conditions are: residence time in the stream (Behrendt & Opitz 1999) (Nixon et
al. 1996; Zessner & Kroiss 1999); temperature (Rysgaard, Christensen &
Nielsen 1995); presence of macrophytes (Clarke 2002; Eriksson & Weisner
1999) riparian area’s (Hefting & de Klein 1998; Svendsen & Kronvang 1993);
catchment size and area of surface water (Behrendt & Opitz 1999; Seitzinger et
al. 2002b).

Furthermore, the retention of nitrogen and phosphorus is spatially separated.
Nitrogen retention occurs mostly in headwater streams (Alexander, Smith &
Schwarz 2000; Peterson et al. 2001), whereas most retention of phosphorus
(sedimentation) mainly occurs at moderate flow velocities in downstream parts
of the main river system (Alexander, Smith & Schwarz 2004; Reddy et al.
1999). Also the presence of lakes in the catchment should be considered.
Lakes are known to be major nutrient sinks (Jennings et al. 2003; Kronvang et
al. 2004).

To our knowledge, research on the seasonal variations of nutrient retention is
limited to only few studies, whereas no studies are available for rivers.
Rysgaard et al. (1995) Denitrification variability was measured in estuarine
sediment (Rysgaard et al. 1995) and in a small lake (Ahlgren et al. 1994). Both
studies indicated variability of denitrification rates related to temperature and
availability of nitrate. Monthly phosphorus retention in 16 Danish lakes was
calculated using mass balances (Segndergaard, Jensen & Jeppesen 2001).
Results showed that P retention in eutrophic lakes is often negative during part
of the summer, due to internal loading.

For river systems, hardly any information on seasonal retention is available.
Catchment models used to asses critical loads to lakes or estuaries might
benefit from addressing this seasonal retention. After all, seasonal (i.e.
monthly) retention estimates may preserve critical thresholds. From the above
we conclude that there is an urgent need for budget studies for European
lowland rivers, addressing this seasonality in riverine retention. Catchment
models should address this seasonal variation, as well as spatial variation and
subsequent nutrient export to lakes.

The aim of this research is twofold. The first objective is to provide novel
nutrient budgets and estimates of nutrient retention in 13 European lowland
river catchments, covering a period of 3 to 10 years. The studied catchments
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are typical for rather flat agricultural areas in Western Europe. The second
objective is to introduce and illustrate the relevance of seasonal variability of
nutrient retention. A novel calculation method for seasonal retention and export
of nutrients from rivers is presented. Using total annual emissions of nutrients
from point and diffuse sources, monthly export loads from the catchment are
estimated. The calculation method is calibrated for 7 lowland river systems and
validated for 6 other catchments in the Netherlands, Germany, Ireland and
Denmark.

It should be noted that in this paper in-stream retention in catchments is
defined as the nutrient retention in the total drainage network and not in the
terrestrial part of the catchment.

Methods

For the studied catchments nutrient budgets are set up to calculate in-stream
nutrient retention for the whole catchment both on an annual and a monthly
basis. Secondly, a regression model is constructed and tested that estimates
nutrient exports on a monthly basis. Catchment data and calculation methods
are describe below.

Catchment data

Water quality and discharge data are collected from 13 lowland river systems in
The Netherlands, Germany, Ireland and Denmark. Data partly originate from
routine monitoring programs of water management boards and partly from
more intensive measurements in project studies. Measured data of river
discharges and nutrient concentrations were available for several years within
the period 1988-2002. Flows are measured with high frequency (hourly to
daily). Nutrient datasets consist of multiple-year monitoring with weekly to
monthly sampling frequencies.

Most catchments are used for agriculture, resulting in a substantial diffuse loss
of nutrients to the environment. In table 6.1 general river and catchment data
are presented. In the Flakkensee catchments (Germany) also large forested
areas are present. The catchments’ slopes range from 0.3 to 19 %o).
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Table 6.1 Characteristics of the lowland river catchments use for the analysis.

River Catchment * Period Area surface surface mean stream
(km 2) water water slope length
area (ha) (%) (%o) (km)
Chaamse Beek (NL) 1996-2000 49.9 37 0,74 0,8 9,6
Beerze (NL) 1995-1998 247 269 1,09 0,9 36
Beerze (NL) 1990-1994 247 269 1,09 0,9 36
Hunze (NL) 1995-1998 250 350 1,4 0,3 30
Schuiten-beek (NL) 1988-1994 74.1 40 0,54 1,8 12
Hierdense beek (NL) 1994-1998 48.2 32 0,67 1,7 15,1
Groenlose Slinge (NL) 1997-2002 188 199 1,06 0,9 27,2
AA of Weerijs (NL) 1996-2000 148 138 0,93 0,5 19,3
Robe (Ireland) 2001-2003 285 512 1,8 19,3 60
Flakkensee Locknitz (Ger)  1999-2002 231 669 29 7,7 26
Flakkensee Wolsdorf (Ger)  1999-2002 141 698 4,95 5 20,9
Schaugraben (Ger) 1997-2002 20.8 21 1 1,17 9,6
Odense (Denmark) 1996-2001 486 875 1,8 10 35

* NL: The Netherlands, Ger: Germany

Calculation of annual and monthly retention

In-stream nutrient retention is calculated from the difference between total
emissions (diffuse and point sources) and export from the catchment. Retention
is expressed as an absolute amount (kg.ha™.y™) as well as a percentage of the
total input (relative retention).

Diffuse (agricultural) sources for the Dutch catchments are derived from
simulations with the STONE nutrient emission tool (Wolf et al. 2003). The
model was validated with data from different catchments (Oosterom &
Groenendijk 2005). For the German and Irish catchments diffuse loads are
estimated using export coefficient modeling with the MONERIS-model
(Behrendt 2000). Diffuse sources for the Odense catchment (Denmark) are
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taken from the catchment analysis in the EUROHARP-project (Kronvang et al.
2003).

The Dutch STONE nutrient emission tool was designed to evaluate the effects
of changes in the agricultural practice and policy measures on leaching of
nitrogen and phosphorus from agricultural land areas to ground water and
surface waters. STONE consists of a chain of mechanistic models, which were
applied to over six thousand unigue units that represent the variation in
biophysical conditions in the Netherlands. The soil processes within STONE
are calculated for each unique spatial unit and aggregated to regional scale.
The basis is a complex, one-dimensional process-oriented model for simulating
the cycling of carbon and nutrients in soils, resulting in fluxes of N and P to
groundwater and surface water (for detailed description see (Wolf et al. 2003)).
The model MONERIS (MOdelling Nutrient Emissions in Rlver Systems) was
developed for the investigation of the nutrient inputs via various point sources
and diffuse sources in German river basins. The sum of the diffuse nutrient
inputs into the surface waters is the result of different pathways realized by
several runoff components. Diffuse emissions pathways taken into account are
atmospheric deposition, erosion, surface runoff, groundwater, tile drainage and
paved urban areas (Behrendt 2000). Because different models were employed
for different catchments, their concomitant emission estimates might be biased.
Hence, the consistency of STONE and MONERIS was a priori tested by
applying them both on two catchments. For both catchments, the results
(available on request) from STONE and MONERIS agreed very well, so we
could safely assume that the emission estimates contained no conceptual or
systematic error. Point sources for all studied catchments are calculated from
measured loads largely from wastewater treatment plants (WWTP’s).

Nutrient exports out of the catchments are calculated from flow and
concentration measurements. In order to quantify nutrient budgets for
catchments, reliable calculations of mass-loads are essential. This requires
high frequency monitoring of river discharge and nutrient concentrations. For all
catchments in this study discharge was measured with high accuracy. On the
other hand, nutrient concentrations were measured only daily to monthly.
Especially monthly data might result in inaccurate mass-load calculations as
short-term variations of nutrient concentrations in the rivers might be missed.
However, by averaging measurement data of several years we lowered the risk
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of under- or overestimating export loads, especially when only monthly
measurements were available.

First, monthly exports of nitrogen are calculated from average monthly
discharge and average monthly concentrations. For phosphorus a relation
between discharge and concentration is assumed (higher discharge, higher
concentration) (De Vries & Klavers 1994). So, a correction is used for the
average discharge at the concentration measurement dates compared to the
average of all the discharge data.

Quantification of seasonal export and retention

The general concept of calculating monthly nutrient exports from catchments is
presented in Figure 6.1.

INPUT 1

Total annual emissio
of point and diffuse
sources to the riv

INPUT 2
Average monthly discharge

< ________ —_———

v INPUT 3
Monthly emissions of point and diffuse sources Average monthly temperature,

Basic catchment propert
Jan|| Feb| ......... Dec
D 1 Average monthly Retention

OUTPUT : Monthly exports from the riv
Jar || Feb| ......... Dec

Figure 6.1 Outline of the export and retention model.

Primary input of the calculation is the total annual emission of diffuse sources
and point sources of nutrients to the surface waters of the catchments. Since P-
emissions mostly originate from erosion and N-emissions from leaching of
groundwater (Behrendt 1996; Svendsen & Kronvang 1993) discharge is a
major controlling factor of seasonal variations of the emissions. Consequently,

-121 -



Chapter 6

the diffuse annual emission is divided over the months according to the
discharge in a month relative to the total annual discharge (Input 2). Point
emissions originate from different sources. In many cases effluents from
WWTP and discharges of untreated wastewater contribute substantially
(Behrendt 1996). Monthly averages of point sources usually show no large
variations (Emissieregistratie 2007) and therefore are assumed to be constant
over the year. Accordingly, from the annual emissions monthly emissions are
derived using:

M.:&*LD +2 (1)

with: M; = monthly emission to surface water (kg.ha‘l), i =index for month
Q= average monthly discharge (m®.s™)
.= average annual discharge (m*.s™)
Lp = total annual diffuse emission (kg.ha™)

Lp = total annual point source emission (kg.ha™)

During transport to the outlet of the catchment part of the nutrient emissions will
be retained. Thus the export out of the catchment can be defined as:

E=M*0-R) (2

with: E; = catchment export mass load in month i (kg.ha'l)
R;= Retention fraction (-)

The retention fraction can vary over the months and over the catchments.
Several studies provide evidence that this retention is partly absolute
(independent of the nutrient concentration at high nutrient availability) and
partly relative to the nutrient concentration (at low nutrient concentrations)
(Ekholm et al. 2000; Seitzinger et al. 2002b; Svendsen & Kronvang 1993).
Another major factor is residence time of the water in the catchment, basically
determined by the total volume of surface water and the runoff (Behrendt &
Opitz 1999; Seitzinger et al. 2002b) . In accordance with above mentioned
studies we defined Surface water area specific Runoff SR;:
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R :SQ;V ©

with: SR, = surface water area specific runoff (m®.s™.ha™)
Q= average (monthly) discharge (m®.s™)
SW = total area of surface water in the catchment (ha)

River discharge is measured at the outlet of the catchment. SR represents the
hydraulic load (m.time™) or water displacement. It is the thickness of the water
layer that is displaced (refreshed) within a period of time. At constant average
water depth, SR is an inverse measure of the residence time. Differences in
surface water area, among catchments, are controlled by the density of the
drainage and river network, but more importantly by the presence of ponds and
lakes in the catchment. As an example, Figure 6.2 presents outlines and river
networks of 4 catchments with varying area of surface water (0.54 to 4.9%).
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Schuitenbeek

catchment boundary
—— main river system
[ lakes

Hierdense beek

Figure 6.2 Outlines and river networks of 4 representative study catchments with
varying area of surface water. Schuitenbeek (0,54% area of surface water),
Hierdense beek (0,67%), Flakkensee Woltersdorf (4,9%), Flakkensee Lo&cknitz
(2,9%).

Besides nutrient load and residence time, retention is controlled by
temperature, especially for nitrogen reduction, due to biochemical
denitrification. For many biochemical processes temperature is a driving force

for seasonal variability (Kadlec & Reddy 2001; Pfenning & McMahon 1997).
Combining these factors yields an a priori estimate of the retention fraction:

R=R*M?*SR"*K"™ @

in which: R; = Retention fraction (-), i =index for month (-)
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Ry, = calibration coefficient (-)

M; = monthly emission to surface water (kg.ha™), i = month

a = calibration coefficient for mass load weighted retention (-)
b = calibration coefficient for SW-area (-)

K = temperature coefficient (-)

Ti = average monthly temperature (°C)

With the data of our 13 catchments the parameters R, a, b and K are
calibrated using the NonLinearRegression-Analysis routine in SPSS (SPSS
2005). The similarity of measured and calculated values and the significance of
the models were tested by linear regression. Calibration is performed with
monthly loads of 7 catchments (n=84) and validation was done with the
remaining 6 catchments. Model Efficiency (ME) was calculated for individual
catchments using equation 5:

> (Cm-Cm)* - (Cm-Cs)?

ME = — *100% (5)
> (Cm-Cm)?
with ME = model efficiency (100% is perfect fit)
Cm = individual measured value
Cs  =individual model simulation value
Cm = mean of measured values

Results and discussion.

Firstly, average annual export and retention will be presented and differences
between catchments will be addressed and analyzed. Secondly, seasonal
patterns of nutrient retention and the controlling factors will be shown as well as
the results of the seasonal retention model.

Average annual export and retention

Annual inputs, exports and retention of nitrogen and phosphorus in the studied
lowland rivers are presented in table 6.2.
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Table 6.2 Average annual inputs (emissions) and exports in the lowland rivers
(based on measured data)

TOTAL-N TOTAL-P

River Total Input * Export retention |Total Input* Export retention

(kgha'y®) (kgha™y’) () |(kghaly) (kghaly?) (%)
Chaamse beek 44,8 30,9 31,0 1,04 0,61 41,4
Beerze 90-94 28,8 19,3 33,0 1,25 0,49 61,0
Beerze 95-98 28,8 18,7 351 1,25 0,43 65,9
Hunze 30,1 12,7 57,8 1,23 0,36 70,8
Schuitenbeek 21,1 11,3 46,7 1,59 0,62 60,9
Hierdensebeek 14,8 11,9 19,8 0,67 0,28 58,6
Groenlose Slinge 57,5 42,6 25,9 1,58 0,88 44,0
AA of Weerijs 40,0 31,0 22,5 1,45 0,82 43,3
Robe 26,0 18,9 27,4 1,09 0,61 44,3
Flakkensee Lo 4,8 0,8 83,8 0,27 0,08 71,9
Flakkensee Wo 7,3 1,5 79,2 0,19 0,20 (-4,6**)
Schaugraben 15,6 8,3 46,6 0,33 0,17 48,6
Odense 43,8 20,3 53,6 0,75 0,46 39,2

* Total Input to the surface water per ha catchment area (sum of diffuse and point
sources).
** questionable; probably a substantial input source is omitted; or catchment properties

are not correct

Average annual budgets from the 13 catchments show a substantial variability
in the annual retention: 23 to 84 % for N; 39 to 72 % for P. Nevertheless, these
values are well in the range of earlier studies (Kronvang et al. 2004) (Nixon et
al. 1996; Svendsen & Kronvang 1993) (Behrendt 1996) (Seitzinger et al.
2002a).

It might be expected that nutrient loads contain errors, especially for
phosphorus (De Vries & Klavers 1994). Due to increasing concentration with
increasing flow rates, a limited number of peak-flows may account for a large
proportion of the total P-load (Kuusemets & Mander 2002) (McKee, Eyre &
Hossain 2000). When such peak flows are missed in the monitoring, P-export
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loads are underestimated, so that P-retention in the river system is
overestimated.

N and P retention may be related to system variables as will be discussed
below. We tested the correlation of N-retention to area specific runoff (m°.s™
per area of total catchment). The observed correlation was weak (adj. R*=0.21;
p=0.1). Such a correlation does not account for the fraction of catchment area
occupied by surface water. The highest retention values are found in the
catchments were lakes are present, and point and diffuse emissions are
relatively low. Nitrogen retention (Nret) appears to be correlated with Surface
water area specific Runoff (SR) and nutrient input (Figure 6.3).

These results suggest that nitrogen retention (Nret as % of input) is
proportional to Surface water area specific Runoff (SR) (eq. 6a) and to a certain
extent to input loads (Ninput) (eq. 6b):

Nret O (SR)™** (6a)
Nret O (Ninput )% (6b)

Multiple regression of N-retention to both SR and N-input did not yield a better
model compared to 6a and 6b. Equation 6a implies that relative nitrogen
retention will increase with decreasing SR. In fact, SR reflects hydraulic load or
water displacement (m.time™). This can be regarded as an inverse measure for
the residence time of water and nutrients in the catchment. Thus, lower SR
results in longer residence times in which retention processes can proceed
longer. The lower SR can be a result of either more surface water area in the
catchment, or a lower river discharge.
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Figure 6.3 Log- Log correlation of average annual Nitrogen retention to surface
water area specific runoff (A) and N- input load(B).

For phosphorus, no clear relation of annual retention to P-inputs and catchment
hydrology is found. In the literature a few models for P-retention in streams and
rivers have been reported. For lakes, a widely used concept is the Vollenweider
equation, which relates concentration of P in the lake to concentration of P in
the inflowing water, as a function of residence time (T): Pke/Pin = 1/(1+\/T)
(OECD 1982). In the current study, we found no correlation between measured
P-retention and P-retention as estimated with the Vollenweider equation (R? <
0.1; p = 0.12). This may be explained by the fact that the Vollenweider concept
was derived for deep lakes in steady state, whereas in small lowland river
catchments phosphorus concentrations and interactions with sediments are
highly dynamic (Reddy et al. 1999) (House & Denison 1998) and simple
relations are thus difficult to identify.

Load-weighted nutrient retention

For average annual data, equation 6b implies an inverse correlation of nitrogen
retention with input loads. Relative N retention (% of input) relates to total input
with an exponential term of -0.38. Hence, relative retention decreases with
increasing input, and levels off at high inputs. At the same time absolute
retention (kg.ha™.y™) might still increase. This contrasts to earlier reports. Many
studies present models and retention estimates that are based on a first order
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removal process (Reddy et al. 1999) (Alexander et al. 2000) in which values for
the first order N-removal rate range from 0.005 to 0.5 day™. Given a certain
residence time this results in a retention fraction that is independent of the
input. However, our data-analyses as presented in figure 6.3 and equation 6b
show that this is not valid for our catchments.

Seasonal variation of export and retention

In Figure 6.4, representative examples of monthly data of 4 catchments are
presented. The other catchments show similar trends. All the catchments
clearly show seasonal variations in concentrations, loads and discharges.
Discharges in these lowland catchments are directly dependent on the
precipitation surplus, i.e. they are high in winter and low in summer. For
nitrogen all catchments show a clear decrease of concentration in summer.
Nitrogen uptake and denitrification are temperature dependent. So the
decrease in exported N-load in summer is a result of the decrease of discharge
as well as the decrease in concentration.
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Figure 6.4 Measured average monthly Discharge, Temperature and N- and P-
concentrations in 4 representative lowland river catchments

Monthly phosphorus concentrations show more random variations. On
average, the winter concentration is a little higher than the summer
concentration, which can be explained by the higher discharges in winter.
However, the increase in P concentration with increasing discharge is
especially seen during short peak flows. When averaged over a whole month,
this effect is low.

From Figure 6.4 we can conclude that discharge as well as input loads are high
in winter and low in summer. These data are strongly correlated due to the fact
that loads are distributed over the year according to the pattern of discharge
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(for the diffuse sources). In the studied catchments point sources contribute
only up to 10% of the total input. Furthermore, the temperature variations over
the months show an opposite seasonal pattern as compared to discharge and
input loads. In summary, there is a strong seasonal dependency of nutrient
input loads, surface water area specific runoff and temperature

Quantifying seasonal export and retention

From the previous section we conclude that for our type of catchments the
inputs used in the a-priori retention model (eq 4) are partially correlated.
Consequently we performed non-linear-regression on more simple models.
These models were based on equation 4, with stepwise exclusion of
parameters and variables. The reduced models were tested for maximum
model significance (F-test) and minimum range of confidence intervals for the
parameters. As a result, monthly retention of nitrogen can be estimated from
surface water area specific runoff (eq 7) (adj. R% 0.93, p<0.0001)

Q -057
R =0,0246* [sxvj @

The power value in equation 7 (-0.57) is different from the retention model
based on annual averages (equation 6a) where the power value is -0.44. The
95% confidence interval for the power value in equation 7 ranged from -0.67 to
-0.46 and in equation 6a from -0.63 to -0.25, so the difference is not significant.

Monthly phosphorus retention can be estimated from surface water area
specific runoff (SR;) and temperature (eq 8) (adj. R* 0.81, p<0.0001)

Q -0,20
R =0,253 (SW) * 101722 ®)

Results of the calibration and validation of the reduced models’ monthly
predictions are presented in Figure 6.5a and 6.5b. The similarity of measured
and calculated values for the training set was high (N: R*= 0.93; P: R’= 0.81).
Validation of the obtained model with data of the 6 remaining catchments also
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showed good results. The modelling efficiency for the individual catchments
ranged from 31% to 95%, with an average of 76%.
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Figure 6.5a. Measured and calculated values of monthly exports for Nitrogen;

calibration and validation (each data-point represents an average month in a
specific catchment).
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Figure 6.5b. Measured and calculated values of monthly exports for Phosphorus;
calibration and validation (each data-point represents an average month in a
specific catchment).

The slightly poorer fit for phosphorus can be explained mechanistically. In our
calculation method the distribution of the diffuse sources over the months is
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based on discharge. This assumes that nutrient concentrations in runoff water
are constant. For nitrogen in lowland catchments research shows that this is
plausible (Van den Eertwegh 2002). However, for phosphorus this might not
always be true due to complex processes like (im)mobilization in soil and
erosion.

The final models for N and P-retention estimates on a monthly basis (eq. 7 and
8) contain area-specific run-off (N and P) and temperature (P) as controlling
input variables. This results in a seasonal pattern of relative nutrient retention
(%). In Figure 6.6 this is presented for 2 representative catchments which differ
in the area of surface water: Groenlose Slinge (~1 % surface water area) and
Odense catchment (~2 % surface water area).

Figure 6.6 Seasonal pattern of relative N and P retention (% of input) calculated
with the calibrated retention models (equations 7 and 8). Two catchments with
different surface water area are presented: Groenlose Slinge catchment (~1 % SW-
area, solid line) and Odense catchment (~2 % SW-area, dotted line).

All catchments show similar patterns for seasonal nutrient retention. Highest
relative retention is found in summer. This is the combined effect of residence
time and temperature. On the other hand, nutrient availability is higher in winter
due to higher input loads. Therefore, the absolute nutrient retention (expressed
in g.m?2.day™) might increase during this period, but obviously not in the same
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range as the inputs. Both pictures in Figure 6.6 show that retention increases
with increasing area of surface water in the catchment.

For both nitrogen and phosphorus SR is a crucial factor for the retention
estimates. A study on nitrogen retention in 16 catchments in North-America
revealed an inverse relation of nitrogen retention in river reaches with
displacement time (average depth of the reach D divided by time of travel T)
(eq. 9) (Seitzinger et al. 2002b).

D -037
Nretention O (Tj (9)

If we define travel time T as Volume/Flow-rate(Q) and Volume as SW-
Area*Depth equation 9 can be written as

Q -037
Nretention [ (S/\/areaj (10)

Conceptually, this agrees to our relations (eq.6a and 7). A similar relation has
been reported for N-retention in a study of 4 lowland catchments (size range
850-14.000 km2), with a power value of -0.49 for total-nitrogen (Venohr et al.
2005). In both referenced studies however, no confidence levels of the
estimated parameters were reported. Although the power values found by
these researchers differ to some extent from our models we can conclude that
the relations are similar within error ranges whereas the theoretical background
is consistent. Considering the smaller spatial scale (20-400 km? and the
smaller time scale (monthly retention instead of annual average retention), it is
remarkable that very similar relations are obtained for our catchments.

Figure 6.6 further shows that seasonal differences for phosphorus retention are
smaller than for nitrogen. This might indicate that controlling factors like
residence time and input loads are less dependent on the season.
Furthermore, P-retention is strongly dependent on physical removal by
sedimentation, which might be expected over the entire year.

On the other hand we extended the model of Surface water area specific
Runoff for phosphorus with a temperature factor. This improved the modeling
results, which indicates a relation with biochemical activity during spring and
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summer. Analysis of the phosphorus data in the rivers (Figure 6.4) shows that
seasonal variability of P concentrations is less straightforward than for N.
Generally, P-dynamics in rivers is considered more complex and strongly
related to local catchment properties (House & Denison 1998; Jennings et al.
2003; Reddy et al. 1999). In our study in-stream retention is treated as a
lumped factor. Underlying processes like (temporal) storage and mobilization,
as well as permanent removal are not explicitly taken into account. In case of
nitrogen, the predominant retention process is permanent loss by
denitrification, which follows a clear seasonal pattern. For phosphorus however,
the macrophyte uptake in spring and release in later month may complicate the
monthly retention estimate. Furthermore, the large impact of peak-flows with
alternating suspended matter resuspension and sedimentation prevent the
setup of simple P-export and retention relations.

Therefore, it can not be ruled out that the temperature factor in our model just
represents a seasonal pattern without a clear deterministic background.

Annual retention based on monthly estimates

The previous sections showed that good estimates can be obtained for monthly
nutrient retention, with the aim of predicting seasonal variation of nutrient loads
to lakes and coastal areas. Nevertheless, many studies report nutrient budgets
and retention estimates on an annual basis. Furthermore management
decisions often require evaluation of annual budgets. In order to evaluate our
seasonal model on an annual timescale we calculated annual retentions for our
catchments by totalizing the monthly inputs and the predicted monthly exports,
and compared these annual retentions with measured annual retentions
(Figure 6.7). The agreement is reasonable for nitrogen, whereas for
phosphorus a rather poor fit is obtained. As described earlier, this can be
explained by the cumulative uncertainties of the monthly estimates of P-
retention as described earlier.
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Figure 6.7 Measured and estimated values of average annual retention of N and P.
Annual retention is calculated based on the monthly inputs and predicted exports,
including 95% confidence levels (dotted lines). Each data point represents annual
N- or P-retention in a specific catchment.

Conclusions

This research shows that in-stream retention in lowland river catchments is
considerable and must be accounted for in nutrient budgets. Our analyses
further show that variation of nutrient retention largely can be explained by the
rate of nutrient emissions and the total area of surface water in the catchment.
We conclude that dynamic modeling of eutrophication in standing waters may
gain a lot from addressing seasonal variation in nutrient inputs. A new
methodology to quantify this seasonality of nutrient retention is provided.
Previous studies generally emphasized average annual retention and
neglected seasonal variability. We introduce a novel simple calculation method
that may adequately estimate monthly in-stream retention of nitrogen and
phosphorus. The main controlling factors are discharge and area of surface
water. In addition, for phosphorus also temperature serves as input. This
quantification method may be applied to a wide range of western European
lowland rivers, and may improve the estimation of nutrient load extremes.
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Validation to data from six catchments confirmed the quality of the method.
Further conceptual improvements can be made, by including complex dynamic
processes, such as temporal storage and release in the drainage network.

Our analysis shows that, in general, retention in summer is higher than in
winter, resulting in lower summer nutrient concentrations than calculated with
an average annual input. In shallow lakes with short water residence time,
seasonal variation in nutrient load will have a greater impact on in-lake nutrient
concentrations compared to larger lakes. This implies that accurate evaluation
of critical thresholds for eutrophication effects requires that we take seasonal
variation in hydrology and nutrient loading into account. Our quantification
method thus may improve the modeling of eutrophication effects in standing
waters.
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Long-term effects of fertilizer use on European
water quality

Abstract

Eutrophication is among the main threats to biodiversity and ecosystem functioning of
European surface waters (4Artebjerg et al. 2001; Beman, Arrigo & Matson 2005;
Crouzet et al. 1999). Although fertilizer use is considered the main cause of this
problem, definition of application limits that would protect freshwater and marine
systems remains subject to scientific discussions (Boesch 2002; Parris 1998) and
political debate (Crouzet et al. 1999; Kampas, Edwards & Ferrier 2002). Here we
present a straightforward analysis of long-term consequences of fertilizer use for the
aguatic environment. Assuming eventual saturation of nutrient storage capacity of soils
and sediments, we calculate long- term surface water concentrations from nutrient
surpluses in agriculture and net precipitation levels at the scale of European
administrative regions. We predict that nutrient concentrations will exceed basic surface
water targets in over 85% of the area. Implemented fertilizer application limits according
to present legislation (European Commission 2002) will hardly improve this situation.
Agricultural nutrient surpluses should be reduced an order of magnitude in most
regions to be environmentally sustainable.

Introduction

In Europe agriculture and urban activities have lead to emissions of phosphorus and
nitrogen to ground and surface waters (Carpenter et al. 1998; Crouzet et al. 1999) that
may seriously affect biodiversity and functioning of aquatic ecosystems (Zrtebjerg et
al. 2001). At present the nutrient load from agriculture represents a high proportion of
the total anthropogenic load, 40-80% for nitrogen and 30-40% for phosphorus (OECD
2001). To reduce eutrophication risks in rivers, lakes and coastal areas both national
and international action plans and regulations are developed and implemented. For
instance both the Baltic Sea countries and North Sea countries (OSPAR 1997) have
decided on a 50 % reduction in the nutrient load to areas likely to be affected by
eutrophication and the European Union has issued the Nitrate Directive (European
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Commission 2002) limiting nitrogen application to 170 kg ha® y™. Unfortunately the
effectiveness of such regulations remains difficult to assess (Crouzet et al. 1999).
Numerous tools are developed to describe nutrient transport and processes and to
estimate loading of lakes and coastal zones (Schoumans & Silgram 2003). However,
many of the processes involved in transportation and retention of nutrients in the
landscape are still poorly understood, and predictions contain large uncertainties (Billen
et al. 1995; Neal & Heathwaite 2005). A major problem is that we cannot validate the
models, or assess the effectiveness of measures empirically as the time between
reduction measures and new stable nutrient concentrations in standing waters may
range up to decades and even centuries (Schippers et al. 2006) .

Methods

General approach

Here, we take an alternative approach to predict surface water concentrations.
Assuming that current agricultural practice will continue, all storage capacity will
eventually saturate and all excess of applied nutrients will then reach the aquatic
environment. Depending on the precipitation surplus this leads asymptotic to long-term
equilibrium concentrations of N and P in surface waters. By comparing these long-term
equilibrium concentrations to commonly used surface water standards we evaluate
impacts of fertilizer use. For our analysis we have set up a database of nitrogen and
phosphorus surpluses in agricultural areas in Europe. For nitrogen we also estimated
denitrification in soil and surface water. For phosphorus no permanent removal is
assumed. We calculated average annual precipitation surpluses as the difference
between annual precipitation and annual actual evaporation. Finally, we calculated
long-term equilibrium concentration of N and P in surface water by dividing the
(remaining) nutrient surplus (g.ha™.y™) by the precipitation surplus (m®.ha™.y™).

Dataset and calculations

The spatial scale of this research reflects the entities from the European Nuts2 regions.
NUTS (Nomenclature of Units for Territorial Statistics) is a European-wide geographical
classification developed by the European Office for Statistics. Nuts2 roughly relates to
major regions within countries, (counties, provinces etc.). In case of smaller countries
there may be only one Nuts2 region. This spatial scale allows us to compare different
countries and to identify differences within one country. The nutrient surpluses in
agriculture are computed as the difference of all inputs and the outputs at the soil level.
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Soil surface balances for nitrogen were obtained from Eurostat (Eurostat 1997) at the
scale of Nuts2. For agricultural areas N-surplus was calculated from total inputs
(manure, fertilizer, atmospheric deposition, and fixation) minus output (harvested
crops). Data were available for the years 1993, 1995, 1997. For this study the average
over these three was used. P-surplus data were only available for whole countries
(Sibbesen & Runge-Metzger 1995). The national data were distributed over the Nuts2
regions proportional to the distribution of the nitrogen surpluses.

The precipitation surplus was calculated as precipitation minus evapotranspiration.
Average annual precipitation was derived from the IMAGE 2.2 database, Global
Climate Change Scenario's (Leemans et al. 1998). Data were aggregated from grid (0.5
x 0.5 grades) to the scale of Nuts2. Actual evapotranspiration was estimated from
precipitation and temperature (Dingman 2002)

P

Ea: 2 05 (1)
1+ i
EP

E. = actuel Evapotranspiration (mm year™)
P = precipitation (mm year™)

@)

c, 30010 onf 127 )

T+2373

E, = Potential Evapotranspiration (mm.y™")
T = temperature in T

Average temperature data were also obtained from the IMAGE 2.2 database. The
calculated actual evapotranspiration was checked with several national water resources
reports (Eurostat 2003; Mills 2002). All deviations from our calculations were less than
5 %.

Denitrification increases with temperature. Furthermore, large annual precipitation
excess causes short residence times of nitrate in the soil and surface waters, resulting
in low denitrification rates. This implies that gaseous N losses dominate in dry, warm
climates.

Denitrification in soil and water, for separate regions was estimated based on
temperature and precipitation surplus (Van Drecht et al. 2003). We defined the fraction
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of total N lost by denitrification (Fyen;) as dependent on soil properties and climatic
conditions

Foenit = 04+ F * Fp (3

where Fy (-) is the temperature effect on denitrification, Fr (-) is the effect of mean
annual residence time of water and nitrate in the root zone and the surface water. The
temperature effect F is calculated according to the Arrhenius equation

F, = 794*10% [éxp{észj @)

where E, is the activation energy (74830 J mol™), K is the mean annual temperature
(Kelvin), and R the molar gas constant (8.3144 J mol*K™). The factor of mean annual
residence time of the water Fg is given by

Fr=—% (5)

where Py, (MM year'l) is the excess of precipitation over evapotranspiration, and P,
(mm year'l) is used to convert Py, to a ratio (P4, = 400).

Evaluation

To evaluate the calculated long-term equilibrium concentration in surface waters, we
defined a classification, in which nutrient concentrations are set in classes ranging from
‘pristine’ to ‘severely polluted’ (table 7.1). Classification boundaries are based on the
Trophic Classification Scheme for Lake Waters (OECD 1982) and standards for
nutrients in fresh waters (Andersen, Conley & Hedal 2004; Crouzet et al. 1999).
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Table 7.1 Classification scheme for nitrogen en phosphorus in surface waters.

Class* Tot-P conc. Tot-N conc. Remark
(gP.m?) (gN.m ")

Pristine <0.035 <0.5 OECD oligotrophic to mesotrophic

Acceptable 0.035-0.08 05-1.0 OECD mesotrophic to eutrophic

Moderately polluted 0.08 - 0.15 1.0-2.2 Up to Dutch protection level for
eutrophication of lakes

Polluted 0.15-1 22-50 Above Dutch protection level for
eutrophication of lakes

Strongly polluted 1-5 5-11.4 Up to EU drinkingwater level (N)

Severely polluted >5 >11.4 Above EU drinking water level (N)

*Class definitions arbitrary; just for evaluation and presentation purposes

Results

Long-term surface water (LTSW) concentrations are derived for all administrative
(NUTSZ2) regions in the EU-countries (figure 7.1). Large differences can be seen. LTSW
concentrations range from 0.03 to 26 mg I™ total nitrogen and from almost zero up t018
mg.I"* for total phosphorus. The highest concentrations can be found in the intensive
agricultural areas of Western Europe (Netherlands, northern Germany, and Denmark).
The calculations indicate that within the EU-countries 89% of the surface waters will
eventually become moderately to severely polluted with phosphorus, and nitrogen limits
would be exceeded in 52% of the area. We have to keep in mind that the LTSW
concentrations presented here are averaged over agricultural and non-agricultural
areas. This implies that local concentrations may become higher than indicated,
especially in regions with a relative small proportion of agricultural area. Therefore we
also calculated LTSW concentrations as an average over the agricultural areas of the
separate regions (figure 7.2). This reveals that waters in the agricultural parts of 98% of
the regions are projected to become moderately to severely polluted with phosphorus
and 72% for nitrogen. In some regions classification shifts from ‘pristine’ to strongly or
severely polluted, e.g. parts of Sweden and Finland.
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Figure 7.1a. Long term surface water concentrations for Phosphorus, averaged over the
whole Nuts-region (light and dark bleu is acceptable cf. table 7.1)
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Nutscorrect.shp

Figure 7.1b. Long term surface water concentrations for Nitrogen, averaged over the
whole Nuts-region (light and dark bleu is acceptable cf. table 7.1)
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Figure 7.2a. Long term surface water concentrations for Phosphorus, averaged over the
agricultural area within the region (light and dark bleu is acceptable cf. table 7.1).
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Figure 7.2b Long term surface water concentrations for Nitrogen, averaged over the
agricultural area within the region (light and dark bleu is acceptable cf. table 7.1).

In only a few countries average projected LTSW concentrations remain at acceptable
levels (figure 7.3), but large differences occur between regions within countries. For
example in France LTSW concentrations range from 0.4 to 6.4 mg I for nitrogen and in
UK from 0.15 to 3.2 mg I for phosphorus.
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Figure 7.3 Average long-term surface water nutrient concentration, area-weighted average
per EU-country; horizontal lines indicate acceptable concentration limits.

The regional differences are due to either variations in nutrient surpluses or variations
in precipitation surpluses. In the UK the latter varies widely between regions (figure
7.4). This results, for example, in a classification ‘acceptable’ for the region Wales,
whereas the classification for the region South-West is ‘polluted’, even though the
nitrogen surplus in Wales is higher. Similar variability can be observed for Spain with
comparable examples of classification differences. On the other hand in Germany
precipitation surpluses are less variable, and differences in LTSW concentrations are
mainly due to differences in nutrient surpluses. In countries such as France where both
precipitation and nutrient surpluses are widely variable, the largest regional differences
are found. The EU member states are implementing a fixed limit for nitrogen application
to be applied in all regions (European Commission 2002). However, since projected
surface water concentrations depend not only on net application but also on net
precipitation (and for nitrogen also temperature), environmentally sustainable fertilizer
use should depend on local climatic conditions.
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Figure 7.4 Precipitation and Nitrogen surpluses in different regions of 4 EU-countries. Line
represents combination of precipitation surplus and nitrogen surplus leading to a Long-term
Surface Water N-concentration of 1 mgN It (acceptable).

To indicate admissible N-surpluses we calculated maximum N-surpluses, that lead to
an ‘acceptable’ LTSW concentration (< 1 mg ™) (figure 7.5). High admissible surpluses
are derived for warm and relative dry conditions due to high denitrification (sharp peak).
Allowable surpluses subsequently decrease with increasing precipitation surplus, due
to shorter residence times and thus smaller denitrification losses. Finally, admissible
surpluses increase again at high precipitation surplus, as the dilution effect becomes
dominant. Full implementation of the Nitrate Directive is thought to contribute
significantly to solving environmental problems related to agriculture (European
Commission 1999). However, assuming an efficiency of fertilizer use for crops of 60%
(our database) (Oenema & Roest 1998; Van Drecht et al. 2003), the N-application limit
of 170 kgN ha™ y* implies an average N-surplus of 68 kgN ha™ y*, which is far above
the admissible surpluses we estimate (figure 7.5).
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Figure 7.5 Maximum admissible nitrogen surplus as a function of average annual
temperature and precipitation surplus, to maintain ‘acceptable’ nitrogen surface water
concentrations (<1 mgN/l). Light area represents N-surplus (68 kgN ha™* y™) as a result of
EU N-application limit on soils (170 kgN ha™ y™); see text.

Discussion

Obviously, the approach used in this study has the drawback that it refers to a status of
the water quality that might be reached only after a long time. Indeed, the calculated
Long-term Surface Water concentrations are much higher than generally measured in
the surface waters at present and might seem unrealistic. However, the logic of our
method is straightforward, and the first symptoms of long-term unsustainability are
discernible already. For instance, according to the Dobris assessment (EEA 1995) 87%
of the agricultural area in Europe has nitrate concentrations in the groundwater that are
above the guide-level value of 25 mg I"* (5.7 mgN/l), and 22% are above the maximum
admissible concentration of 50 mg I* (11.4 mgN/l). For phosphorus the situation is
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more complex due to its immobility and accumulation of P in soils and fresh water
sediments. This results in a potentially large time lag between the excessive application
of phosphorus on soils and the observed effect in groundwater and surface waters
{Schippers, 2006 #175. Nevertheless, eventually accumulation capacity for phosphorus
will decrease, resulting in an increase in P-concentrations in the aquatic environment.
In fact, due to heterogeneity in soils, an increase in P loading to surface water will
already start before all accumulation capacity is depleted. A sharp increase in P-
leaching may be observed from soils that exceed 25% saturation level; i.e. 25% of the
P-binding capacity is occupied (Maguire & Sims 2002; Vanderzee, Leus & Louer 1989).
Since there is no permanent P-removal process, comparable to denitrification, the
eventual long-term effect of P-loading should be more pronounced than from N-loading.
The effect may be somewhat ameliorated by an influx of P-binding compounds in some
regions that may result in a permanent sink of P, that will not be saturated (Neal et al.
2002). However, this sink will usually be far less than the projected P-emissions.

Conclusions

Our study shows that in large parts of Europe, agriculture is judged as ‘environmentally
unsustainable’. In most of the EU-countries Long-term Surface Water concentrations
will greatly exceed acceptable levels of nitrogen and phosphorus. These estimations
are conservative as we assume other anthropogenic sources and natural background
emissions to surface waters to be negligible. Our analysis suggests that, in order to
protect surface water quality, the N-application limit of 170 kgN.ha™ y*, as defined in
the EU Nitrate Directive, should be two- to twenty fold lower, depending on regional
climatic conditions and strict P-regulations are needed.
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While many processes are involved in nutrient retention, some basic rules of thumb
emerge from the work presented in this thesis and other studies. Firstly, the rates of
retention differ depending on water types. In large rivers (Rhine) retention fractions are
in the range of 25 to 35 % (Chapter 2). In the delivering stream catchments and smaller
rivers we found retention ranging from 30 to 60%, with high variability (Chapter 6). For
ditches and headwaters of streams retention rates are estimated in the range of 50 to
70% (Chapter 3 and 5). Generally, our work suggests that relative retention rates of
nitrogen decrease with increasing stream order, whereas absolute retention increases
with increasing stream order. This is in line with earlier findings (Alexander, Smith &
Schwarz 2000; Seitzinger et al. 2002). For phosphorus fewer studies on retention in
relation to stream order is available. Consequently, it is difficult to draw general
conclusions. However, our results indicate that the highest relative retention is found in
lakes and downstream parts of streams.

When it comes to explaining differences in retention, essentially two things matter: the
rate of the processes involved and the time these processes have to ‘clean’ the water.
The latter depends on hydraulic residence time, or properties related to that, such as
displacement time (Seitzinger et al. 2002) or specific runoff. (Behrendt & Opitz 1999). If
transport through a water system takes longer, nutrient retention is higher. However,
the relation is not linear and only valid to a certain extent. At very high residence times
retention will level off to a constant maximum value (chapter 5 and 6). The rates of the
different processes involved in retention can differ widely depending on the
environmental conditions. Denitrification, for instance, is strongly affected by the
presence of an oxygen gradient (oxic-anoxic) and degradable organic matter. On the
other hand, particulate phosphorus retention depends on sedimentation, resuspension
and entrainment, governed by hydromorphological factors and biological activity.
Importantly, as described in this thesis, aquatic macrophytes promote favorable
conditions for both nitrogen and phosphorus retention in many ways. Therefore, the
combination of residence time and the presence of vegetated areas determines much
of the variation in nutrient retention.

Obviously, it is the combination of loading rates and retention rates that determines
nutrient concentrations in the water flowing from a catchment to downstream waters
which are potentially vulnerable for eutrophication. More precisely, we can predict these
concentrations from a simple model (eg. 1).
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E_iO (C, - ko)

k (eq. 1)

With:  Cg = concentration at the end of the system (g.m™)
C, = upstream starting concentration (g.m™)
k, = 1% order process rate (time™)
ko = zero order process rate (g.m3.time™)
t = time of travel or residence time (time)

Here, k; and k, are lumped process rates, reflecting all the relevant processes. In case
of a net removal of nutrients the process rates have negative signs. In this concept the
outflow concentrations are thus determined by three parameters: starting concentration
(Cp), travel time (t) and process rates (ko , ki). Measures to reduce the end
concentration can be evaluated on their impact on these parameters, pointing at
essentially three different ways to improve water quality.

I. Emission reduction ( Cy).

The parameter C, represents an apparent starting concentration, which reflects all point
sources and diffuse loads in combination with the hydrological conditions. In order to
decrease the outflow concentrations of a water system, the first step would be
reduction of the emissions. Obviously, limiting nutrient emissions to surface waters will
directly reduce the exported loads. Good progress is made in reducing point loads, and
combating diffuse losses from agriculture is studied intensively (Kronvang et al. 2005;
Withers & Jarvis 1998). However, reducing diffuse emissions is complex and effects will
be visible after longer time spans (Schippers et al. 2006). Reduction of the emissions
of nitrogen and phosphorus to the surface waters should have first priority in the
abatement of eutrophication. When this is not possible (e.g. due to natural loadings) or
when the time spans of noticeable effects are long, measures in the water systems can
be considered, as specified in the following sections.

1. Increasing hydraulic residence time (t).

Hydraulic residence time can be changed by enlarging the surface water volume and
reducing the flow velocities. Practical ways to do this include introduction of
obstructions, promoting the growth of aquatic vegetation, reconnection of stream
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meanders, reconnecting floodplains and restoring stream-side wetlands (Kronvang et
al. 2005; Tockner et al. 1999).

IIl. Stimulation of purification rates (k o, k).

Especially, small surface waters like drainage ditches and stream headwaters have a
high potential nutrient removal in a naturally vegetated state (Chapters 3 and 5). As
argued in this thesis, measures that stimulate the presence of a diverse aquatic
macrophyte community in such waters may often contribute substantially to the
retention rates of nitrogen and phosphorus. Also, reconnection of stream floodplains
and restoration of wetlands may accelerate denitrification rates, not only by increasing
residence times, but also by improving process conditions (Fennessy & Cronk 1997).

Obviously, measures may also have negative effects that should be taken into account.
For instance, flooding of wetlands with river water may induce loss of biodiversity in the
flooded ecosystem and increased emissions of greenhouse gasses (Verhoeven et al.
2006). Also, abundant macrophyte growth in streams and ditches may conflict with the
drainage function of the water courses. However, in many cases more detailed analysis
may reveal the potential for integrative solutions that result in a substantial net benefit.

Although details may differ between cases, the emerging picture is that while reduction
emissions (I) remains important, much can be gained by enhancing nutrient retention
through increased residence times (ll) and creating conditions that promote purification
rates (lll). Restoration of streams, floodplains and inundation strips along running
waters, as well as the stimulation and maintenance of a diverse aquatic macrophytes
community, may significantly improve the capacity for nutrient retention, and fit well to
the ecological objectives of stream restoration.
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Nutrient retention

Streams and rivers transport nutrients from point sources and diffuse loads to
downstream lakes and coastal zones, leading to eutrophication in many places.
However, not all the nutrients loaded to a river system reach the end. Often a
substantial part of the nutrients is stored in biomass and sediments or transformed. The
sum of all the removal processes is generally referred to as retention. If we want to
predict the effect of change in loading to downstream systems, it is important to have
quantitative insight in the nutrient retention. Also insight in the conditions that control
the rate of retention may help defining strategies for enhancing retention.

The overall objective of the research reported in this thesis is to elucidate the fate of
nitrogen and phosphorus in running waters and to provide tools that may be used for
estimating the rate of retention and the effects of different river catchment management
plans on nutrient loads.

Ditches and headwater streams

In fresh waters, the main nitrogen removal process is denitrification, transforming
nitrate to nitrogen gas that is subsequently emitted to the atmosphere. In areas with a
dense network of drainage ditches denitrification represents a high potential removal of
nitrogen, but knowledge on the process rates in these waters is scarce. Chapter 3
reports on a study where water column and sediment denitrification rates were
measured in situ in vegetated ditches using °N Isotope Pairing Techniques, during
summer and fall. Denitrification ranged from 200 to 350 umol.m2.h? during summer
months and from 50 to 150 ymol.m?.h™ in the fall. Extrapolating these results we
estimated the annual removal of nitrogen from agricultural ditches, via denitrification, to
be 15 gN.m™.y™. This suggest that denitrification in ditches may remove more than 50%
of the total diffuse inputs. The main driver for temporal variability of denitrification rates
in these vegetated ditches was found to be water temperature. The overall Arrhenius
temperature coefficient was 1.28, which is significantly higher than reported coefficients
so far. The high temperature dependency means that with a temperature rise of 3 °C,
as foreseen in IPCC scenarios denitrification in ditches could double.

Water residence time and presence of macrophytes are also major controlling factors

for nutrient retention. To explore the effect of submerged macrophytes and
management options, a simulation model was set up that combines dynamic water flow
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modeling with mechanistic macrophyte growth and nutrient processes (Chapter 4).
Despite simplifications of complex relations, the model predicted nutrient
concentrations and macrophyte biomass quite well in a dynamic upper region of a
lowland stream. Simulations suggested that average annual nitrogen retention was
25% of the incoming load, and was largely caused by denitrification (75%). Annual
phosphorus retention was predicted to be slightly more (30%), and to result
predominantly from sedimentation (92%).

We applied the model to simulate the effect of management strategies and
maintenance of aquatic macrophytes on nutrient retention in streams (Chapter 5).
Simulation scenarios comprised changes in hydraulic residence time, macrophyte
growth and sediment release in a summer and winter period. The results suggest that
changing residence time and the regime of maintenance removal of macrophytes may
have significant impacts on the retention of nutrients. From the simulation results we
derived a metamodel that allows predicting nutrient retention without running the
complex dynamic model.

Lowland river catchments

Nutrient retention in freshwater systems is usually calculated from mass balances or
estimated from catchment characteristics as an average annual loss. However, to
determine critical emission values for the protection of lakes and coastal areas, it is also
important to know the seasonal variation of the nutrient exports, especially for lakes with
low residence times. In such lakes high winter loads may not affect summer nutrient
concentration, whereas summer peak loads may cause large risks for algal blooms. To
obtain an insight in seasonal variability, we analyzed data from 13 lowland river
catchments in Western Europe varying in size from 21 to 486 km? (Chapter 6). Inputs to
surface water and exports from the catchments were calculated, on a monthly as well
as an annual (average) basis. The estimated annual in-stream retention in these
catchments ranged from 23 to 84 % for N and 39 to 72 % for P.

To quantify variation of emission to the surface water and seasonal in-stream retention
we derived empirical relations from the data (7 catchments) and used these to predict
monthly exports from lowland rivers from annual emission to the surface waters,
average monthly river discharge, average monthly water temperature and fraction of
surface water area in the catchment. Validation of the empirical equations for the
remaining 6 catchments showed good results (R* for the separate catchments ranged
from 0.31 to 0.95, average 0.76). This suggests that exports of nitrogen and phosphorus
may be predicted on a monthly basis from limited data, for a range of Western-Europe
lowland rivers. In general, retention in summer is higher than in winter. This implies that
summer nutrient concentrations are lower than what would be predicted based on an
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average annual input. An important implication is that accurate prediction of effects of
measures for eutrophication abatement requires that we take seasonal variation in
hydrology and nutrient loading into account.

Nutrient loads to the North Sea

To estimate nutrient loads from large river basins to the coastal areas we developed a
flow-path approach (Chapter 2). This approach computes nutrient loads to the coastal
areas, based on emissions to the surface waters, area of surface water within the
subcatchments, retention factors for different water types and discharge distribution
among the subcatchments. This method may be an alternative, when measurements in
river outlets are unavailable or are highly uncertain due to the complex hydrology in the
transition from fresh water streams to estuaries and coastal zones. The method also
allows an estimation of the contribution of different sources and areas to the final load
to the sea, revealing the specific pathways and retention processes during transport.
The method is applied to predict nutrient loads to the Dutch part of the North Sea. By
means of a Monte Carlo simulation the uncertainties in the estimated loads are
quantified. In the period 1995 to 2005, the estimated load amounted around 335 Gg.y™
total nitrogen and 18 Gg.y* total phosphorus, which is 65 to 70 % of the total emissions
to the surface waters. The total retention of N and P in the surface waters was 30 to 35
% of the emissions. Expressed as a per area value, the export loads to the Dutch part
of the North Sea are among the highest reported in large river basins. They are in fact
around 20 times higher than the exports of ‘pristine’ river basins.

Although river retention fractions are estimated to be not more than 4-9%, the largest
part of the nutrients was retained within the main river system, due to high cumulative
loads. This suggests that increasing nutrient retention capacity in the rivers, for
instance by restoring floodplains, can potentially reduce the nutrient loads to the North
Sea substantially.

The European scale

Eutrophication is among the main threats to biodiversity and ecosystem functioning of
European surface waters. Although fertilizer use is considered the main cause of this
problem, definition of application limits that would protect freshwater and marine
systems remains subject to scientific discussions and political debate.

In chapter 7 | present an approach to predict long-term consequences of fertilizer use
for the aquatic environment. Assuming eventual saturation of nutrient storage capacity
of soils and sediments, we calculate long- term surface water concentrations from
nutrient surpluses in agriculture and net precipitation levels at the scale of European
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administrative regions. We predict that nutrient concentrations will exceed basic surface
water targets in over 85% of the area. Implementing fertilize