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Abstract

The release of phosphorus and nitrogen from twdrasting floodplains sediment deposits have beedied
during the post-flooding period. The floodplain iseents were collected from the Skjern and OdenserRi
Two laboratory experiments were performed: In tingt study, dry sediment, without bacterial actjiyitvas
subjected to repeated cycles of drying and rewgtimder aerobic conditions.

In the second study, artificial rainwater was aggplion fresh sediment in order to simulate the diocna
conditions occurring in April and May (i.e. aftéetflooding has ceased).

In this report, the release of phosphate from sedirhas been quantified: in the first experimenictitould

be regarded as potential P-release, the PhospHasse was 20 times higher from Odense sedimemtfitbian
Skjern sediment (22 ug/g DW and 357 pg/g DW respalg). The higher release of phosphate from Odense
sediment was caused by lower iron content in thdaxent and because the sorption capacity for plraisphas
fully exploited. The potential release of Nitrogienthe first laboratory experiment revealed at ¢inel of the
experiment, that the total Nitrogen, i.e. NHelease in the sediment was 11.2 % and 7.4%GK@rn sediment
and Odense sediment respectively.

The second experiment, approaching natural comditiovas carried out only with Odense sediment, and
showed a very low release of phosphate (maximumuatnd.045 %). The amount of Nitrate released
compared to the total nitrogen content in the sediramounted to between 0.06 % and 6.42 % foratienent
collected at 5.6 m and 101 m respectively.

Both experiments demonstrated the role of floodiglas an efficient sink for nutrients especiallpgghorus
and also brought more evidence on the interesesibring floodplains and riparian areas in ordedd¢orease
the phosphorus and nitrogen transport in rivergrethy also mitigating the load of these nutrients o
downstream recipients. Further it may in particutantribute in reaching the aims required to fulfile

objectives in the Water Framework Directive.

Key words: Phosphorus, phosphate, Nitrogen, Nitrate DesmiptRelease, Floodplain, Sediment, Skjern,

Odense, River



Résumé

Le relargage du phosphore et de l'azote par desnegts provenant de deux plaines dinondation aux
caractéristiques contrastées ont étés étudicéesapema période post-inondation. Les sédiments dénegl
d'inondation ont étés collectés pour les rivierkger@ et Odense. Deux expériences en laboratoitect#s
réalisées: dans la premiere, des sédiments sessastwvité bactérienne, ont subi des cycles rémitéséchage
et de ré-humectation en conditions oxiques.

Dans la seconde, des pluies artificielles ont p@iguées sur des sédiments frais dans le butptedeire les
conditions climatiques présentes en avril et m@igs la période d'inondation).

Dans ce rapport, le relargage du phosphore pasééisnents a été quantifié: dans & éxpérience, pouvant
étre considéré comme le relargage potentiel dedPloos, le relargage de phosphate était 20 fois @liersé
depuis les sédiments de la riviere Odense que slgl@si sédiments de la riviere Skjern (22 pg/g D\ 3BV
png/g DW respectivement). Ce relargage plus impogtanr le sédiment d'Odense est due a une contientra
en fer plus faible dans le sédiment et par unedi@pd'adsorption pour les phosphates complétemaioitée.
Le relargage potentiel d'azote a la fin de I'exgrée, comparé a I'azote total dans le sédimentdatdil,2 % et
7,4 %, pour les sédiments de Skjern et les sédsnib@dense respectivement.

La 2™ expérience, approchant les conditions naturelésisée avec des sédiments d'Odense, a démontré un
trés faible relargage de phosphate (maximum reéa€g045 %). La quantité de nitrate relargué codgpar la
concentration totale en azote représentait en@@ @ et 6,42 % pour le sédiment collecté a 5,6 h0dt m
respectivement.

Ces expériences démontrent le role des plainesndfation comme un piége a nutriment, particuliérgrpeur
le phosphore, et ainsi apporte des preuves stéréinde la restauration des plaines d'inondatrdes aires
ripariennes dans le but de diminuer la concentnatio phosphore et en azote dans les riviéres stldarzones

situées en aval. Ces aspects contribuent a diéréelies objectifs définis par la Directive Cadue l$au.

Mots-clefs: Phosphore, Phosphate, Azote, Nitragsobption, relargage, plaine d'inondation, Sédimekjern,

Odense, Riviere



. Environmental context in Denmark

With a population of 5,4 million inhabitants and area of 43 098 kf(without Greenland and Faroe islands),
the kingdom of Denmark has a population density28 inhabitants per kmabove the European Union (EU)
average (115 inh./kn (Eurostat, 2008). Therefore it is understandabla, anthropogenic activities, in
particular agriculture, have widely shaped the smagbe, including watercourses. In 2006, 62% ofahd area
was used by agriculture, (second in EU after UKjr@Stat, 2008). Drainage of land for agriculturatgose,
intensive culture, increase of live stocks, esplgcaiter World War 1, has deeply modified the @onment.
The increasing utilisation of fertilizers and agitaral manure on culture, to enhance productivigs led to
the situation where large quantities of nutrients aot used by the crops and consequently, threoghe

processes, such as erosion, solubilisation orriticpéar leaching, are delivered to water bodies.

In the late 70’s, the loss of nutrients from agditizal land started to spark off some concerns maabout
groundwater supplies (Kronvang et al., 2008). Haveit is at the beginning of the 80’s, that anrdvadarmed
Danish people. A TV report showed some dead lofsterthe Kattegat Sea, between Sweden and Denmark.
The reason of these deaths was attributed to hgphxe to an algal bloom provoked by agriculturatients.
This incident, among others, increased the conabout nutrients and led, in 1985, to the vote,HgyDanish
parliament, of an action plan to reduce N and @ leith a series of measures mostly destined tadinieulture.
In 1987, the first Action Plan for the Aquatic Eroiiment (AP-1) was imposed with the ambitious otijecto

halve Nitrogen losses and to reduce Phosphorueddss80%.

As a member of European Union since 1973, Denmagkdne to EU directives and therefore to the Water
Framework Directive (WFD). The aim of this direetiis to prevent further degradation of water bodied to
enhance status of aquatic ecosystems (Europeamrfant and of the Council, 2000) The transcription
Danish legislation was realised the 17/12/2003thadrhird Action Plan for the Aquatic EnvironmeAR-111)

was imposed in 2004. This last plan includes theatives defined by the WFD and the Habitat dinexti

Parallel to these policy measures, an effort wadema the sector of environmental research to dgvebme
methods and to have a better understanding ofrtvieoemental processes to fulfil the objectivesmed by the

legislation. These tasks were entrusted notabilggdNational Environmental Research Institute.

The National Environmental Research Institute (NERIso called Danmarks Miljgundersggelser in Danis
was established in 1989 to enhance the cohererteansistency within Danish environmental reseafdtte
institute is responsible for providing the techhiaad scientific foundation for national and somerdpean

policy decisions related to nature and environm&ERI is responsible of the nation-wide monitoring



programme. It collects processes and assessesnatfon about nature and environment and utilizes th
knowledge as the basis for producing independergnsiic advices to decision makers and various
governmental agencies. NERI also communicates nrdtion about nature and environmental issues to the
general public. In 2007, NERI became part of Ursitgrof Aarhus which is the second largest Univgrsi
Denmark.

The following study was carried out within the Frester Ecology Department described below.

The competences of the department of Freshwatelogicare centred on the structure and function of
freshwater ecosystems with a view to determining lloey are influenced by anthropogenic pressurbeg. T
development of methods for restoring lakes, watesss, riparian wetlands, floodplains and riveteyed and
for analysing measures to reduce environmentakpredrom agriculture is an integral part of thpattment’s
research, as is the development of models for dyisgt the effect of eutrophication, climate changaysical
pressures and hazardous substances on freshwasgstans and for use in river basin managemenhioign
The development of management-related models registo methods and measures at river basin leygi®sis
both national and international authorities witk tmplementation of EU directives, aquatic envirenplans

and action plans.

I.1. General remarks about Phosphorus and Nitrogen in ner ecosystem

Nowadays in Denmark, Agriculture is responsiblenafre than 80 % of Nitrogen (N) and 50 % of Phosp&or
(P) delivered to watercourses, lakes and coastidrsvgKronvang et al., 2005). The excess of nuisiean
cause degradations such as eutrophication (Meyli®82; European Environment Agency, 2005) and prisve
water bodies to reach the good ecological statqsined by the WFD. N and P are two chemical element

naturally found in the ecosystems. They are nusiessentials to plant growth.

Phosphorus

In river ecosystems, Phosphorus is dissolved ontbaa particles in either organic or inorganic fofDespite
its low solubility dissolved phosphorus plays aywinportant role due to its negative impact ondhbesystem,
if it is found in excess, because it is often ihdting nutrient in freshwater systems (e.g. lakggppesen et al.,
2003).

Under its particulate form, phosphorus is boungédicles by sorption or precipitation.

The main mechanism of binding is however adsorpt8orheidegger and Sparks (1996) defines adsorpgion
the accumulation of a substance or material ahterface between the solid surface and the batwhgion.
Adsorption, in the case of phosphorus, is of majtrest because phosphorus can be accumulatediment

by adsorption onto ferric hydroxide Fe(OOH).



Accumulation of phosphorus can also occurs by pietion with Ca-ions (Golterman, 1995a) but thisqess
is of minor interest in the case of the two Daniskrs studied because of the low Ca content irgwogical

substrate and consequently in the water.

The adsorption of orthophosphatgP®, onto Fe(OOH) can be described as follow (Golteri@95b).
Fe(OOH)+H,PO, o~ Fe(OOH) =P (oxic conditions)

The fact that most of P is bound in ferric hydr@€chas the consequence that the P-dynamic wouttbbely

link to iron cycle (Baldwin and Mitchell, 2000) wdh is redox-sensitive.

Under anoxic conditions iron is reduced and Phagpivauld be desorbed:

2_
Fe= HPO, «~ Fe** +HPO,

Nitrogen

Nitrogen in sediment is present under,
* Organic form: Compounds from amino acids, aminestgin and humic compounds.
* Inorganic N: Ammonium, nitrate, nitrite.

The nitrogen cycling is described in figure 1.

In this study, the steps of ammonification andibification are of particular interest.

Ammonification

Reddy and Patrick (1984) define ammonification las tonversion of organic N to ammonium N. This
conversion is generally realized by heterotroplactéria or fungi under aerobic condition. Ammordfion is
possible under anaerobic conditions but the ratgldvibe slower. The ammonification is part of theqarss of
mineralization which is the degradation of orgamiatter into mineral compounds. If oxygen is pregbet

ammonium can be transformed to nitrate via Nitaificn.

Nitrification

Nitrification is the biological oxidation of ammaumn to nitrate (Reddy and Patrick, 1984). The tvegstof
nitrification are realised by bacteria under aezaanditions.

1* stage

Nitrosomonas Ni +1/2 Q ©>NO,- +2H"+H,0

2" stage

Nitrobacter NQ +1/2 G >NO;



Nitrate Nitrite

Reduction NO, it

Denitrification

Mitrification
Step 2 Uptake Nitrogen Oxides
N,O, NO
Nitrite o
Organic nitrogen
NO.
Atmospheric
Uptake Mineralization Nit
Nitrification lrrogen
Step 1 NQ
Reduction
Ammonium
NH4+ N-Fixation

Figure 1: Nitrogen cycle modified from Hoffmann (1998)

I.2. Problematic

To answer to the problems caused by these nutr@gmtsespecially P, the NERI launched, in 2006 pitogect
“Best Management of Stream Banks, Bufferzones almbdplains for reducing Agricultural Phosphorus
Losses” (BUFFALO-P). One of the aims was to inygg the P-release kinetics from riparian sediments
This report will focus on the mobilisation of Nigen and Phosphorus, from floodplain sediment stdyeto
repeated cycles of drying and rewetting by rainwatéis study describes two laboratory experimeatsied
out to simulate and to determine the effect ofitiberaction between rainwater and sediment, degsifter a

flood, from two Danish River floodplains: The SkyeRiver and the Odense River.

[l. Introduction

In order to reach the good ecological status reqguby the WFD (European Parliament and of the Ggunc
2000), special attention must be given to N anchilware responsible of degradation of ecosystems.

River floodplains are considered as an importanht dif the nutrient cycle and budget, especiallyfbosphorus
(Mitsch et al., 1979; Brunet and Astin, 1998; Bruard Astin, 2000; Kronvang et al., 2007). Durin§cd
event, sediment will be deposited on the floodpldihis sediment deposition has been studied reggridi
nutrient composition (Kronvang et al., 2007), paetisize composition (He and Walling, 1997) bulditis
known about the fate of deposited sediment onltdoelplain, especially subjected to rainfall, inneof nutrient

storage efficiency.



Many studies describes the effect of reflooding'sdiSharpley, 1996; Turner et al., 2003; Siddicued
Robinson, 2004; Styles and Coxon, 2006), lake sedinBaldwin, 1996; Qiu and McComb, 1996; Mitchell
and Baldwin, 1998; Xiangcan et al., 2006) or wetlaediment (Baldwin and Mitchell, 2000; Baldwinagt,
2000; Olde Venterink et al., 2002; Surridge et 2007). They have shown a release of N and P flmn t
materials considered. The release of nutrients ftoadplain sediment subjected to a flood has [stadied by
(Baldwin et al., 2005; Olde Venterink et al., 200&e and Hupp, 2007). However, the effect of raitewan

the sediment has barely been studied yet.

In the following study, the effect of rainwater éipd on floodplain sediment is described using staberatory

experiments.

The first experiment concerns the release of migifom dry sediment placed in a beaker fillechwéinwater.

A comparison between two contrasting catchmendanay one and a clay / moraine catchment will beedo

Experiment and analyses, except grain size asalf@i Odense River sediment, were realised in 2006
Tommy Silberg, lab-technician at NERI under theesuision of Dr Carl Christian Hoffmann, senior sttist at

NERI. Some of the results are discussed as parpablication by Kronvang and Hoffmann, 2008, ivieer.

The second experiment consists of studying thecedierainfall applied to a layer of sediment defeason the

Odense floodplain.

For this purpose, fresh sediment was placed undainéall simulator reproducing the alternationrainy and

dry conditions.

The objectives are:
* To study the effect of rainwater applied to floaplsediment,
* To quantify the release of P and N from the sedirteethe water phase,
* To determine the parameters influencing the releabdeand P,

» Todiscuss the potential differences in the redtis Skjern and Odense sediments.

The first experiment enables to determine the cbahtihanges due to the interaction between raimwate

and sediment and the impact of drying phases amettiag.

In the second experiment, sediment will be expdsetémperature and rainfall reproducing the climati
conditions occurring in April and May, i.e. aftdret flooding period has ceased (winter is the diggha
period in DK).



lll. Materials and Methods

l.1. Study sites
Sediments used in these experiments came from amisD rivers, the river Skjern and the river Odgffigare
2). These two rivers were selected because of diféérences in soil's texture. Odense catchmegbisposed
of clay/sand whereas Skjern catchment is very sa@dwsidering that P and N are mostly stored infithe
grain especially the fraction below 63 um (Andridwoyer and Aminot, 2001; Owens and Walling, 2003;
Kronvang et al., 2007), results between these twarg should show some differences in term of g@rand

release of nutrients.

f..:'Siudy site Skjern

i Study sitelOdense

Altitude  560:67 km

Figure 2: Map of Denmark with the position of the two study sites (source google Earth).

[11.1.1. Odense site

The study site is located on the island of Funetywben the cities of Brobyveaerk and Hillerslev B82 U
058-2137 UTM 61 20156). It is part of the Odenselvaent which encompasses an area of 1046 kne
river basin include 1100 km of watercourses and02p6nds and lakes (>100°m Water from the
catchment is drained to the Odense Fjord whichoisnected to the Baltic Sea. The floodplain was
restorated in autumn 2003 and has been transfoftoedarable land to a permanent grazed meadow. The
Odense river basin was one of the fifteen Pilagrivasins selected by EU to test the implementatidhe
WFD.



Geology and pedology

The landscape was shaped during last glacial pgifddichsel) when the area was covered by ice.
Consequently the common feature is moraine plarerasl by moraine clay.

Clay soil's represents 51 % of the basin wherea%49 sandier (Fyns Amt, 2003). These soils argoaid

quality for the agriculture.

Land use and population

Agricultural activities use 68 % of the territoffhe remaining part encompasses forest (10 %), wabaa
(16 %) and natural or semi-natural site (6 %). Pbpulation is 246 000 inhabitants mainly conceptidh
the city of Odense (182 000 inh.) situated dowiastrérom the study site.

Climate
The average temperature according to the datactetiefrom Danish Meteorological Institute (DMI) is
9.2°C for the period 1999-2006. Monthly precipitats for the period 1999-2006 are presented indigur

The median annual precipitation is 753 mm. The &leris dominated by oceanic influence.

90
80 1 M
70 =
60 -
50 1

pn | | ||| [ Preciptation
30 H (H — — H
20 1
10 H | — — H

0 T T T T T T T T T T T
01 02 03 04 05 06 07 08 09 10 11 12

month

mm

Figure 3: monthly average precipitation for the Odense study site (1999-2006).
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Hydrology
The annual mean discharge at Broby monitoringastati 5 km downstream of the study site) is 2.9sm

The monthly mean discharge for the 1917-2006 pesiguesented in figure 4.
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Figure 4: Mean discharge of the Odense River at Broby monitoring station (1917-2006)

The annual mean discharge at the mouth of the isv@5 ni/s (Thodsen, 2007)

I11.1.2. Skjern Site

The Skjern River, situated in Jutland, is the riwéth the highest discharge in Denmark. Its rivasib drains
2490 knf to the Ringkebing fjord at the North Sea coastifitythe period 1999-2002, the Skjern River was the
place of one of the largest restoration projecEimope. The project included the restoration ofkB# of
cultivated, drained land by re-meandering the riaed re-establishing the natural water levels tbaane
biodiversity and water quality in the river andtive estuary (Pedersen et al., 2007). The studyissiticated
near the city of Skjern (32 U 046 8173 UTM 61 97689

Geology and pedology

During the last glaciation (Weichsel), the glaaied not reach the western part of Jutland wherestady
site is situated. Nevertheless, it strongly infleesithe morphology of the landscape, digging thiewat
the ice melt and depositing till. This explains thigh proportion of sandy soil's which are covering to

80 % of the area. The remainder includes loamyyand organic soils.

Land use and population
A large proportion of the watershed is used by cdfire (75 %), (Svendsen and Hansen, 1997). The

population numbers about 87 000 inhabitants whegheasents a relatively low density of 35 inh?km

11



Climate
The average temperature is 7.6 °C and the medempation is 843 mm (Svendsen and Hansen, 1997).

The climate is oceanic.

Hydrology
The closest monitoring station from the study s#tethe station of Ahlergaarde. The monthly mean

discharge calculated for the period 1920-2006 ésgmted below (figure 5):

25

20 H1 7 =

15 A

/s

€ 10

Figure 5: Mean discharge of the Skjern River at Ahlergaarde monitoring station (1920-2006)

The annual mean discharge at the mouth of the isv@5 ni/s (Pedersen et al., 2007).

Recap of the main characterigtics of both catchments
Despite both watersheds are dominated by agriejlthere are some differences especially in terpedblogy

and population density. The main characteristiaghefentire catchments are compiled in the table 1.

pedology Land-use
catchment | _ M ) ) | Precipitation Average | density
area (km?) Discharge| sandy Loamy Clay Organic|Forested Cultivated Urban Natural, semi- (mm) Temp | Population inh/km?
m®/s % sandy% % % area% area% area % natural area % T
Skjern 2490 35 70-80  15-20 - 4-8 13 75 5 7 843 7.6 87150 35
Odense 1046 6.5 49 - 51 - 1 68 16 6 600-850 8.2 246000 235

Table 1: Main features of the Skjern and Odense catchment
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.2. Experiment 1: Phosphate and ammonium release fromdodplain sediment under aerobic

conditions.

Sediment sampling
Sediment deposited by the river during flood evewse trapped on artificial grass mats (Astrétuts x 15

cm) (Figure 6).

Figure 6: Artificial grass mats Astroturf® placed on the Skjern River floodplain

These grass mats were placed at different distgtaiele 2) on floodplain forming a transect pergeuldr to
the river channel. For the river Skjern site, thatsrwere placed on 19/11/2007 and harvested or8/2008
just after a flood event. For the Odense site, gyraats were installed on 03/11/2005 and collected o
29/03/2006. After some few days of storage in aolom at 5 °C, the mats with their layer of sedimeete
oven dried at 60 °C during 5 days, and then aferewveight, removed from the mat and dried for @raa@t

105 °C, this stage of drying enabling to kill baizte

sampling distances (in meters from the channel)
Skjern 1 5.6 10.7 16.5 23.8 311 40.8 52.3 70.9
Odense 1 8 10.7 16.5 23.8 31.1 40.4

Table 2: Localisation of the mat on transect on the floodplain for Skjern River and Odense River.

Experiment procedure

Double samples of 5 g dried sediment were placelemkers. The beakers were filled with 1000.00 g of
artificial rainwater representative of the compositof Danish rainwater (composition of the watan de
found in appendix 1).

Every day, water was stirred during 1 min with egnmetic beater, then allowed to settle and wateptesywere
taken out from the beaker, filtered at 0.45 pmvoica particulate-P and placed into cold room befamalyses.

At day 6 and 12, water from the beakers was geastiyoved and beakers and the sediment were oven alrie
60 °C during two days. Then 1000.00 g of artifiaiainwater were poured into the beaker and stireng

sampling were done every day following the samecgulare as described before. In order to consider th

13



influence of stirring in the experiment, water aetliment were left undisturbed between day 19 &hdRe

experiment was realised at laboratory temperatige20-22 °C).

Analyses realised
Analyses were carried out to determine:
» chemical changes in water composition due to ttexaction between water and sediment

« the main characteristics of the sediment.

Ammonium
Water samples were analysed for AW on flow injection analyser spectrophotometer hatcQC 8000
according to the method Quickchem 10-107-06-3-A

Ortho-phosphate

Ortho-phosphate (P£) concentration in the water was determined as-P@n flow injection analyser
spectrophotometer Lachat QC 8000 according to #thod Quickchem 10-115-01-1-B (equivalent to Murphy
Riley molybdate blue procedure (Murphy and Rile362)).

Total Phosphorusand Iron

Total P and Iron concentration in the sediment teeémd after incubation were measured on specttopteder
Shimadzu UV-160 after combustion at 550 °C anditpiln mild hydrochloric acid according to the nadh
described by Andersen (1976).

Sequential extraction of Phosphorus
Non-incubated sediment went trough a sequentiabetxon according to the method of Psenner andkeucs
(1988) modified by Paludan and Jensen (1995). Tiaistionation allows determining the different p®ol

phosphorus is sorbed to.

The first step (water fraction) gives the Dissolvedactive Phosphorus (DRP), the Dissolved Non-Resct
Phosphorus and the loosely adsorbed DRP.

The second step (Bi-Dithionite fraction) makes jjaesto extract Dissolved Reactive Phosphorus (DRP)

adsorbed onto the surfaces of oxidized compounée @nd Mn.

The lasts steps give the rest of the phosphorusic@d in the sediment.

Organic matter

Organic matter was determined by loss on ignitlddl} at 550 °C in a muffle furnace.

14



Grain size analyse
Grain size analyse was performed using wet siewireghod with 10 g DW sediment on Frit§ckieving
machine. Five different sieves were used: 2mm, 1800um, 250um, 125um, 63um. The sediment was not

oxidized before the sieving.

C/N analyse
The Carbon and Nitrogen analyses were done onrspaatometer Europa Scientific Roboprep CN and dirac

Mass.

Data analyse
The Pearson product moment correlation was usddstofor correlations among parameters. Relatigsshi

between variables were assessed using linear signed he significant level used for all tests \Wwas0.05.

1.3. Experiment 2: Release of phosphorus and nitrogen &m floodplain sediment submitted to

rainfall.

Sediment sampling
Following the same procedure described in sectichsediment was trapped on artificial mats Astrjt 30 x
30 cm on Odense floodplain during winter 2007/200D&1ats were collected at 5.6 m, 16.5 m, 23.8 i, rh0

from the channel.

Experiment procedure
In a climatic chamber, the 4 mats with their lagérfresh sediment were placed under 4 rainfall &itous
(figure 7 and 8). This device, designed by Dr Qahristian Hoffmann (NERI, Silkeborg, Denmark), is
constituted by:

e apump,

e agenerator,

e arain water reservoir,

e an upper part with 180 needles,

* acylinder (diameter = 30 cm),

» alower part with a Nytal filter membrane (30um),

* asampling bottle.
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Figure 7: Photo of the experimental device

Figure 8: Cylinder with the sediment (left), upper part of the system with the needles (right)

The generator enables to control the speed of tleppand consequently to manage the intensity of the
precipitation. The pump is connected by a pipéheoartificial rainwater reservoir which is placed @ balance

to know and to control the amount of the rainféilhe water is pumped up to the upper part wherendeelles

are reproducing rain drops all over the surfacthefsediment which is placed in the cylinder. Thesg mats
and the sediment were previously cut to give tlapstof a disk to match with the diameter of théncigdr.

The mats were perforated using an awl to let thieemgercolate the artificial grass mat. At the twttof the
cylinder was placed a membrane with a grid sizZ&0gfim in order to prevent loss of sediment. Aftdittration
trough the membrane, the outflow water was coltebig a pipe to a plastic bottle. After collect, gies were
placed at 2 °C in darkness.
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The sediment was alternatively subjected to rdiafad dry period during 2 months in conditions daing the

temperature and the pluviometry of April and May.

Rainfall

In order to reproduce natural condition, rain da¢sie gathered from the Danish Meteorological logti{DMI)
for the station DMI 10352. Data covered period frb@899 to 2006. Monthly rainfalls for April and Mayere
used. These months were chosen in order to simthateconditions after flood period. The flood pdrio
normally takes place during winter time and endspaing. A median monthly rainfall of 43 mm for Alpand
47 mm for May was calculated. As it was not posstbl get data of rain intensity, it was decideadpply the
monthly amount in 9 days of rain. The choice ofaydwas done as the median number of rainy daiiéyr
and April. After conversation with Dr Carl Christigdoffmann (NERI, Silkeborg, Denmark), a rain irdiy of
1.5 mm / hour was chosen. This intensity enablgsaoa infiltration in the sediment. To simulate #iernation
of dry and rainy period, it was decided to applyran 2 consecutives days and to have 5 days withoy

precipitation. So for practical reasons, it wasidied to have rain on Mondays and Tuesdays.

Temperature
To simulate the temperature condition in April avdy, temperature data for the period 1999-2006 weesl
and the monthly median temperature was calcul#&edmperature of 8 °C was determined for April &2d°C

for May.

Evaporation

The mean daily evaporation was determined for Agmd May with evaporation data from DMI for the iper
1999-2006 and the zone concerned. This number Wasndm / hour and 0.13 mm / hour respectively fprilA
and May. It was not possible to control the humiditthe climate chamber and the functioning of thamber
presented the inconvenient of drying the air. Tcasuee the evaporation caused by the climate charaber
bucket filled with water and weight every week, weed. It was determined that the evaporation wasnd

0.3 mm / hour which is above the natural conditions

Analyses

Ammonium, orthophosphate, total phosphorus, Ironewaeasured following the methods described i.lII.
nitrite + nitrate were measured as nitrite at sp@ttotometer Lachat QC 8000 according to the method
Quickchem 10-107-04-1-B.

Grain size analyse was realised using wet sievieghoa previously described in 1ll.2. The dry weight

deposited on each mats was measured at the ehd experiment.

Data Analyses
Data were analysed following the same procedurdiorezd in section I11.2
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IV. Results and Discussion
IV.1. Experiment 1: Phosphate and ammonium release fromdodplain sediment under aerobic

conditions

IV.1.1. Phosphorus

IV.1.1.1. Phosphate analyses

The cumulated concentration of phosphate releaspesented in the figure 9 for both rivers. Thaiits of the
analyses of water samples revealed a general sectieathe concentration during the time of the expent.
This corresponds to a release of phosphate frorsdtliament to the water phase. The term releasesrefall
the processes (e.g. desorption, dissolution) dmrtirig to a mobilisation of phosphate from the seit to the
water phase. The amount released differs withirtwioerivers and also between the different samptioigts at

the two rivers.
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Figure 9: Cumulated concentration of phosphate (PO4>-P) in the water during the experiment and at the
different distances (m) from the river channel.

(a) for the sediment from the river Skjern; (b) floe sediment from the river Odense. The drying ebéasted 2 days at 60
°C. Note the different scale between the Y- axes
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The P-release for the Skjern sediment samplesalasvely low, as are the variations between samgghioints.
the smallest amount of phosphate released froraetienent at the end of the experiment was 16 pgPd g
dry weigh, at a distance of 1 m, whereas the largesunt, 30 ug PO-P /g DW, was released at 5.6 m from

the channel.

For Odense sediment, the amount of, R released after 26 days ranges between 61ug¥ quidl 503 pg /g
DW at respectively 1 and 40.8 m from the channbé Gurve of release of the sediment harvestechafrbm
the channel shows a clear difference with the otligiances. A possible explanation of such a diffee is

given in section IV.1.1.2

The average amount released at the end of theimaudris 22 ug / g DW for Skjern and 357 ug / g D
Odense, i.e. almost 20 times more for Odense tbatsKjern. The variability within the sample for €te

river is higher with a coefficient of variation 40 % whereas is 19 % for Skjern River.

In both cases, the procedure of drying the sedirapptars to stimulate the release of phosphateetavater
phase as a net increase in the release can bevethserthe days following the drying. The increaseelease
following drying is illustrated by figure 10 whigthows the release rate in ug® /g DW per day. Peaks of
release can be noticed after each drying periocskpern. In the case of Odense, after each dryergpg the
release of P-P seems to be a more gradual increase as comipatieel Skjern sediment. During the period
without agitation (day 19 until day 23), there wery low release for Skjern and even some uptake f
Odense. This effect can be due to the absenceitatiag during these days which would allow sometiof

phosphate to be re-adsorbed in the sediment.

It can be noticed that even without absence ofigit some uptake seems to appear for some dayDég.3
for Skjern). This might be explained by some efaiite to laboratory procedure.

There is not any significant relationship betweerelease and the distance from the channel (SkRTrs
0.001 p = 0.979/ Odense®* R0.39 p = 0.135).
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Figure 10: rate of release in ug/ g DW . day for the sediment from a) Skjern River b) Odense River and at
different distances (m) from the channel. For a better reading only few distances are reptedeThe other distances
can be found in appendix 2.
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Sources of Phosphate

This release of Phosphate after drying is in acwed with the results of (Qiu and Mccomb, 1994; Qnd
McComb, 1996; Baldwin and Mitchell, 2000; Baldwina., 2005; Styles and Coxon, 2006) who described

flush of P after drying phase and reflooding sedim&he main hypotheses of the release are:

1)
2)
3)

1)

2)

3)

cell lysis of bacteria due to drying
Decomposition of Organic Matter before the firsiggt of drying
Disruption of phosphate bonds during drying andisg.

The potentials contribution of dead cells to phasph release has been described by Turner (2003)
who explained that some phosphorus come from #ie of microbial cells provoked by osmotic shock
due to rewetting dry sediment. In his study, seise dried at only 30 °C whereas in the presemtystu
sediment was dried at 60 °C and 105°C. As a comsegy it can be assumed that after such stages of
drying, all the bacteria were killed and thereftirat the release of phosphorus would occur notuseca

of an osmotic shock but because of the solubitisatif phosphorus contained in dead cells. As no
bacterial activity was detected during the expenimthis contribution from bacteria cells shouldréa
happened only in the first days of the experimaftér the first drying stage which took place beftire

first addition of water (i.e. before day 0O in thgeriment).

During the period when the mats were on the floadpland before the first stage of drying,
mineralization may have occurred and may thus reoeimulated some phosphorus (Baldwin and
Mitchell, 2000)

Van Gestel et al (1991) reported the stabilizioig 10f clays on soil organic matter and biomass Th
procedure of drying, stirring and rewetting coulivé modified the structure by desiccation of clays,
exposure of fresh surfaces of sediment particlissyption of the weakest bonds and may consequently

have increased the availability of phosphorus.

IvV.1.1.2. Relationships with sediment characteristics and comparison between the two
rivers

Total Phosphorus

An explanation of the higher P-release from ther@desediment as compared to the Skjern sedimelt beu

higher Total phosphorus (TP) content (table 3). Tiedian TP concentration is 1.2 mg / g DW in Skjern

materials and 2.2 mg / g DW in Odense materialg difference in TP content can not entirely explidiat the

PO, >-P release is almost 20 times higher for Odense thaSkjern. A study realised by Jensen (2006) has

already shown a high difference in P-release betv&gern and Odense by placing particles colleetethe
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estuaries into P-free sea water for 24H. The ammlatsed by Odense sediment was 7 times higherféina

Skjern particles (23.6 pmol/g DW and 3.4 pmol/g D&%pectively).

The ratio PQ-P released / TP expressed as a percentage irsdibatproportion of PO-P released compared
to the total P content (table 3 and figure 11). ftean proportion of P released from Odense sedimet-
fold larger than from Skjern sediment. An averatg.@ % of the P-content is released for the Skgmaiment

whereas for Odense the average is of 17.3 %. Tisen® significant linear correlation between TP dhd

released for Skjern materials%(R0.001 p = 0.94). The correlation is significaot Ddense (R= 0.65 p =

0.028). It can be deduced from these results tieiniechanisms of releasing are not only contrdihedhe

initial TP concentration in the two sediments butdd be influenced by other parameters.

Skjern Odense
Dist. fromthe " O+T  Total P %PO4-P |Dist.fromthe " O4T  Total P % PO4-P
channel (m) released Mg/g DW released channel (m) released mg/g DW released
Ho/g Ha/g
1 16 935 1.8% 1 61 412 14.7%
5.6 30 737 4.0% 8 374 1516 24.7%
10.7 21 1224 1.7% 10.7 403 1817 22.2%
16.5 19 883 2.2% 16.5 433 2240 19.3%
23.8 26 1157 2.2% 23.8 414 2796 14.8%
31.1 18 1823 1.0% 31.1 313 2755 11.4%
40.8 23 3091 0.8% 40.8 503 3600 14.0%
52.3 20 2123 0.9%
70.9 23 2761 0.8%

Table 3: Concentration in Total Phosphorus and PO4-P released for the sediments collected at each distances
for both rivers, and percentage of PO4-P released compared to TP.
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Figure 11: Percentage of PO4-P released during the experiment, by the sediments at the different distances

from the channel.

23



Iron

It was mentioned in the introduction that phospkooan be linked to iron. The link between iron and
phosphorus in sediment is well known as P can hamdmnto Iron hydroxides (Mortimer, 1941; Mortimer,
1942; Lijklema, 1980; Golterman, 1995a). Hencenlampncentration was measured in order to provide an

explanation in the difference in P release forzhvers.

With a median concentration of 40 mg Fe / g DW, Tiotal Iron content in Skjern sediment is highearttor
Odense (26 mg Fe / g DW) (table 4). The higher rontent in Skjern sediment is due to the fact that
Skjern catchment naturally contains high amountsoor, originally under the form of pyrite (F9%nd siderite
(FeCO;,). The channellisation and the deepening of therrassociated to the ditching of riparian areasdur
the 1960s has provoked oxidation of these minemats consequently the release of ferrous iron falby
oxidation of ferrous iron and formation of ochredather ferric iron compounds. The restorationhef area has

improved the situation by decreasing iron concéiotman water but there is still much left.

There is a strong correlation between Total IroRg)Tand TP (figure 12) for both rivers. Nevertheldeere is
no significant correlation between iron content &ckleased (Skjern’R 0.02 P=0.731 Odens€ R 0.42 P=
0.113). This absence of correlation can be expdainyethe fact that P adsorbed onto iron hydroxidesleased

under anoxic condition. As this experiment is 1ig&diin oxic condition very little of the P bounditon should

be mobilised.
Dist from TFe mg Fe/g| Distfrom TFe mgFe /g

the channel DW the channel DW
1 35.1 1 4.5
5.6 24.4 8 20.2
10.7 40.5 10.1 20.8
16.5 31.6 16.5 26.3
23.8 34.1 23.8 36.9
311 63.8 311 47.5
40.8 94.3 40.8 46.4

52.3 72.1

70.9 82.3

Table 4: Total iron concentration in each samples collected.
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Figure 12: Relationship between total iron concentration (TFe) and Total Phosphorus (TP) in the sediment
from Skjern and Odense.

Sequential extraction

The sequential extraction performed enables ugterohine which pools phosphorus is sorbed to. drntable 5
the results of the fractionation are presentedart be noticed that most P is found in the resifiaation which
includes Apatite P, humic acid P and refractory s fraction is of minor interest in this experimes the P it
contains should not be mobilised. It is interestimgotice the significant correlation between ¢bacentration
of PQ2-P in the water fraction and FOP released for the river Skjern?®0.753 p = 0.002) (figure 13). For
Odense, the correlation is not significant €R0.98 p = 0.081) but as the fractionation datig arere available
for three distances (1 m, 16.5 m, 31 m), theseegare mentioned just as indication. Nevertheiessn be
supposed that there is a relationship between @&-P released and the FOP in water fraction as the water

fraction represents the water soluble P.

dist (m) water fraction BD fraction mg Residual P mg

mgP/1000g DW P/1000g DW P/1000g DW
1 6.97 278 1248
5.6 10.76 359 510
10.7 4.24 358 883
16.5 3.90 167 250
23.8 13.33 393 1736
31.1 7.28 347 1480
40.8 3.58 308 3090
52.3 7.07 277 2265
70.9 14.15 308 451

Table 5: Results of the sequential extraction for Skjern River.
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Figure 13: Comparison between PO4 released and water soluble IP

The ratio PGQP-P in Water fraction / TP expressed as a percentagéadted in the table 6, shows that Odense
sediment has a larger proportion of Water P thajer8ksediment. This parameter could explain, in esom
measure, that higher amounts of Z® are released from Odense sediment as compa®kjexn sediment.
The low value of PEI-Pin the water fraction at 1 m from the Odense rieginnel can explain that the lowest
value of release was obtained at 1 m.

However water fraction cannot be considered astthe source of P liberated to the water as the anot

PO, *-Pin water fraction represents less than the amoliiteoPQ*-P released at the end of the experiment.

Skjern Odense
3- 3-
Dist (m) % PO,"-P Dist(m) ~ °PO.s-P
water fraction water fraction

1 0.09% 1 12.8%

5.6 0.93% 16 2.8%

10.7 0.34% 31 0.9%
16.5 0.88%
23.8 0.28%
31.1 0.23%
40.8 0.14%
52.3 0.12%
70.9 0.06%

Table 6: percentage of PO4>-P in water fraction compared to TP in each sample of sediment.

The molar ratio Fe:PO4, for the Bi-Dithionite (BBaction which contains iron hydroxides, presentedhe
table 7 can provide good indications about the inopa@apacity of the sediment, that is to say theacay for
iron to provide adsorption site for PO4. It is adesed that for one mole of PO4 adsorbed, two mold<e are
mobilised (Golterman, 1995b; Lehtoranta and Heiskai2003). Thus, The BD fraction of Odense, witiati

Fe:PO4 around 4.4, is much more loaded in PO4 tharone of Skjern River which shows a ratio ranging
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between 27.6 and 111.5. The TFe:TP reflects theedaend. The negative correlation between TFe:TRAmo

ratio in the sediment and the concentration of’P®in the water is in accordance with the resultsesfsén

(1992) who noticed a relationship between thisratid the P concentration in the Danish lakes dezun the

study.
a) Skjern
BD fraction Total
dist(m) | umolFe/g umolPO4/g Fe:PO4 | umolFe/g pmolP/g TFe:TP
1 583.3 11.3 51.7 629.8 51.6 12.2
5.6 319.7 12.3 26.0 436.8 29.0 15.0
10.7 507.5 12.6 40.4 725.6 41.2 17.6
16.5 151.0 5.5 27.4 566.5 13.7 41.4
23.8 593.2 12.8 46.2 611.5 69.0 8.9
311 699.9 12.0 58.3 1142.8 59.9 19.1
40.8 1106.9 14.6 75.7 1690.6 114.5 14.8
52.3 893.4 14.0 63.6 1292.5 87.2 14.8
70.9 1106.6 16.3 67.9 1474.4 154.1 9.6
b) Odense
BD fraction Total
dist(m) | umolFe/g umolPO4/g Fe:PO4 | uymolFe/g pmolP/g TFe:TP
1 43.9 10.6 4.1 80.1 13.2 6.1
16.5 278.0 62.6 4.4 471.3 72.3 6.5
31.1 355.9 80.0 4.4 851.3 88.7 9.6

Table 7: Results of the sequential extraction and ratio Iron: Phosphorus

Even though no significant correlation between lconcentration and RO-P released were found (SkjerAi-R
0.018 p = 0.73 / Odensé€ R 0.266 p = 0.235), it may still be assumed thatdifference in Iron concentration

between Odense and Skjern can explain why the sigimount of P&P released was from the Odense

sediment. Furthermore the ratio TFe / TP indicdbeg Odense sediment is more loaded, that its isarpt

capacity is lower for Odense than for Skjern. Ttypothesis of the influence of iron content on lease can be
established by comparing the Fe:PO4 ratio withpteportion of PGQ¥-P in the water fraction (figure 14). A

significant correlation between these two paramnsatefound. Accordingly, it can be concluded tlinet Fe:PO4

ratio influences the proportion of the P@P in the water fraction and consequently the atdity of PQ? for

the release.
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Figure 14: Ratio Fe:PO4 in the BD fraction and Phosphate in the water fraction

Spatial variability
As mentioned before, there is no relationship betwéhe distance from the channel and P released.
Nevertheless, the distance seems to explain 73% 9486l of the TP variation for Skjern and Odense

respectively (figure 15).
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Figure 15: relationship between TP concentration in the sediment and the distance from the channel for river
Skjern and river Odense.

Overbank deposition is related to many factors sagfioodplain topography and geometry, flood déjoos

sediment characteristics, water exchange between and floodplain and river planform (Kronvangatt,

2007). The link between TP-content and the distémoa the channel could be the decrease in gramas the

distance from the channel increase. If the mediangsize (D50) is compared with the distance fribm

channel, a significant negative correlation is f@or both rivers (figure 16).
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It has to be noticed that, as the average D50 Kg@r® (124 um) is higher than average D50 for Odgi88

pum), the hypothesis formulated in the introductibat the sediment in Skjern catchment is coarsan tor

Odense catchment is confirmed.
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Figure 16: relationship between median grain diameter and distance from the channel for both rivers.

As mentioned before in section Ill.1, phosphoruminly stored in the fine fraction, for that reaso special

attention was given to the fraction under 63um Witiontains silts and clays. There is a significgatdtionship
between the fraction below 63 pm and TP, (Skjet*R,789 p = 0.003 Odensé R 0.96 p < 0.001) (figure

17). Some analyses of an even finer fraction cputdbably give even better correlations, especatiglyses of

the clay fraction. Furthermore, differences betwggres of clays (e.g. kaolinite) could as well eplsome

differences in the retention of P.
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Figure 17: relationship between total phosphorus in the sediment and fraction under 63um

The figure 18 illustrates the strong correlatiobwmen TFe and the percentage of grain size belpm63t can

be seen that as the percentage of fine fractidharsediment rises, the TFe content increases.réligonship
might reflect the capacity for iron to be storedtiays.
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Figure 18: relationship between the percentage of fraction under 63um and the Total iron content in the
sediment.
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Figure 19 : relationship between the percentage of particles under 63 pm in the sediment (%< 63 um) and the
organic matter content (LOI)

Relationship from the same order than for TFe aedaund between LOI and the fraction less thapBBas it

can be seen in figure 19. The relationship betwEea and LOI in the materials might be explainedaby
segregation in the sediment due to internal tramspual sieving (Danenlouwerse et al., 1993) andyosome

associations between iron and organic matter ssickeg-humic complex.
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Figure 20: Relationship between Loss on Ignition (LOI) and Total Phosphorus for the sediment from river

Skjern and River Odense.
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Figure 21: relationship between Loss on Ignition (LOI) and Total Iron (TFe) in the sediment for Skjern River

and Odense River.

The figure 20 shows some strong relationships batwid® and LOI. These correlations might be expthime

the fact that as LOI and TFe are strongly corrdldfeyure 21) and as TFe and TP are strongly catedl as

well, therefore it is not surprising to find somerrelations between TP and LOI. In addition, ikieown that

some of the phosphate comes from the mineralizagbrorganic matter which could strengthen this

relationship.
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IV.1.2. Nitrogen
Iv.1.2.1. Ammonium analyses

As the experiment is realised under aerobic camdiind without any bacterial activity, the only idgen
specie present in solution should be ammonitihe analyses done to determine ammonium conceorirati
the water revealed an increase in concentratiothBbwater samples from both rivers (figure 22Y. the river
Skjern the release of NHN increases with the distance from the channetdpixfor 16.5 m and 40.8 m). The
same trend can be noticed for Odense sedimenughhiie samples 8 m - 10.7 m — 16 m do not follzactdy

this order.

At the end of the experiment, for Skjern sedimamymonium reached concentrations, in the water,imgng
between 106 and 650 pg/g DW at respectively 16.%md 40.8 m while for Odense sediment these
concentrations ranged between 45.5 and 930 pg/gaDi¥spectively 1 m and 40.8 m from the channelhén
case of Skjern River we can distinguish two groapsurves: the five lowest curves with a final eded
concentration between 178 and 300 pg/g DW and thpp&rmost curves ranging between 500 and 930 pg/g
DW. The cause of these differences will be devealdpether.

There are significant correlations between,NN released and the distance from the channel (Skje=
7.0083x + 144.41 R=0.70 p = 0.005 Odense y = 22.071x - 11.78% B.92 p < 0.001)

In both case it can be noticed that a large amsur@ieased in the first's days of the experiméatday 5, for
Skjern sediment, between 51 and 68 % of the totaluamt released was already released and betweandrl
121 % for Odense sediment. This pulse can be pealbl the first drying stage which would have enigeed
lysis of cells. Another possible source of ammonigan be the solubisation of ammonium which was
accumulated in the sediment before the first drgtage. A similar pulse of N after drying was ekshied by
in the case of Australian lake sediment dried atQ@uring 40 days (Qiu and McComb, 1996). Thisspuk
even clearer in our case as there is no bactasiaditg. Thus, N released coming from lysis of selill be
delivered at the rewetting after th&stage of drying, resulting in a flush of ammonium.

It is difficult to see the influence of théand &' drying steps even if in the case of Skjern theéndrphase
between day 5 and 7 appears to stimulate the eel€as Odense it is not possible to see any efffecit could
be explained by a larger amount already releasmdthieé same reason it is not possible to determunyeeffect
of the agitation.

The release is after the first week very slow bseaalmost all the stock of NHwas already liberated to the

water phase and as there is no bacterial activiisetis no more mineralization and production ofrexmium.
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Figure 22: Cumulated concentration of Ammonium (NHy*) in the water during the experiment and at the
different distances (m) from the river channel. @ for the sediment from the river Skjern; (b) fbetsediment
from the river Odense. The drying phases were dimng 2 days at 60 °C. Note the different scalevben the Y-

axes.
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vV.1.2.2. Relationships with sediment characteristics and comparison between the two
rivers.

Total Nitrogen

The values of TN in the sediment before incubatimmmentioned in the table 7. The average TN cdratém
incubation is 3.3 mg/g DW for Skjern and 8.1 mgAy/Dor Odense. There is a linear correlation betwEkln
and NH-N released (Skjern y = 0.0818x + 70.085=R0.75 p = 0.004 Odense y = 0.0565x - 71.436 R.75 p
=0.01).

The percentage of TN that was released was cabcul@able7). The average amount released is 11f@r %

Skjern and 7.4 % for Odense. A remarkable valug3d % is reached at 1 m from the Odense riverralan

Skjern Odense
Distance TN pug/g NH4 % Distance TN pug/g NH4 %
released released
(m) DW released (m) DW released
Ho/g Ho/g

1 2583 178 6.9% 1 193 46 23.6%
5.6 1913 204 10.7% 8.0 4860 278 5.7%
10.7 3412 263 7.7% 10.7 6645 195 2.9%
16.5 757 106 14.1% 16.5 9631 179 1.9%
23.8 1705 278 16.3% 23.8 10471 500 4.8%
311 3678 287 7.8% 311 12612 694 5.5%
40.8 7121 650 9.1% 40.4 14321 928 6.5%
52.3 2937 537 18.3%
70.9 5712 567 9.9%

Table 8: Total Nitrogen (TN) contained in each samples and amount of ammonium (NHj*) released to the
water.

Organic Matter

As it was explained in part | most of nitrogen @fd in organic matter and will be liberated throowgt
mineralization. As a consequence, the relationshigteeen LOI and TN (fig. 23) and between LOI ard,N
released show some strong correlations (Skjerny34.9x + 86.718 = 0.92 Odense y = 3675.9x - 115.05 R
= 0.77 p < 0.001). Three samples from the riveeBkshow some percentage of Organic matter mudtehig
than the other (22 to 34 versus 4 to 15 %) (tahlé¢h®se numbers could explain the higher releasé@qusly
described for the 3 furthest distances from thencbhin section. The significant correlations betwehe
distance and the percentage of LOI (Skjern y =080+ 0.0382 R= p = 0.005 Odense y = 0.0053x + 0.0418
R? = 0.91 p < 0.001) demonstrate an increase in fip@nic matter content in the sediment as the distémom

the channel increases.
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Skjern Odense
Distance (m) LOI D|s(tri;1ce LOI

1 7.1% 1 1.1%
5.6 4.4% 8 8.9%
10.7 8.7% 10 11.6%
16.5 5.5% 16.5 15.0%
23.8 7.8% 23.8 18.3%
31.1 15.2% 31.1 20.3%
40.8 33.8% 40.8 23.4%
52.3 21.8%
70.9 27.8%

Table 9: Loss on Ignition expressed as a percentage in each sample.
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Figure 23: Relationship between Loss on Ignition (LOI) and ammonium released for the sediments from

river Skjern and River Odense.

Carbon Nitrogen ratio

The C/N is used as an indicator of the speed oéralization of organic matter: The higher the ratie higher

the speed of mineralization. Therefore, it sigsifteat the production of NAHis higher and then it could be

assumed that a larger proportion of TN would beaséd if bacteria would be present in the sedinvérdh is

not the case here. The C/N ratios are relativeylar within samples from a same river which carekplained

by a same origin of the organic matter (table 10).
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Skjern Odense
Distance C mg/g N mg/g CIN Distance C mg/g N mg/g CIN
(m) DW DW (m) DW DW
1 36.5 2.6 16.5 1.0 3.8 0.2 23.0
5.6 24.0 1.9 14.6 8.0 46.6 4.9 11.2
10.7 44.4 34 15.2 10.7 57.2 6.6 10.0
16.5 7.7 0.8 11.9 16.5 86.9 9.6 10.5
23.8 20.4 1.7 14.3 23.8 92.6 10.5 10.3
31.1 46.4 3.7 14.7 31.1 102.9 12.6 9.5
40.8 83.1 7.1 13.6 40.4 102.6 14.3 9.7
52.3 35.9 2.9 11.4
70.9 71.4 5.7 14.6

Table 10: Carbon and nitrogen content in the sediment. The ratio C/N is expressed in mol/mol.

Spatial variability
The grain size analysis performed highlight that TN and OM contents are significantly correlaiedhie fine

fraction of the sediment (figure 24 and 19).
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% < 63um

Figure 24: Comparison of the grain fraction under 63um and the total Nitrogen.

According to these results, it can be hypothesthatithe grain size appears to be a factor coirtgothe OM
content which influences TN concentration and cqueetly the release of NH Therefore to know the
percentage of LOI could provide good indicationstlod potential release from the sediment to theefvat
Indications could be given by the percentage df fiaction as well but this value is more diffictdt obtain
than the LOI.
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IV.2. Experiment 2: Release of phosphorus and nitrogen &m floodplain sediment submitted to
rainfall.

After 2 months, the four mats did not show any mafnges in visual appearance. Only few seedsigateal
and the plants did not grow higher than 3 cm. Tiheeace of plant growth could be attributed to #k lof
light which has engendered complicated conditimmsphotosynthesis or by the absence of an underlsail
which prevents the deepening of the roots. The tddight was due to the configuration of the systehich
was creating a lot of shadow above the sediment.

The amount of sediment on each mat was differeitt@an be read on table 11. The differences aptaged

by the variation in sediment deposition along thadect on the floodplain.

dist. from the amouqt of
channel de_posned
sediment (g)
5.6 634
16.3 322
235 169
101 42

Table 11: amount of sediment deposited on each mats. The weight was determined after drying at 60 °C.

The total amount of rainfall precipitated on theliseent is figured on the table 12. It correspormg3 mm
(precipitation for April) added to 47 mm (precigitan for May) applied on a 30 cm diameter surfatke
percentage of water collected ranges between 78h8d which represents an evapotranspiration reti@den
0.28 and 0.37 mm / hour. This value is of the sander than the evaporation rate determined by visiga

bucket filled with water every week which was ard@30 mm / hour.

Distance total amount of total amount % of water Evapotranspiration
from the . of water
channel (m) rainfall (mL) collected (mL) collected mm / hour
5.6m 6246 5052 81% 0.28
16.5m 6246 4774 76% 0.35
23.8m 6246 4788 77% 0.34
101 m 6246 4689 75% 0.37

Table 12: Quantity of rainfall applied on each sediment, quantity of water collected after percolation in the
mats, evapotranspiration rate.
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IV.2.1. Phosphorus
IvV.2.1.1. Phosphate analyses

A release of PG to the water phase occurred during the duratiah@fexperiment (figure 25). The release of
PO, >-P increases with increasing distance from the mhlarHowever, the correlation is not significant=y
0.0113 x + 0.7366 R= 0.612 p = 0.21) After 61 days the amount reléasgied between 0.35 and 1.7 ug/ g
DW at respectively 5.6 m and 101 m.
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Figure 25 : Cumulated concentration of POs*-P released during the experiment for the different samples of
sediment collected at 5.6 m, 16.5 m, 23.8 m and 101 m from the channel on the floodplain of Odense River.

IvV.2.1.2. Relationships with sediment characteristics

Total Phosphorus

distance from the /g DW PO,>-P released % PO,>-P
channel (m) ug/g DW released
5.6 2065 0.35 0.017%
16.5 2997 0.98 0.033%
23.8 3351 1.50 0.045%
101 4830 1.78 0.037%

Table 13 : Content in Total Phosphorus (TP), Phosphate (PO43--P) released to the water phase by the
sediment at the end of the experiment and percentage of phosphorus released for each of the samples
collected on Odense floodplain.
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As it can be seen in table 13, the TP contentdeasing with the distance from the channel. Tétgsificantly
correlated with the distance from the channel (#5057 x + 2390.05 RR= 0.90 p = 0.05). P{ released is
correlated with TP but the relationship is not figant (y = 0.0005 x — 0.5356°R= 0.868 p = 0.07). The
percentage released is very low, only very littfepbosphate are released from the sediment. Inradatu
conditions more plant growth could have been exuktend therefore a P-uptake would have presumably

reduced the P-release.

Iron
distance from the
channel (m) TFe mg/g DW
5.6 28.6
16.5 32.6
23.8 34.7
101 85.5

Table 14: Total Iron concentration in the sediment at different distances from the Odense River channel.

The material harvested at 101 m is much richeran than the three others sampling sites (5.6 b 4623.8
m)(table 14). Iron is correlated with the distaricen the channel (y = 0.6161 x + 22.714-R0.9938 p =
0.003). This higher iron content might explain ¢ concentration in the sediments even if the imalahip
found is not significant (y = 0.0216 x - 26.106=R0.85 p = 0.08).

Sequential extraction

dist (m) BD fraction Total
pmolFe/g pmolPO4/g Fe:PO4 |umolFe/g pmolP /g TFe: TP
5.6 140 15 9.3 340 83 4.1
16 208 21 10.1 522 123 4.3
23 338 23 14.4 777 124 6.2
101 490 31 16.0 1071 236 4.5

Table 15: content in Iron and Phosphorus in the Bidithionite (BD) fraction and in the sediment. The molar
ratio between Iron and Phosphate in BD fraction (Fe:PO4) and between Total iron and Total phosphorus in
the sediment (TFe:TP).

In the table 15, it can be observed that the a&d?O4 is increasing with the distance from thenobh It
signifies that the sorption capacity is higher e sediment harvested at 101 m and thus thatit&les can
bind phosphate more easily and to retain it mowngty. The TFe:TP ratio is really lower for thegiosediment
than in the BD fraction. The BD fraction contaimewnd 45 % of the Total Iron of the sediment wheré®4 in
BD fraction represents about 17 % of the total Phosus. Therefore it means that most of phospherstored
in other pools or under organic form. The ratioF&24 in the BD fraction was lower in the Odensersedt in

the previous experiment (cf. table 7). A hypothesiplaining this difference could be that the isignof the
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flood event was different and therefore the mal®rexroded, transported and deposited were of difter

characteristics.

distance fromthe % PO,*-P
channel (m)  Water fraction

5.6 0.053%
16.5 0.036%
23.8 0.030%
101 0.015%

Table 16: Percentage of Phosphate measured in the water fraction compared to TP

The percentage of ROP in water fraction is indicated in the table fie values are very low which could
explain the low percentage of release ofPfom the sediment to the water phase. The relstipnbetween
these two parameters is nevertheless not signifigem -0.5705 x + 0.0005%= 0.5934 p = 0.22).

The percentage of ROP in water fraction seems to be influenced byReePO4 ratio even if here again the
correlation is not significant (y = 4°2+ 0.0009 R = 0.8384 p = 0.084). The percentage of,RP in water
fraction and the percentage of P@ released are not significantly correlated ($5705 x + 0.0005 = 0.22

p =0.22). Although the correlation in sot signifitdat can be assume that there is a relationshiywd® these
two parameters as the percentage of F®in the water fraction represents the Phospluitle in water. The
absence of correlation might be explained by:

= The bacteria might play a role by retaining som¢hefphosphate or by delaying the release.

Grainsize

The median grain size (D50) decreases for the3Jidistances and then is higher at 101 m (table T} can
be explained by the composition of the sample. éddeontrary to the other samples which are moreeral,
the sample collected at 101 m from the river is gosed by much of fragment of plants, wood, etc. ddwsity
of these matters is under 1, therefore it can ftmathe water and go further than minerals padiglbich are
subjected to the action of gravity. An oxidation tbe organic matter before the wet sieving wouldeha

probably given very different results.

Distance from

the channel (m) D50 %6<63um
5.6 0.089 33%
16.5 0.057 54%
23.8 0.046 64%
101 0.148 29%

Table 17: Grain size of the sediment collected: median diameter (D50) and percentage of particles under 63
pm.
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Organic matter

The organic matter content confirms that the saroplected at 101 m is much more organic than gugnsent
the three other grass mats (table 18). .

distance from the

channel (m) LOI
5.6 21%
16.5 24%
23.8 26%
101 64%

Table 18: Percentage of Loss on Ignition (LOI) in the different samples collected on Odense floodplain.

IV.2.2. Nitrogen
v.2.2.1. Ammonium analyses
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Figure 26: Cumulated concentration of ammonium measured in the water compared to the concentration
ammonium in the rainwater during the experiment for the different samples of sediment.

The cumulative concentration of iyHmeasured in the outflow water sampled is preseintdijure 26. The
negative values are explained by the fact thattimeentration of N is lower in the samples collected that in

the rainwater applied on the sediment. Thereforaeins that some of the iHas been has been retained,
taken up or transformed to another compound irséaement.

Rainwater is not the only source of ammonium ingbdiment. Nif comes as well from the organic matter by
the ammonification process which is performed bgtéxda. The “uptake” of NI in the sediment can also be

explained by the transformation of \WHnto NO;™ via the process of nitrification done by bacteria.
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Thus, this should contribute to an increase incttrecentration in N@ concentration in the sediment. There is a
strong correlation between TN measured in the sedlirbefore the experiment and NHoncentration (y = -
2.2383 x + 8.8866 R= 0.9933 p = 0.003). It signifies that the higrethie total Nitrogen, the higher is the NH
consumption. Knowing that TN represents the measen¢ of Nitrogen in the sediment and that the,NH
consumed is coming from the rainwater it is, astfisight, difficult to conclude about the origin tfis

correlation.

However it is known that TN and NHare not independent values, TN concentrationdsstim of organic N
(org-N) + NH," + NO;. More precisely TN = org-Ng+ 0rg-Nyo; + NH; 205 + NH,'so) + NOs'o (ads: Adsorbed
on particles; sol: in solution)

Nitrification processes can take place in the wpherse and in the sediment.

Ammonification of org-N occurs in the sediment. Tdfere, in the water phase, WHand NQ" will be found
whereas in the sediment NHNO; and org-N are present. The only species measungadgdthe experiment
are NH" and NQ'. A high TN in the sediment is linked to a high amgc matter content (y = 43.579x - 2.7338
R? = 0.9678 p = 0.02). Thus it can be assumed thtitngmt with high organic matter content will havens
bacteria to consume NHand consequently a linear relationship can be ddoetween the consumption of
NH," and total Nitrogen. This assumption is right ifsitassumed that the quality of the sediment islairfor
every sample which is not the case as C/N diffatsimvthe samples. Nevertheless, as the C/N ineseasth
the distance, our explanation might be still vaictept the fact that a linear regression wouldheothe best

tool to correlate the two variables.

v.2.2.2. Nitrate analyses

According to the conditions of the experiment (d#oand bacterial activity) and knowing that oxidatof
nitrite to nitrate proceeds at a faster rate thandxidation of ammonium (Reddy and Patrick, 198#yjte
level should be negligible or very low, thus it wiecided to measure both B@nd NQ as NQ'. In the figure
27, it can clearly be seen that nitrate concewtnaincrease in the outflow water during the expernim The

amount released at 101m from the channel is mugtiehithan for the others distances.
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Figure 27: cumulated concentration of nitrite + nitrate measured in the water for the different samples of
sediment collected. Due to a higher release, the curve for 101 is shown in another plot with a different scale.
Nitrate probably both comes from the mineralizatwborganic matter (i.e. ammonification) and thesequent
nitrification of NH," to NO;. An additional contribution could be the nitriftzan of the ammonium already
present in the sediment. A much higher amount toata is released by the sediment collected atmiGfom
the channel. It could be explained by a higher arhof organic matter resulting in a higher bactesctivity.
The correlation is significant (y = 3890.1x - 897 & = 0.9943 p = 0.02) but must be taken with cautioe th
the configuration of the data (i.e. 3 values ofikinorder and one extreme value). This amounbtsonly from
what was “uptaken” from the rainwater becauseig tompared with NI from rainwater the absolute value is

lower than the concentration of N@or the four distances but the closest from thanclel. Consequently, the
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amount released might be attributed to the mireadin of organic matter. Besides, a look at C/tibréable

20) indicates that mineralization and hence amnatibn is more intense at 101 m.

An increase of the rate of release seems to hagipe@nday 30 as a breakpoint in the curves canbserged.
This effect might be attributed to the rise of temgiure from 8 to 12 °C and its possible influeanébacterial
activity. A higher temperature can stimulate thevig of bacteria which could degrade organic reafaster
and therefore increase the production and the seled NQ". Frederick (1956) has demonstrated that the
greatest increase of nitrification in soils is beém 7 and 15 °C, therefore even a rise of 4 °Cf(oen 8 to 12

°C) can make a significant difference in the forioabf nitrate.

Total Nitrogen

distance from the N mglg DW %N released

channel (m)

5.6 4.6 0.06%
16.5 7.7 0.11%
23.8 10.5 0.29%
101 24.9 6.42%

Table 19: Total Nitrogen in the sediment and Percentage of Nitrogen released compared to the total.

The release of nitrogen is ranging between 0.066##8 % at respectively 5.6 m and 101 m from therri
channel, after 61 days of experiment (table 19 pércentage of release is linked with the totabgen in the
sediment (y = 85.207 x - 605.Z R0.936 p = 0.03)

C/N
dlszig%i;rlo(n;])the C mgl/g N mg/g C/N
5.6 53.7 4.6 13.7
16.5 78.6 7.7 11.9
23.8 90.7 10.5 10.1
101 165.2 24.9 7.7

Table 20: Carbon and Nitrogen content in the sediment.

The observation of the Carbon and Nitrogen congéent especially of the C/N ratio shows that the aite
mineralization is increasing with the distance frama river (table 20). Thus the lowest bacteridivity will

take place at 5.6 m while the highest one will b®0d m from the river.
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V. Conclusion

V.1. Experiment 1

The study of the drying and rewetting of floodpla@diment placed in beakers filled with rainwated @he
subsequent release the two nutrients studied masrditrated different results for the two rivers.

The main results and conclusions are:

Phosphorus

» After 26 days, the average release of phosphorgs22g.19/g DW and 357 pg/g DW for the Skjern
sediment and the Odense sediment respectivelyedinmthat the release from Odense materials was
almost 20 times higher than for Skjern.

» The procedure of drying and rewetting had a stitmgeeffect for the P-release. Stirring contribused
well to the P-release by breaking the weakest bbetiseen particles and FO

» The P-release to the water phase was attributed to:

= Cells lysis due to drying,
= Decomposition of Organic matter (before first dgjin
= Disruption of P binding by drying or stirring.

+ Sediment from Odense River had a higher Total Riasis (TP) content as compared to the Skjern
River (2.2 mg/g DW and 1.2 mg/g DW respectively).

* The mean P-release from the sediment as compatbd total P content is around 10 times lower from
Skjern sediment than from Odense sediment withese value of 1.7 % and 17 %.

* The iron concentration in the sediment is higherSkjern than for Odense (40 mg /g DW and 26 mg/g
DW) respectively. This difference is explained hg fact that the iron content is naturally highrettie
River Skjern catchment.

» Phosphorus can be bound onto iron hydroxides wticbonfirmed by TP concentrations strongly
linked with the iron concentration (Skjerd 80.98 p<0.001 Odensé R 0.9056 p<0.001).

* The Fe:PO4 ratio in the BD fraction is significanibwer for Odense than for Skjern (4.3 and 51). It
means that the sorption capacity is almost fullglexed for Odense sediment. Thus, the retention of
Phosphate is weaker for Odense sediment than ferrSk

* An influence of the Fe:PO4 ratio on the percentafgehosphate in the water soluble fraction has been
distinguished. The higher the ratio, the smallergtroportion of phosphate in the water solubletivac

» The proportion of phosphate in the water solukdetfon is correlated with the percentage of phospha
released to the water phase. Hence, the Fe:P@tindltiences the percentage of PO4 in the water

fraction and consequently the release of PO4 tovHiter phase.
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The LOI and TFe are strongly correlated probablyalbse of the sorting of particles or by association
of these two compounds in clay-humic complex.

The grain size is smaller for Odense than for ®kjghich confirm one of the initial hypotheses of a
different texture between the two catchments.

The grain size influences the quantities of IronOR1 in the sediment as most of these elements are

stored in the fine fraction.

Nitrogen

Ammonium is released from the sediment to the walt@ise during the experiment. The release ranged
between 106-650ug/g DW and 45.5-950 pg/g DW foe®kand Odense respectively.
The release of ammonium was positively correlatéll the distance from the river channel.
The procedure of drying had a stimulating effectlmnN-release.
At day 5 of the experiment the amount of N releas@dpared to the value at the end of the experiment
was 51-68 % for Skjern and 71-121 % for Odenses@&halues characterise the very fast release of
ammonium to the water phase after rewetting.
At the end of the experiment, an average of 11.2n% 7.4 % of the total nitrogen content in sediment
was released from Skjern sediment and Odense seidiespectively.
The source of N released were identified as:

= Cell lysis due to drying induced,

» Solubilisation of ammonium accumulated in the seditn by mineralization

(ammonification) of organic matter beforg dtage of drying.

The release of NH is correlated to the initial total Nitrogen andthe Organic matter content in the

sediment.

V.2. Experiment 2

The release of P and N from Odense sediment exgosginatic conditions reproducing the months gfrii

and May has led to the following results and cosiolos:

Phosphorus

The release of phosphate from the sediment to Htervphase was very low, being between 0.35 and
1.7 pg/g DW at 5.6 m and 101 m respectively.

The mean P-release from the sediment comparee tmthl P content, was also very low as the highest
percentage of P released at the end of the expariine. after 61 days) was 0.045 % from the sedime

sample collected at 23.8 m.
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= The TP concentration in the sediment was increasiitiy the distance from the river channel with
values ranging between 2.1 and 4.8 mg/g DW.

= The total iron content in the sediment was strorggiyrelated with the distance with values ranging
between 28.6 and 85.5 mg/g DW at 5.6 m and 101spewtively.

= The Fe:PO4 ratio in the BD fraction varied gradualith the distance being 9.3 in the sediment @t 5.
m and 16.0 at 101 m.

= The percentage of phosphate measured in the walgble fraction compared to the TP content is
decreasing with the distance to the river and agpeabe controlled by the Fe:PO4 ratio in the BD
fraction.

» The percentage of phosphate in the water fractias mot found to be significantly correlated witle th

percentage of phosphate released in the water.

Nitrogen
Ammonium

» The analyses of the outflow water, after its tratlsiow the sediment layer, put into evidence a
consumption of the ammonium contained in the ratewhy the sediment. This consumption was
the result of retention by the sediment, an upthBkebacteria or a transformation to other
compounds (e.g. nitrate by nitrification).

= The consumption was increasing with the distanam fthe river channel due to a higher bacterial
activity.

= The rainwater was not the only source of ammonidmmonium was also derived from organic

matter via ammonification.

Nitrate

= A release of Nitrate from the sediment to the watiease was measured. The amount released
varied increasingly with the distance from the atedn The amount released by the sediment
collected at 101 m (1600 pg NEN /g DW) was much higher than for the three otbediments
collected (5.6 m: 2.7 pg NON /g DW, 16.5 m: 8.5 ug NON /g DW, 23.8 m: 30.6 pg NON /g
DW).

» The amount of Nitrate released compared to the niti@gen content represents between 0.06 %
and 6.42 % for the sediment collected at 5.6 mI&idm respectively.

= The amount of nitrate released to the water isetated with the total concentration in Nitrogen and
with the percentage of organic matter.

= The C/N ratio which is an indicator of the speednaferalization of organic matter is decreasing as
the distance from the channel increase. Theref@wéniighest mineralization rate is found at 101 m

from the river (C/N = 7.7 which favours nitrificati).
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= An increase in the release of N@ the water phase is noticed after day 30 wharhesponds to
the increase of temperature from 8 to 12 °C in otdaeach the mean temperature of May. This
temperature increase is responsible for the stitonlan bacterial activity resulting in higher

nitrification rate and consequently increasingrésiease of N@ to the water phase.

V.3. Conclusion

A non-negligible proportion of phosphorus (1.7 % d7 % for Skjern and Odense respectively) wasaselé

in the first experiment (i.e. after repeated cyadésdrying and rewetting), whereas a very low antooh
phosphorus was released (0.045 % from Odense seflichering the second experiment which is closer to
natural conditions.

In the case of nitrogen the release varied betwded % and 7.4 % for Skjern and Odense respectineiye
first experiment while in the second experimentydts ranging from 0.06 % to 6.4 % from Odense sedim

collected at 5.6 m and 101 m respectively.

Therefore the first experiment could be consider®ad potential P-release due to the tough treatapgiied to
the sediment (i.e. cycles of drying, rewetting aadbacterial activity) while the second experimeas closer
to natural conditions

This report has provided some evidences on thayutif floodplain and riparian area restoration, aasery
efficient trap for phosphorus and a good way falue@ng and delaying the release of Nitrogen whgctotally

in line in the perspective to fulfil the objectivdsfined by the WFD.

Prospects and recommendations for future researches:

» The utilisation of the Fe:PO4 ratio in the BD fiantas an indicator of potential P-release could be
developed in order to determine the status of seliim term of nutrient storage capacity.

= |t has to be emphasized that the rainfall simuldtms not reproduce the kinetic energy raindrops
have in natural conditions, therefore the effectdetroying, modifying the structures of the
particles: the “splash effect” was not taken intngideration. This effect, by degrading the
structure of the soils, could increase the reledgdhosphorus by exposing new surface to the action
of water. Moreover, in this study, the focus was tbe solubilisation of phosphorus. In real
conditions, erosion, transport of phosphorus bdormhrticles and colloids might have an impact in
the mobilisation of phosphorus. These aspects dmilchecked in aim-situ experiment.

= Furthermore, amn-situ experiment would provide some information about wieppens during a
whole year especially in winter when the releas® @ generally higher due to the decomposition

of plants. This could lead to the construction #reddevelopment of a P-release model.
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Appendices

Appendix 1: Composition of the artificial rainwater

NH4-N = 0.50 mg/Il

NO3z-N = 0.48 mg/I

Cl =5.76 mg/l

K=1.34 mg/l

Na = 2.67 mg/l

Ca=0.21 mgl/l

Mg = 0.069 mg/I|

SO, = 0.273 mg/l or SES = 0.091 mg/l
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Appendix 2: release rate
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