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Anotace:

Sedimenty odebrané v roce 2006 (dukiemyen, z#&) z piitokové a hrdzovéasti hypertrofni
nadrZe byly inkubovany a analyzovany v labofiasta simulace in situ podminek. Cilem bylo
zjistit rychlosti uvohovani fosforu a Zeleza a Zny ve slozZeni vertikalnich profil pérové
vody v hornich 6 cm. Vertikalni toky ¢gfenych analyt v porové vod byly zjiS&ny pomoci
gelovych minipeepér Tato metoda se ukazala jako vhodné pro sleddu@mientraci forem

P, Fe a z&kladnich iaintByly zjisteny rozdily mezi pitokovou a hrdzovouasti.

Annotation:

Sediment cores obtained during the year 2006 (Aguhe, September), originated from

inflow and dam sites in hypertrophic reservoir wereubated and analyzed in the laboratory
under in situ conditions. The aim of this study w@adind out the release rates of phosphorus
and iron and to define the changes in the condgmsaof dissolved compounds in pore water
in the first 6 cm in the sediment. Gel minipeepeese used to measure the vertical profiles of
dissolved analyts in pore water. This method wasdosuitable for investigation of P, Fe and

basic ions concentrations. Differences betweemntind dam site were found.
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1. Background

Sediments play a pivotal ecological role as a s®anck of nutrients to/from freshwater
ecosystems (Sgndergaard et al., 2003). The phasp®y pool in the sediment can be more
than 100 times higher than the pool present in la#ter, therefore the lake P concentrations
could be dependent in some cases on the sedimdet—ivdaeractions. The release of
phosphorus and nitrogen (N) from lake sedimentst®esn studied for decades (Mortimer,
1941, 1942; Nurnberg, 1987; Andersen & Jensen, ;1G8&dner et al., 2001). Phosphorus has
long been recognized as a key factor responsibleutvophication of fresh waters and for this
reason knowledge of its concentration is an impbrarameter determining the eutrophic

state of an aquatic ecosystems (Golterman & de Qg8 ).

1.1. Processes playing role in the P cycle

Most of the P incoming into lakes is in the formimdérganic P although some organic P may
arrive as well. Different situation is when P esténe sediment by far the greatest part is in
the organic form and is usually rapidly taken ugha growing season (Golterman, 2004). In
terms of P in the sediments, two processes ar¢edel®m the P fate: settled P that will
eventually be buried in the sediment, and P thitositransformed into an available form,

e.g. one that may potentially contribute to eutioation, before permanent burial (Boers,
1998).

All sediments and suspended matter are taking wmd® may release it when conditions
change. The environmental factors that regulatedlease rates of dissolved P (mostly,PO
are temperature, pH, redox potential and conceotratf dissolved oxygen (Bostrom et al.,
1988; Jensen & Andersen, 1992). There are numgnameesses leading to P release from the
underlying sediment to the water column, includdesgorption, dissolution of P bounded in

precipitates and inorganic material (Mortimer, 19Moore & Reddy, 1994), microbial
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mineralization of organic matter (OM) (Géatcher & e, 1993) and the diffusion of
dissolved P from sediment pore water (Bdstrom gt1888; Moore et al., 1998). French,
1983, gave an overall range of P release rate sdlaaveen —10 and 50 mg’dt for aerobic
and 0—150 mg ffd™ for anaerobic conditions.

With improved understanding of P behavior in seditsgit came to be generally accepted
that all interactions between sediments and oveglyiater mentioned above occur only in the
top active layer of 10 cm or less (Smits et al93Di Toro, 2001). This layer is defined as
the depth up to which there is influence of bioairdn and a potential P flux to the water
column proceeds. The P flux from sediment upwardht overlying water is also largely
influenced by the existence of the aerobic layemyhich the dissolved iron and other metals
are oxidized into forms that have strong adsorbegacities for SRP (Wang, 2003).

The pore water of the sediment, which normally ao# less than 1% of the sediments total P
pool is important for the P transport between thdireent and the overlying water (Béstrom,
1982). Diffusion rates in pore water are considgrédss than in open water due to presence
of solid particles and its tortuosity. For instanéeeshly deposited sediments have high
porosities (60—-90%) but decreasing with depth ugG® in the depth of a few centimeters
(cm) (Uliman & Aller, 1982).

In his experimental study, Koretsky et al., (20@@monstrated that the pore water vertical
zonation results from the oxidation of OM being pled to a succession of increasingly less
energetically—favorable terminal electron accepterg. Q, NO~N, Mn**, Feé* and SG*.
More rapid depletion of electron terminal acceptocsurs in late spring and summer when
OM is available and temperatures become highers&yently, the typical sediment profile
will have oxygen penetrating a few millimeters (mimjo the sediment, followed by NEN
and SQ® which can be found several cm into the sedimenexdéing on the decomposition
rate and N@-N input (Sendergaard et al., 2003).
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Typically, the zones of Fe oxide and P enrichmeatpaesent just below the oxic surface layer
since F&'oxides reductively dissolve to produce much morkitde Fé*. Emergent F&
diffuses upward from deeper, more reduced sedifagets and reacts with oxygen or nitrate

which are diffusing downward from oxic or pore watgKoretsky et al., 2006).

1.2. Comparison of pore water sampling

Concentrations of solutes in pore waters react gensitively to changes in environmental
conditions. Therefore, these concentrations arengiss indicators for biochemical processes
in lake sediments (Kleeberg & Kozerski, 1997).

Pore water can be sampled by various techniquetydimg centrifugation (Hamilton &
Morris, 1985), slicing the sediment into segmemid pressing the pore water out (Kleeberg &
Kozerski, 1997) or dialysis cells and gel minipaspgHesslein, 1976; Zhang & Davison,
1994; Teasdale et al., 1995). Dialysis cells (mehambered peepers) consist from an acrylic
body with a vertical array of dialysis chambers etlhare separated from the environment by a
dialysis membrane. This type of peeper is usedherdepth profile sampling mostly carried
out in the field experiments and it usually havééodeployed by divers (Lewandowski et al.,
2002).

Jacobs, 2002 used peepers which were designedwiderthe capability of sampling and
replenishing the dialysis chambers without retngvihe peeper from the sediment and thus to
permit a continuous monitoring. The disadvantage ispatial resolution of these peepers,
which is 1/5.5 cm, and thus, lower compared to ofheeper types (e.g. DET or DGT
technigues). Also the exposition time might be teédidue to organisms and biofilms clogging

either the membranes or the tubing.



Lewandowski et al., 2002 designed a novel two—dsieral sampler (2D peepers) to revealed
2D images of the SRP concentrations, diffusive dinand turnover rates in vertical and
horizontal structures.

Gel minipeepers, which consist of thin films of yadrylamid gel are used for small scale
detection experiments on the SWI (Teasdale etl@B5). The disadvantage of this type of
peeper could be the fact that the polyacrylamidigeontinuous medium and the measured
profile might be distort by lateral ion diffusiomrqeeeding in the gel. Both type of peepers
pointed above rely on a similar equilibration pnple but the equilibrium in polyacrylamid
gel is established in 48 hours in contrast to dayseeks in case of the dialysis chambers.
Generally, the gel minipeeper experiments are itaporto gain the detailed knowledge about
the spatial and temporal variations in pore wakemaustry which is not so well-known from
the point of small scale detection. This treatmentvery usable especially in polluted
ecosystems, where most of the pollutants are ¥irsdtbed in the sediments (Koretsky et al.,
2006). The method of sampling the pore water bggigel minipeeper presented in this study
was useful to gain the insight into profiles of @avater reliable solutions.

The core treatment in the laboratory comparedke &xperiments has an advantage of easier
sampling during the incubation period but the resuhight be distorted due to different
hydrological conditions compared to the lake sitratbecause the constant input of the

sedimentation, the bioturbation and other proceasepartly cut off.

1.3. General scheme of microbial processes zanatio

The strong coupling between the deposition of OM lbacterial activities in the sediment has
been shown for both marine and freshwater ecosgs(@obus et al., 2003). Their study was
based on sediment samples from four reservoirsiftérent trophic states, comparing the
chemical gradients in pore water, the compositiomiacrobial communities and extracellular
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enzyme activities. The assessment of extracelenayme activities (esterases, phosphatases,
glukosidases and aminopeptidases) in the sedinaemples revealed the specific patterns of
metabolic potentials in accordance with its tropétiate. Sediment was sampled at the lake
deepest point by the corer, followed by slicing Hegliment samples in the laboratory into
layers of 0.5-1 cm. The pore water was extracteddnyrifugation. For the microbiological
examination and the determination of enzyme aasjtthe sliced fresh material was diluted
and homogenized by the sonication.

In the upper oxygenated part of the SWI the dedmadaof OM take place via aerobic
respiration, which is the process generating thgekt free energy, followed by suboxic zone,
where nitrification/denitrification occur (Konhaus€007). The intensity of the nitrification is
governed by NE-N concentrations: NN is oxidized to nitrate which might cause the
nitrification peak very close to the SWI. The dae@ penetration, the higher rate of
nitrification (Blackburn, 1993). In contrast, deififing bacteria reduce nitrate to negligible
concentrations and completely degrade OM to..Cibe denitrifiers might be in competition
with some chemolithoautotrophic bacteria which albde to couple nitrate reduction and
sulphide oxidation (Konhauser, 2007).

In the zone of the nitrate removal, the reductibfre&* takes place, iron oxyhydroxids are the
preferred sources for Eereducing bacteria, more crystalline®Fexides such as hematite, and
magnetite are also microbially reducible (Geobawtetallireducens, Shewanella putrefaciens,
also some sulfate, nitrate reducers and methanogensell have ferric iron reducing
capacity). The significant Fe peak in pore watey mecur between the Fe and §Q@eduction
zones. F& diffusing upwards from reduction zone can be oxdizy MnQ or NO;—N
causing the precipitation as ferric hydroxide adsam any available solids. There is evidence
in suboxic sediments of diagenetic magnetit fororatKarlin et al., 1987), other minerals that
have been observed are vivianite and siderite.
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Two groups of S@ reducing bacteria are known below the suboxic rlagkee first one
utilizes lactate, formate, propionate, butyrateupgte, and aromatic compounds which they
oxidized to acetate. The second group oxidize teeth the way to C® The rates of the
dissimilatory sulphate reduction depend on the athami OM entering the anoxic zone
producing the hydrogen sulphide (Jgrgensen, 1982).

We can not strictly divide the sediment into zoragn though the microbial communities
aggregate into specific microniches which usualleriap each other (e.g. Fe and sulphate
reduction microorganisms). The bacterial trait efitshing which is used when their

preferable substrate is consumed (Konhauser, 2007).

1.4. The main purposes of this study

1) to determine the release rates of P, Fe,ANHNO;—N and SGF for better understanding
of the interactions on the sediment—water interface

2) to evaluate the vertical profiles of dissolvedm®, NH—N, NO>-N and SG in the pore
water by using gel minipeepers

3) to identify the possible microbial processes the basis of measured pore water

concentrations
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2. Materials and methods

2.1 Site description

The samples for the purpose of this study wereimddafrom the Jordan reservoir which is
situated in the southern part of Bohemia (49225N, 14°3954" E ). The Jordan reservoir is
hypertrophic and 3 km long with the surface are&®ha, zax=12.5 M, Zean= 5.2 M, volume

of 2.76*1¢ m*and the water residence time 75 days.

2.2. Sediment sampling

Two sampling sites were selected on the basis térdnces in physical and chemical
characteristics. The first site called Jo—A wasated in the shallow tributary area with the
depth of 2.2 m, the water column was not thermsathatified and the SWI remained oxic
during the sampling dates. The second site destabeJo—B was situated near the dam site
with depth of 8.7 m. Thermal stratification of thater column was observed in the summer
and autumn. Sediment samples were collected daioog (April, June and September) with a
5 cm internal diameter and 50 cm long gravity coEach sampling date three cores from
each locality were obtained. The temperature aeddibsolved oxygen (DO) water column

profiles were measured at 0.5 m intervals. (SonHgdrolab, USA).

2.3. Laboratory analysis

In the laboratory the undisturbed sediment core®weubated for 6 days in darkness and in
situ (temperature, oxygen) conditions in the indidmachambers. The summer and autumn
cores with anoxic sediments were treated in thefiféed box to inhibit the oxidation. The
overlying water in the sediment cores was mixedth®y peristaltic pump. The water was
pulled up at 0.5 cm above the sediment and sewstdbplow the water surface. The water

amount in the cores was approximately 0.5 litre aa$ changed by pumping every 40
12



minutes. Water samples from the cores were takéy alad filtered through glass—fiber filter
(MN GF-5, pore size 0.4 um). Filtered water samplese measured for pH, TDP (total
dissolved phosphorus), SRP (soluble reactive plwsgh ammonium (NN), iron (Fe),
nitrate (NQ—N) and sulphate ( S©) concentrations.

The phosphorus release rate was calculated overeairiterval of 24 hours as the difference
between two P contents measured in the water atheveediment The final release rate was
the average value of all rates measured duringrtbighation period.

After the cores incubation, gel minipeepers wergeited into the cores to find out the
dissolved ion concentration profiles at the SWI anthe interstitial water.

The sediment core from each site where the gelp®égper was not inserted was sliced at 0.5
cm segments down to 2 cm and analyzed for dry weigklv, 105°C) and loss on ignition
(Lol, 550°C, 2h). Wet sediment samples were homizgenby passing through 1 mm nylon
sieve and freeze dryied. Total phosphorus (TP) tatal iron (TFe) concentrations were

analyzed in the freeze dryied samples.

2.4. Gel minipeeper preparation

Gel was prepared according to Zhang & Davison (19@th some modification mentioned
below.

The gel polymer contained 15 % acrylamid and 0.3 @fosslinker (N, N
methylenbisacrylamid) mixed and diluted with disti-deionized water (DDW) to required
concentration. The polymerization process wasatat with amonium peroxodisulfate (60 pl
of 10% wt/vol for 20 ml of solution) and catalyzbyg TEMED (20 pl for 20 ml of solution).
After the initiator and the catalyst were added: Holution was again mixed and poured
between two glass plates separated by 2 mm thgegisent. The gel was washed by DDW
for 1 month to set the zero in MHEN concentration. Finally the gel was covered with
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semipermeable polyethersulfone membrane (0.45 pymgpe) and put in the plastic probe (2
mm thin, 11 cm long) with the sharpened end fotdpensertion into the sediment. The water
content in the gel was between 85-95%.

Gel in the plastic probe was put into the sedinamd exposed for 2 days. After the probe
removal from the sediment, it was qickly washedd®W in order to prevent the ingress of
sediment particles inside the probe and finally gleé was cut into 5 mm pieces. The part
exposed just below the SWI was cut into 2.5 mm dtavh cm for more exact approach. Cut
pieces were extracted in weighted plastic bottlgls %6 ml of DDW for two weeks to set the
equilibrium. The plastic bottles were carefully Wwad by DDW before use to reach the
conductivity of 0.5 uS/cm. The DDW where the gebvextracted was analyzed for TRR,
SRRow, Faow, NHi~N, NO;—N and SG dissolved organic phosphorus (DOP) was counted
as the difference between TRR and SRB,w.

The gel itself was extracted in 5 ml of HGIfor two days, followed by a sample analysis for
total dissolved phosphorusyf and total dissolved Fe (§9.

The sum of TDRw in the analyzed water and total dissolved phospghan the gel (R)

comprised the total dissolved phosphorus in portewa

2.5. Analytical methods
The dry weight (DW) was determined after dryingl@6°C for 2 hours, the loss on ignition

(Lol) by the combusting at 550°C for 2 hours. Sestitnrsamples for total contents of P and Fe
in the solid phase were freeze dryed followed blprametrical measurement after nitric—
perchloric acid digestion (Kopék et al., 2001).

TDP, SRP, Fe, NHN, Py, Fge were analyzed by the FIA (Flow injection analykechat,
USA), DOP was calculated as the difference betwd®@R,,, and SRB,w measured in pore

water. NQ-N and SG@ were determined by ion chromatography (Dionex, )JSA
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3. Results

3.1. Solid phase

The sediment characteristics from two differen¢sitvere compared (Table 1). At site Jo-A
the vertical profile of both DM and Lol were simila the spring and summer sediment cores,
in contrast to autumn samples where the lowestegalwere observed in the uppermost part
(0-0.5 cm). Comparing the inflow (Jo—A) and the ddm-B) sites, DM was higher at the site
Jo-A, the values ranged from 16% to 26% and ineckatearly with the depth. The DM
values at the site Jo—B ranged from 3% to 9%.

The samples of sediment layers were also analyaeddi. The Lol values unchanged at the
Jo-A site (12%) and were spatially variable at JloeB site (18-26%) in the spring and
summer cores, the decrease of Lol with depth odcureautumn cores at both sites, it is
considered that the Lol values were indirectly prtipnal to DM.

Concentrations of TP, TFe differed between botssithe Jo—B values were higher compared
to Jo—A. The decrease of TP and TFe concentratiotis depth was observed at Jo-B in
spring, TP decreased from 2.3 to 1.8 mg/l and Tdreentrations from 56 to 49 mg/l. Jo-A
concentrations unchanged during spring and sumimerthe TFe concentrations increased
with depth in the autumn (from 30 to 34 mg/l). Thiee: TP ratio represented the sediment
sorption capacity, the ratio valued from 20 to Ad &ncreased slightly with depth, except the

unchanged values in Jo—A summer profile.
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Table 1.The summary of DM, Lol, total contents of P, Fe dfek: TP ratio in the upper 2 cm of the sediment
at sites Jo-A and Jo-B in three sampling dates.

spring summer autumn

depth DM LOI TP TFe TFe:TP DM LOI TP TFe TFe:TP DM LOI TP TFe TFeTP
cm % % mg/lg mg/lg mglg % % mg/lg mglg mg/g % % mg/g mglg mgl/g

Jo-A 0-05 19 12 18 36 20 18 12 16 34 21 16 13 16 30 19
051 20 12 1.8 37 20 20 12 17 36 21 21 12 18 33 18
1-15 21 12 15 35 23 22 12 17 35 21 23 12 17 33 19
152 22 12 1.6 35 23 23 12 16 34 21 26 8 1.7 34 20
Jo-B 0-05 8 21 2.3 56 24 9 18 25 46 18 3 31 24 47 20
0.5-1 6 26 2.3 50 22 8 21 23 51 23 8 18 24 49 21
1-15 8 21 2.0 46 23 7 24 21 46 22 8 20 21 47 22
1.5-2 9 18 1.8 49 27 9 20 2.0 43 22 8 22 4.0 48 23

3.2. Phosphorus release

The thermal stratification of the water column wéserved in the summer and autumn at Jo—
B, in contrast to Jo—A, where no thermal strattfma was measured. The P, NN, NO:—N,
SO,* concentrations observed in the water column arechio Table 2. together with selected
physical (temperature, pH) and chemical (DO) patarse

Average release rates of SRP, TDP, Fe,MNH NO;—N, SQ* obtained from sediment core
incubations are described at Table 3. Release matasured at the SWI during core
incubations were mostly negative or varied aroundrfol/nf/d, these values reflected most
likely the uptake of dissolved elements into thdisent. The values which indicated high
release of TDP and Fe were measured only in thereunat Jo—A, TDP with the average
value 2.45 mmol/fid, Fe 0.18 mmol/Atd and NH-N 12.2 mmol/rfyd attached to decrease
of NOs=N, SQ? concentrations

Release rates at Jo—B were not largely differelet foom another, the uptake prevailed the
release during the dated period, except the suHgrN concentration with the value 1.09

mmol/nf/d.
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Table 2. The summary of temperature, dissolved oxygen, pkiesa TP (total phosphorus), RP (reactive
phosphorus), SRP (soluble reactive phosphorus),-MHammonium), N@N (nitrate) and S¢¥ (sulphate)
concentrations measured in the reservoir 0.3 meabw bottom in the overlying water.

Temp DO pH TP RP SRP NH4-N NO;-N S0.”

T mg/| ug/l pa/l uo/l mg/l mg/l mg/l

Jo-A spring 7.5 12 7.52 52 17 7 0.25 6.7 35
summer 16 9.5 8.73 88 18 7 0.54 0.1 34

autumn 17.3 15.7 7.49 68 14 3 0.01 0.0 34

Jo-B spring 2.9 2.2 7.2 156 124 138 1.15 15 42
summer 3.6 0.1 6.89 359 246 246 1.59 1.6 36

autumn 5.1 0.0 6.79 559 438 153 331 0.3 28

Table 3. Soluble reactive phosphorus (SRP), total dissolgkdsphorus (TDP), dissolved Fe, ammonium
(NH4-N), nitrate (NQ-N) and sulphate (SO) average release rates were based on sedimentnoiteations.
The core incubation lasted for 5 days, the release for particulate days was calculated as thtergifice
between two concentrations measured in 24 hours. fiffal release rate was the average value ofaddisr
measured during this incubation period.

SRP TDP Fe NH4-N NO3-N S04
mmol/m2/d

Jo-A spring 0.01 0.0 -0.02 -0.24 -1.18 0.23
summer 2.52 2.45 0.18 12.16 -9.56 -23.8

autumn 0.03 0.0 -0.03 1.44 0.53 431

Jo-B spring -0.07 -0.08 0.1 -04 -0.84 3.17
summer -0.41 -0.39 0.05 1.09 -1.47 0.31

autumn -0.04 -0.22 -0.02 0.2 -0.03 0.47

3.3. Sediment zonation

The pore water vertical profiles were divided adiog to SQ* and NQ-N concentrations
(Fig. 1, a, b, c, d) into upper (suboxic) and loWemaerobic) part for better interpretation of
results. Penetration of $O and NQ-N differed in three sampling dates at both sites,
therefore we should consider that the range ofiiger part varied during the year. The,SO
and NQ-N concentrations in the lower part at both siteseautilized and this part could be
determined as the anaerobic zone.

According to S@ and NQ-N penetration observed at Jo-A the upper partosasidered to
be down to 27.5 mm in the spring, back to 12.5 mitthé summer and back to 17.5 mm in the

autumn. Jo-B penetration of $0and NQ-N in the summer and autumn was the same as
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well as the range of upper part as observed at JusAthe spring upper part was different
from Jo-A and reached down to 22.5 mm.
From this point of view the upper part in the sesltnwas assumed to be the ,active*

sediment layer and the lower part as the layer mitist likely permanent burial of P.
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Figure 1: Sulphate and nitrate pore water concentrations umedsat Jo-A and Jo-B as follows during three
sampling dates. Solid line: sediment water interfaampling dates: long dashed line (_ _ ): spdoged line
(....): summer and dash dotted line (_._. ): autummeu part. These lines constituted the approxirhatendary
between suboxic and anaerobic zone.

3.4. Pore water and effects of diagenetic prosesse

Generally, TDP is formed by SRP, DOP ang Pthe ratio of these phosphorus forms varied
with season. The ratios measured in the upperwpare as follows: SRP:DOP&in the
spring at Jo—A 30:20:50 and 50:10:40 at Jo—B. Theumt of R increased in the summer
and autumn, the average ratio increased up to BD1 Jo—A and 20:20:60 at Jo-B in the

upper part. In the lower part more than 80% washéat by Beiduring all sampling dates.
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3.4.1. Pore water vertical profiles observed at Jo-A

Upper part

High decrease in SO concentration (Fig. 1, a) with depth was foundhia spring, the values

decreased from 42 mg/l at 1.25 m to 9.3 mg/l ab 2@m below the SWI. The summer and
autumn S@ profiles were similar to each other with the carications range from 32mg/l to

5.2 mgl/l.

Concentrations of N&N (Fig. 1, b) in the spring showed the rapid dasesbetween the

ovelying water and the layer 1.25 mm below the STWle NQ—N values of overlying water

concentrations were 5.5 mg/l and decreased upnm/B at 1.25 mm below the SWI. The
summer and autumn NEN profiles overlaped each other and NN depletion was observed

at 1.25 mm below the SWI with the values 0 mgthi@ summer and 0.8 mg/l in the autumn.
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Figure 2: Inflow part (Jo—A) pore water vertical profilesgfiosphorus (a), iron (b), extracted from gel by GCI
(Pger F&ye, the ratio of total concentrations of iron andgphorus (c) (TFe:TP), dissolved organic phosphorus
(d) (DOP), soluble reactive phosphorus (e) (SRE)anmonium (f) (NF-N) as a function of depth. Solid line:
sediment water interface, sampling dates: long ethdime (_ _ ): spring, dotted line (....): summadalash

dotted line (_._. ): autumn upper part. These liomsstituted the approximate boundary between satsmd
anaerobic zone.

The concentrations of (8 (Fig. 2, a) and Fg (Fig. 2, b) were seasonally variable and
increased with depth. SpringesRconcentrations at Jo—A were the lowest comparetitomer
and autumn, with the values increased from 0.4 togd.7 mg/l. The distinctgg peak (14.6

mg/l) was measured in the summer at 1.25 mm bdiewSWWI related to g peak (58 mg/l)
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observed in the same layer.qreoncentrations reached the highest values in thevau(up

to 32.4 mg/l.

Molar ratios (TFe:TP) are noted in Fig. 2, c. Thghlest range was observed in the summer
cores. The ratio value at 2.5 mm above the SWISvascontrast to the ratio at 1.25 below the
SWI which was significantly lower with the valuer2.

The spring Jo-A profile of TFe: TP values showedeaase from 3.5 at 2.5 mm above the SWI
to 5.2 at 1.25 below the SWI. The autumn profileTé®e: TP was not as dynamic related to
spring and summer ones, the ratio remain unchathgedghout the whole vertical profile.

High increase in DOP concentrations (Fig. 2, dhvei€éason was observed. The values range
in the upper part was greatest in the autumn fram @06 mg/l. The distinct decline in DOP
concentrations was observed in two layers, the éire at the depth of 2.5 mm, where the
concentration decreased from 2 mg/l to 1 mg/l iathd the nitrate reduction zone. The second
decline was observed at 22.5 mm and was defindtieasulphate reduction zone with the
concentration decrease from 0.94 to 0.06 mg/l. Senvalues of DOP profile ranged between
0.2-0.9 mg/l with the obvious declines at 7.5 mm 2A.5 mm below the SWI.

The SRP concentrations (Fig. 2, e) remained raBticonstant in all three sampling dates
except the highest peak measured in the summeithathialue 2.1 mgl/l.

Dissolved NH-N profiles (Fig. 2, f) were spatially and tempdyalvariable, the
concentrations in the upper part remained stabldenspring (0.03-0.08 mg/l) and did not
change a lot in the summer (4-2 mg/l) in contrasautumn concentrations which increased
with depth and varied between 2.7-10 mg/I.

Lower part

Lower part was characterized as the anaerobic ammeindicated the SO and NQ-N

depletion. The concentrations of all measured flisslocompounds 2, Fee, DOP, NH-N
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and TFe:TP) remained stable in this part. The Rraatation in the lower part was observed

just in the SRP autumn profile.

3.4.2 Pore water vertical profiles observed at Jo-B

Upper part

The obvious decrease in $Oconcentrations (Fig. 1, c) with depth was foundhie spring,
Jo-B values decreased from 35 mg/l at 1.25 mm upIang/l at 22.5 mm below the SWI.
The summer and autumn $Oprofiles were similar to each other except therslsaimmer
peak measured at 8.75 mm with the value of 30 n@therwise, the summer and autumn
concentrations ranged between 12.2—-1.7 mgl/l.

Concentration of N@-N (Fig. 1, d) showed the high concentrations angpring compared to
summer and autumn profiles which were characted®eNO;—N depletion at 1.25 below the

SWI.
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Figure 3: Dam part (Jo—B) pore water vertical profiles of ghloorus (a), iron (b), extracted from gel by HZIO
(Pge, Fegep, the ratio of total concentrations of iron andgphorus (c) (TFe:TP), dissolved organic phosphorus
(d) (DOP), soluble reactive phosphorus (e) (SRE)ammonium (f) (NF-N) as a function of depth. Solid line:
sediment water interface, sampling dates: long etddime (_ _ ): spring, dotted line (....): summadalash
dotted line (_._._): autumn upper part. These licmsstituted the approximate boundary between satsmnd
anaerobic zone.
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The Re peak (Fig. 3, a) reached the value 6.4 mg/l arslagaociated with Ggpeak (Fig. 3,

b) with the value 31.2 mg/l, these concentratiorsenobserved at 8.75 mm and strongly
coincided with decrease in NEN and NQ-N concentrations. ThegéPlsummer and autumn
values were similar to each other in contrast twelopart. Concentrations of fgncreased
with depth, as mentioned above the highest valezs wbserved in the spring with sharp peak
noted at 8.75 mm, the summer and autumn valuesd/Between 20.5-7.4 mgl/l.

The highest range in TFe:TDP ratio (Fig. 3, ¢) wated in the summer, the ratio value at 2.5
mm above the SWI was 7 with the decrease up t@#1525 mm below the SWI. In contrast
the spring value at 2.5 mm above the SWI was 2.9 amgl 1.25 below the SWI 1.8 mg/l.
Autumn values just above and just below the SWinditichange.

Increase in DOP concentrations was observed mairtlye autumn (Fig. 3, d), the values at
Jo-B in the upper part ranged from 3.3 to 0.2 nigie distinct decline in DOP concentrations
was observed at 17.5 mm and decreased from 1d QR img/l.

The SRP concentrations (Fig. 3, e) remained raBtigonstant in the spring and summer, the
increasing values with depth were observed in theran with the maximal value 2.6 mg/| at
17.5 mm below the SWI.

Dissolved NH-N profiles (Fig. 3, f) showed the most dynamicuesl in the spring, with the
maximum peak value of 16.5 mg/l at 1.25 mm below 8WI. This peak was absent in
summer and autumn profiles which remained relatig&dble throughout whole profile.

Lower part

SO and NQ-N concentrations in the lower part at Jo—B werarre detection limits.
Concerning R, Fege, DOP and TFe:TP there was not observed any obwnmusase in these
concentrations. The lower part, however, exhibdesharked SRP and NHN concentration

increase in the autumn.
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4. Discussion

4.1. Solid phase

The contents of OM measured as Lol were lower -aAJidong to lower values of TP and TFe

in the sediment particles in contrast to Jo—B. &heas not found high difference among the
measured layers besides the autumn profiles at $ih which showed the lowest values in
the uppermost part which indicated the freshlyleggeston (Gatcher & Meyer, 1993).

Jensen et al. (1992b) demonstrated in the studpawiish lakes that lake sediments with

TFe:TP ratio above 15 (by weight) decreased P seleahile the lakes with the TFe:TP ratio

below 10 were unable to retain P. In our study TPeratio in the sediment varied about 20,

which is the value possible to control the interRaloading. As mentioned above the high
release values were measured just in the sumnséealo—A and the release most likely as the

reflection of high sedimentation rate.

4.2. Release rates

We have to accept that our values based upon setlicoee incubations in the laboratory
presented the net release rates. The processadated cores are difficult to compare to lake
situation, because the influence of bentic "anifi@she cores is limited to the water column
of a few cms above the sediment and might be nrop®itant in core treatments than in in-
lake studies in contrast we can not simulate allithlake processes.

Nowlin et al. (2005) have measured the releasa iateutrophic reservoir, the SRP values at
the dam site varied between 0.2-0.4 mmbMdnin contrast to river site where the values
ranged between 0.05-0.06 mmdllth This release rates values were obtained frore co
sediments incubation the other method of deterrthirgelease rates was carried out in situ in
hypolimnetic water. Previous studies that also cameg sediment P release rates derived from

sediment core incubations and in situ hypolimn&i@accumulation have found that rates
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generated by both methods generally correspond with another (Nurnberg, 1987) in
contrast Nowlin investigated that P release ratgderchined from sediment core incubation
were more than an order of magnitude greater ¢lease rates determined from hypolimnetic
accumulation.

We measured P release rates by sediment core timubidne determined values were higher
at Jo—A and raged between 0.01-2.52 mnfdtimthe dam site (Jo—B) release rates valued
between —0.04 up to —0.41 mmof/th

The difference in release rates between site Joadh Jo—B was presumably because of
different physical conditions and DO concentrationthe overlying water. Compared to other
studies we supposed that the release rates at Sloedld be higher in contrast to Jo-A,
because of anoxic conditions observed during tmenser stratification in the hypolimnion,
but the summer values demonstrated that the contessright. At site Jo—B negative release
rates which indicated uptake were observed dutieghliree sampling dates in spite of anoxic
conditions observed in the summer. Negative releats could be explained by DOP and
SRP profiles, because there was found no gradwembth DOP and SRP which could indicate
release.

Sediments from inflow site (Jo—A) in the summeresoshowed the high release rates probably
due to high temperatures, presence of &1 intensive turnover caused mainly by particle
sedimentation entering the reservoir or producethen water column (e.g. algae, detritus)
(Sondergaard et al., 2003) these particles miglridhein easily degradable OM and created
the hot spots for microbial activity. There was round the summer increase in SRP
concentrations in the water above the sedimenttwhight be caused by high SRP release
from Jo—A sediment (mean value 6 pg/l) it was ssppothat the released SRP might be

removed by uptake or precipitation.
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Release rates at site Jo—-B lower compared to JmeAt likely because of relatively smaller
amounts of OM were deposited due to “open” wateaand the low temperatures together
with anoxic conditions slowed down the mineraliaatrate.

Our observation resembled other studies, sevetabesihave shown that the SRP and Fe
release from aerobic sediment surface in shallolynpotic lakes occurred (e.g. Marsden,
1989; Gonsiorczyk et al., 1997), followed by thenfation of anoxic microlayer at the SWI
due to enhanced microbial activity in the sediméating summer (Gachter et al., 1988).
Another studies (Lee et al., 1977, Bostrom et &P82; Jensen & Andersen 1992a),
demonstrated that the sediment of shallow eutrojlkies released SRP to oxic lake water and
suggested that other factors than redox condiabtise SWI are involved.

Physical stirring or bioturbation among others niigiaused the transport of dissolved
inorganic material from deeper sediment layersnip ihe oxic zone of the sediment and thus
be responsible for contact between sediment andyawg water by changing the conditions
as sorption/desorption, mixing pore and overlyingatew, followed by SRP release

(Lewandowski et al., 2002).

4.3. Gel minipeepers

The distribution of vertical sediment pore wateofppes into upper and lower part arised from
NOs—N and SGFconcentrations. N@-N and SG are used as electron acceptors by microbes
when DO is depleted. The upper sediment part wasackterized as the suboxic zone which
was considered as the layer with the most intengigeesses comparing to lower part which
was supposed to be anaerobic due tozMOand SG utilization. Due to anaerobic
conditions in the lower part most likely methanoggis and permanent burial of P occurred
(Konhauser, 2007). We did not measure the DO p@mconcentrations but according to
previous measurements DO penetration was assuntedaibout 0.5 mm.
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4.3.1. Phosphorus forms in pore water

The proportional ratios of TRRy, Py, Faow and Fge released from gel depended on
saturation of dissolved compounds in pore water thed ability to precipitate. Because of
high concentrations of gin pore water most of the TDP seemed to be pratgul inside the
gel, which is the cause of more than 80% of TDRastd after HClQextraction throughout

whole profile.

4.3.2. Comparison of inflow (Jo—A) and dam (JosiBg

Spring upper part

Concentrations of N©N and SG* reached high values and penetrated down to 27.5amm
Jo—-A and down to 22.5 at Jo—-B, because of high BIQeg, low temperatures and low amount
of OM which replied for slower microbial activityompared to summer and autumn.
Generally, the profiles of & and Fge at Jo—A in pore water did not differ too much and
remained stable down to 12.5 mm, the increase Wwssreed down from this layer.

In contrast Jo—B showed differengcfprofile, the sharp peak was observed at 8.75 man an
was coincident with Fg peak found in the same layer this peak indicatexl microbial
activity. Concentration increase was also consistgtn NOs—N and NH—N decrease and it
was assumed that sulphate reduction ang-NHxidation took place. N[N was consumed
within nitrification, whereas N@-N originating from nitrification was probably utiéd in the
upper layers. Generally, gradient of N at Jo—B indicated release, but no release was
observed, the concentration of M@ produced by nitrification decreased becausetof i
utilization for sulphur oxidation (S@release rate value 3.17 mmof/d).

According to Holdren & Armstrong (1986) SRP canitmenobilized by the oxidation of Eé

if the atomic TFe: TP ratio (mol:mol) in pore watxceed values 1.8. At site Jo—B the ratio
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below the SWI at 1.25 mm was 1.8 and 2.9 at 2.5mavethe SWI which indicated higher
SRP concentrations and Fe utilization.

As pointed above it is generally known, that TFefBHo governs the formation of new
sorption sites for orthophosphate whei*fig oxidized to F& in the oxic surface layer, such
that a high ratio prevents P release as long agxtitation capacity in the surface layer is
maintained.

Concentrations of DOP and SRP did not obviousiyhgkeahroughout whole profile.

Spring lower part

The lower part in the spring did not show the cortigegion changes except thg.Rand Fge

concentrations which seemed to decrease with depth.

Summer upper part

The summer profiles of NON and S@ demonstrated their use as electron acceptors when
DO is depleted, that is why its utilization sharpigreased in the summer in connection with
OM input followed by mineralization processes. Tdwsumption of N@-N to the values
near the detection limit at 1.25 mm below the SVdsvwobvious at both sites. Most likely
because of high OM input especially at Jo—A whichswoupled to dissimilatory nitrate
reduction or nitrate respiration as the processegarded to be important for OM
mineralization (Konhauser, 2007). According to EiesMortimer model the presence of
NOs—N can enhance or reduce TDP release. Bostrom8)1@f8monstrated that the NN
concentratior> 0.5 mg /I is high enough to prevent the releasBebound P. Compared to
our observations we could consider the same siuaii Jo—A where N&N concentrations <
0.5 mg /I caused SRP release (2.52:mnfdtn Values at Jo-B did not reply for this
proposition, because in spite of MOl concentrations lower than 0.5 mg /| SRP releess
not observed.
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If the NO;—N concentrations are low, but the SQevels and the supply of biodegradable OM
high, desulphurication and sulphur cycling may leedamportant part of sediment processes
(Holmer & Stockholm, 2002). The $Oreduction activity was not measured, however, the
vertical profiles indicated that S® reduction might be important for P mobilization
(Kleeberg & Kozerski, 1997). Although the $Oreduction processes are supposed to be
strictly anaerobic, the SO reduction under suboxic conditions in the uppet pas likely
explained by the ability of microorganisms to caout their anaerobic reactions even in the
presence of oxygen. The $Oconsumption to detection limits was apparent & shmmer
cores at both sites at 12.5 mm.

High summer peaks of & and Fge accumulation at Jo—A at 1.25 mm below the SWI
demonstrated N@N and SG@ utilization (Koretsky et al., 2006). The occurrenof
anaerobic conditions probably induced the dissofuttf P and Fe compounds which were
undissolved in the spring. Most amounts of P ancdraulated below the SWI because of
very high OM input as the result of OM decompositithe decomposition rate was supposed
to be faster than diffusion. The TFe:TP ratio vakas 2.7 at 1.25 mm below the SWI and 9 at
2.5 mm above the SWI which indicated that the Fetgm capacity run down and P release
to overlying water was observed (SRP release ra@m@mol/nf/d). It could be confirmed by
sharp SRP peak at 1.25 mm below the SWI as thdt resicomplete OM degradation.
Comparing to DOP peak at 2.5 mm which was consitasethe layer with partial degradation
of OM.

Pget and Fge profiles at Jo—-B increased slightly with depth @odhpared to Jo—A no obvious
peak was observed. . The Jo-Bdrealues above the SWI indicated the Fe releasehwhias
consistent with core incubation (0.05 mmdtid).

TDPpw is formed by SRP and DOP, the ratio of these tropounds seemed to be dependent
on OM input variable with season and mineralizatativity. DOP formed the large part at
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both sites in the upper part of the sediment andiddoe used as an organic substrate fog-NO

N and S@ reduction. The decrease down to 0 mg/l in DOP epfrations was observed at
Jo—A at 1.25 below the SWI as the indication ofpkate respiration zone followed by
increase up to 0.88 mg/l at 2.5 mm. The secondhdepere DOP was depleted was found at
27.5 mm. In contrast Jo—B DOP values decreaseitisiigith depth.

Summer lower part

The increase with depth ingdPand Fge concentrations was observed at both sites. TFe:TP

ratio as well as the DOP, SRP and NN concentrations remained stable.

Autumn upper part

Compared to summer profiles the depletion ofsN®and SG migrated downwards to 17.5
mm at both sites. NON and SG were used as terminal electron acceptors for miatob
activities.

Concentrations of DOP strongly depended on the @it that was the cause of the highest
values measured in the autumn. The obvious pe&Qd# depletion was noted at 2.5 mm at
Jo-A, this layer was characterized as thesMN\Oreduction zone. The second peak of DOP
depletion was observed at 22.5 mm at Jo—A and & tifn at Jo—B indicated the $O
reduction zone or methanogenic microorganisms ictiwhich constituted the boundary
between the suboxic (upper part) and anaerobicefi@art) zone of the sediment. The highest
DOP values were measured in autumn cores, notiohe sediment but also in the overlying
water, high DOP values indicated freshly settlesilg degradable material.

Compared to DOP the SRP profile showed the opptsitel. Autumn values were the lowest
and increased with depth.

High NH,—N concentrations indicated high rates of microldakcomposition of organic
nitrogen compounds
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Autumn lower part
Compared to spring and summer high autumn SRP &hgN accumulation together with
decreasing DOP concentrations was noted in therautaost likely because of high amount

of easily degradable material.

4.3.3. Estimation of microbial activity

The knowledge of the function of sediments and rd@teation of microbial activities was
gained by chemical profiles measured in pore waters

The depletion of electron acceptors in pore watethe summer and autumn at both sites
showed that the bacterial activity in the sedimeas closely linked to the trophic conditions
in the overlying water and partly resulted from @Gbtlimentation (Konhauser, 2007).

We delined the main processes which might occurréde sediment according to presence of
electron acceptors and profiles of dissolved compsuln the upper part of the sediment with
contains of electron acceptors (N® and SG) most likely the aerobic respiration took
place at Jo—A. This oxic layer was followed by sxibdayer depending on the sediment
processes. Suboxic layer at both sites penetragtdipwn to 12.5 mm in the summer, moved
down to 17.5 mm in the autumn and migrated downwgrdo 22.5 at Jo-B and up to 27.5
mm at Jo—A in the spring. This upper layer was ati@ristic by high concentrations of hH

N, DOP and TFe:TP ratio in contrast to lower pdrbath sites especially in the autumn
suggested as the result of mineralization activity.

The SQ? depletion at the end of this anoxic zone was cheriaed by dissimilatory S&
reduction which was proportional to the quantity aeactivity of OM entering the anoxic

zone (Berner, 1964). As mentioned above the”3f@pletion was evident in the summer and
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autumn in the upper part. Trends of 5CGand NQ-N in the summer and autumn were
identical and consumed within the first 2 cm athbsites.

The terminal step in anaerobic degradation of OMh&thanogenesis, which usually occurs
when 90% of dissolved sulphate was reduced, raspct(Higgins et al., 1981).
Methanogenesis could be coupled to sulphate rexuclihe anaerobic zone was characteristic
by decrease in DOP concentrations and TFe:TP ratmmntrast to increase indp Fge, NHs-

N and SRP concentrations. An anaerobic zone istaésaone where polyphosphate could be
used as an energy source for the uptake of fatts and their storage during the absence of

electron acceptors (Konhauser,2007).
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5. Conclusions

In the hypertrophic Jordan reservoir the SRP releates in the summer coincided with the
organic matter input, temperature and DO. The ansegdiment SRP release rates at Jo—B
were negative compared to oxic Jo—A site wheretduagh organic input, temperature and
DO in the summer high release rates were obseogadter with Fe utilization.

The processes which took place in pore water wargldmental for understanding the
phosphorus cycle between the sediment and overlyaitgr. The gel minipeeper treatment
represented in this study was the way how to atelyreeveal the pore water structure. This
study presented mainly the vertical profiles ofsdised particular forms of phosphorus and
iron in pore water which were strongly associatethicrobial activity and varied with season.
The range of upper part differed during the sangptiates, in the spring reached down to 27.5
mm at Jo—A and down to 22.5 mm at Jo—B, migratedangs in the summer at both sites up
to 12.5 mm and was found to be at 17.5 mm in tienan.

Generally, the major part of TDP was formed Ry Which indicated high amount of P able to
precipitate and sufficient contents of dissolved Fe

TDPppw composed from DOP and SRP, the ratio of theseRvimms strongly depended on
NOs—N and S@ depletion.

Significant decrease in NON and S@ concentrations up to depletion throughout the pofi
was observed in the summer and autumn just belewSivl at 1.25 mm connected to high
OM input.

The upper part of the sediment was characteristi©®P accumulation due to intensive
decomposition rate which was obvious in the aut@amd was not observed in the spring, in

contrast to lower anaerobic part with increasing®$8ncentrations.
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