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STELLINGEN

“Het meten van foSfaa_tafgifte in sediment kolommen geeft uitsluitend

kwalitatieve informatie over de betrokken processen.
Dit proefschrift.

Het feit dat King en co-auteurs dezelfde foutieve verwijzing naar het
artikel van Harrits and Hanson hebben als Lidstrom and Somers, laat zien
hoe makkelijk onwaarheden in de wetenschappelijke wereld voor vast—

staand worden aangenomen.
Harrits S.M. and Hanson R.S. (1980) Limnol. Oceanogr. 25: 412-421,

- King G.M, {1290) FEMS Microbiology Ecology 74: 308-324.

King G.M., Roslev P. and Skovgaard H. {1980} Appl. Environ. Microbiol. 56: 2902-2911.
Lidstrom and Somers {1984} Appl. Environ. Microbiul 47: 1255-1260.

Mensen die stellen dat eutroflermg een achterhaald onderzoeks topic is,
vissen in trogbel water.

De door het RIVO getrokken konklusie met betrekking tot de relatie tussen .
het afnemend fosfaatgehalte in de Rijn en de daling van de visstand in de
Noordzee, is vergelijkbaar met konklusies over de dalende trend in de
oonevaarsstand en het aantal geboren baby’s.

Het verpakken van paprika chips in blauw gekleurde zakken en van naturel
chips in rood gekleurde zakken draagt niet bij aan het snel en econcmlsch.
winkelen. )

In aanvuliing op de door Blake beschreven soorten Siren girena, S. indica
en S, ervthraea, moet de, in de Zeeuwse wateren waargenomen zeemeer-
min, -beschouwd worden als een nieuwe soort: Siren_zeelandica.

Blake K. {1990) Limnot. Oceanogr. 35: 148-153,

Het in toenemende mate 7aanb|"engen van geluidswallen en overkappingeh
langs snelwegen kan gezien worden als de eerste aanzet tot het onder-

“gronds maken van het Nederlandse wegennet.

In het kader van de verkeersveiligheid verdient het sanbeveling om buiten
de spits de meerderheid van de verkeerslichten buiten werking te stellen.

Het handgebaar dat sommige mensén maken wanneer zij over een
filmkamera spreken -alsof zij aan een wieltje draaien dat zich schuin voor
hun gezicht bevindt- moet feitelijk tot de industriéle archeologle gerekend
worden.

Discussies in Nederland over de schrijfwijze van ebologie“ {oecologie)
dragen niet bij tot de samenhang van het onderzoek en gaan voorbij aan
de internationalisering van de wetenschap.

‘(U?s’!




11 De hetze tegen niet-inheemse boomsoorten kan niet 10s gezien wordenik
van het weer sterker wordend nationalisme.

12 De traditie dat stellingen bij een proefschrift geen politieke lading mogen
hebben, is een uitvloeisel van de illusie dat wetenschap "waardevrij” is

13  De Nederlandse benaming "proefschrift” doet vermoeden dat er ook nog
een echt schrift verschijnt.

Steliingen behorende bij het proefschrift "Phosphorus dvnamlcs in the sedlment
of a eutrophic lake".
Anja J.C. Sinke, Wageningen, 6 november 1992,
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'Introduction




2 Introduction

Since the sixties eutrophication has been recognized to affect the quality of surface
waters. The prolonged loading with nutrients has led to increased algal growth. A

series of management measures have been carried out to combat eutrophicationin -

the Netherlands. However, despite all efforts, the majdrity of the dutch surface
waters is still considered to be eutrophic. The disappointing results are often
attributed to processes in the sediment that can delay the improvement of the
water quality. This thesis deals with the phosphorus dynamics in the sediment of
-a eutrophic lake. In contrast to miost studies which are chemically orientated,
attention here is mainly given to the role of microbial processes in the phosphorus
cycle. ' '
The introduction gives a brief review of eutrophication of lakes, and depicts the
processes that influence the phosphorus dynamics in the sediment and the
_exchange between sediment and water. Finally, the "Water Quality Research
Loosdrecht Lakes” programme, of which this study has been a part, is described.

EUTROPHICATION 4
Eutrophication is defined as the process of excessive addition of inorganic nutrients;
organic matter and/or silt to lakes, leading to increased biological production and
a decrease in lake volume {Cooke et al 1988). The primary biclogical production can
reach the point of nuisance proportions such as surface scum and unpleasant
odours. The high concentration of algae results in a decrease in transparency of the

water and the development of tedious animal populations e.g. bream {"verbrase- - '
ming"). Fish kills can be caused by the sudden depletion of dissolved oxygen in the

water. The production of toxins by blooms of algae has been recognized in coastal
waters (Rijkswaterstaat 1989). All these factors can significantly reduce the
ecological and recreational value of the waterbody. Eutrophied lakes and reservoirs

also loose their usefulness as domestic or industrial water supplies. Protection of -

water systems of good quality and restoration of eutrophic water bodies is greatly
needed because the supply of fresh, unpoliuted surface water is limited.

RESTORATION- .
External loading. ot
The first and most obvious step towards protection and restoration of waterbodies
is to reduce the nutrient load. Efforts have concentrated on the control of
phosphorus inputs. Phosphorus is: generally recognized as the major factor
determining phytoplankton biomass in freshwater in the temperate regions
{Schindler 1977). Phosphorus is commonty derived from controllable point sources
such as sewage, stormwater discharges and industrial effluent. The importance of
diffuse sources such as leaching from surface soils can be expected to increase in
the future (Van der Zee 1988). Also the atmospheric input of phosphorus that is

L
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carried along with wind and rain, can be imbortant in some lakes {Cole et al 1990)}.
To reduce the nutrient loading to surface water, stringent limits have to be imposed
on the phosphorus concentration in sewage effluent. In 1972, Sweden was the
first European country requirering a maximum level of 0.5 mg P.I' in effluents of
sewage plants in urban areas. A comparable decree passed in the Netherlands in
1990 (Surface Water Pollution Act, Kroes 1992). -

~ Internal loading.

The rate at which the phosphorus concentratlon in the water decreases after
diversion of the nutrient loading, is influenced by hydraulic properties such as
residence time and seepage and by the phosphorus flux over the sediment-water
interface. Even the complete removal of the external phosphorus input may be
insufficient to produce immediate and long-lasting effects, due to the phosphorus
" release from the sediment. The release from the sediment is generally referred to
as internal loading. Over an annual cycle, lake sediments typically retain more
phosphorus than they release due to the sedimentation of particulate matter.
However, when the concentration of phasphorus in the lake water is reduced, a net
release from the sediment can occur until a new steady state is established.
Especially in shallow lakes, internal loading can be a serious drawback for lake
recovery. Some of the best described examples are Lake Trummen {Bengtson et al
1975) and Lake Sébygard (Séndergaard 1987). In these lakes the reduction of the
external phosphorus loading did not result in any apparent recovery of the water
_ quality within the period of observatlon.

The knowledge of the processes in the sediment that influence the internal loading
is scarce and there are no reliable models that predict its magnitude and time lapse.

Prediction of effectiveness of restoration measures. :
The development of eutrophication policy requires. reliable predicﬁve models to
evaluate the response of waterbodies to changes in nutrient supply. In 1973 the |
OECD (Qrganization for Economic Cooperation and Development) started an
international cooperative programme to develop a sound database on the
eutrophication and restoration of inland waterbodies. The data were evaluated by
Volienweider and Kerekes (1982) who used statistical methods to determine the
relation between the phosphorus input, its concentration in the lake and the
biomass. The regression equation that described the relation between the
phosphorus loading and the phosphorus concentration in the lake water, Is given
by: : :

P, = 1.55(B/(1+/1))0% .
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with: P,, = the annual mean total phosphorus concentration of the waterbody, P,
~ = the annual mean total phosphorus concentration of the inflowing water and r =
the mean residence time. This equation would predict a decrease in the phosphorus
~concentration of the water when the total phosphorus loading is reduced (fig. 1.1).

- However the OECD/Vollenweider model assumes a steady state situation and is not
able to predict the transient phase of recovery of the water quality after the
application of restoration measures. Several authors have identified feedback loops
in sutrophic systems that can maintain the eutrophic state long after the external
loading has been diverted. These inciude internal loading (Marsden 1989, Bostrom
et al. 1982), physiological adaptations of the phytoplankton to changes .in the -
phosphdrus concentration (Marsden 1989, Van Liere 1990), and resistance of the
food-web to the altered conditions {Van Donk and Gulati 1989). |

lm: 7~
@y . ° //"/
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Figure 1.1: Relation between rescaled inflow concentration of phosphorus and inlake concentration,
found in OECD survey. Reproduced from Vollenweider and Kerekes 1982,
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PHOSPHORUS DYNAMICS IN THE SEDIMENT

Distnbutmn of phosphorus in the sediment.

The phosphorus in the sediment can be divided into three fractlons, a dissolved
fraction, and a solid organic and inorganic fraction (fig. 1.2}. The dissolved fraction
can be easily seperated from the two solid fractions by centrifugation, filtration or
dialysis {(Enell and Léfgren 1988). Generally the dissclved fraction is refered to as
"phosphate”. However, the phosphates in this fraction are often bound to organic
or inorganic compounds. It is almost impossible to distinguish between the organic
and inorganic solid fraction. Several multistep extraction schemes have been
proposed which theoretically remove one component after another {Hielijes and
Lijklema 1980, Psenner 1985). In general 4 extraction steps are carried out; the
first extraction with water (Psenner et al 1984) or a salts solution {1M NH,CI;
Hielties and Lijkema 1980) removes the dissolved and the loosely sorbed
phosphorus, the second extraction with a strong reductant (dithionite; Psenner et
al 1984) removes the iron-bound phogphorus, the third extraction with NaOH
removes the aluminum-bound phosphorus {Psenner et al 1984), and the last
extraction with acid (0.5 M HCI; Hizltjes-and Lijklerma 1980, Psenner et al 1984)
" removes the ca!cuum bound phosphorus. The residual fraction which is recalcitrant
to all extractants includes the organic phosphorus. Although every step extracts
part of the total phosphorus, the definition of the fractions is purely operational
and, according to Iiterature,f each sediment type requires its own special treatment.

WATER
' 1 3 1

................................ P e il R R T

SEDIMENT  'organic | 78 [DdissoLvep | 56 [INorGaNIC

FRACTION -a— | FRACTION -—~ | FRACTION
10,11 | 9,10
TRANSPORT PROCESSES TRANSFER PROCESSES TRANSFER PROCESSES
1. sedimentation (solid ~——> dissclved) (dissolved ——> solid)
‘2. resuspension 5. disselution 9. precipitation '
3, diffusion '6. desorption : 10. adsorption
4. bioturbation . 7. biolegical release ' 11. bislogical uptake
8. mineralization '

Figure 1.2: Schéme of phosphorus dynamics in the sediment.
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Transfer reactions between the dissoived and sofid phosphorus fractions.

The transfer between dissolved and solid fractions is mediated by chemical and
biological processes. in most studies the bacterial activity is suppressed in order to
quantify the influence of the seperate processes. Commonly used methods are
addition of poisons (formalin: Premazzi and Provini 1985) or antibiotics (Kamp-
Nielsen 1974, Bates and Neafus 1980). However, results obtained with these
methods have only limited meaning as not all microbial processes are stopped and
as the chemical environment is changed as well,

Mineralization of organic matter results in a liberation of phosphate from the solid
organié fraction (Berner 1980). Mineralization of algae and detritus has been
studied in detail in batch experiments {Fallon and Brock 1979, Jewell and McCarty
1971, Otten and Gons 1881, Ulen 1978b). The mineralization rate and the amount
of phosphate that is mobilized from the decomposing algae was reported to be
dependent on temperature (Jewell and McCarty 1971), the redox conditions {Fallon
and Brack 1979} and the physiological conditions of the algae (Jewell and McCarty
1971, Otten and Gons 1991, Ulen 1978b). Several autors suggested that
mineralization contributes to the actual phosphate release from the sedlment
- (Kamp -Nielsen 1974, Lee et al 1977}

Dissolution of‘authigénic minerals results in a liberation of phosphate from the
inorganic fraction. The dissolution and precipitation of minerals that contain
phosphate such as vivianite (Fe,(PQ,},.8H,0) and apatite (Ca,(PO,)e.(H,0),), is
governed by the solubility products of these minerals. When the pore water
concentrations excéed the solubility product, a precipitation can be' expected.
Calculations on the ion activity product of Fe?* and PO,* in interstitial water of
Lake Greifensee indicated the formation of vivianite (Emerson and Widmer 1978).
This conclusion was further confirmed using X-ray diffraction and scanning electron
microscopy (Emerson and Widmer 1978).

The adsgrption - desorption équilibrium between the solid phosphorus fraction and
dissolved phoasphate is mainly determined by the redox conditions in the sediment.
The redox conditions are strongly affected by microbial processes. During
mineralization 0,, NO,, Fe®* and SO,% are consumed and CO,, Fe?*, $% and CH,
are produced (table 1.1). In the sediment the different mineralization processes
succeed one another and generally a sequence can be observed with sediment
depth of oxygen respiration, denitrification, iron reduction, sulfate reduction and
methanogenesis. CO, is produced during all mineralization processes. The
concomitant release of protons -due to dissolution of CO, in water-, may result in
the dissolution of iron- and calcium-bearing carbonates, a pH buffering reaction.
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The importance of this process in sediments has been demonstrated by Matisoff
"~ etal (1981). o
The removal of phosphate from the dissolved fraction can be substantial when the
redox potential is high at the sediment surface (Einsele 1936, Mortimer 1941,
1942, Stumm and Morgan 1981). Most authors ascribe this to the adsorption of
phosphate onto the inorganic solid fraction. In sediments with an oxidized surface
‘layer, upwards migrating iron(ll) is rapidly oxidized and precipitated within the
oxygenated zone as hydrous iron{lll}. Thus a micro-layer is formed on top of the
sediment which has a high sorptive capacity for phosphate and limits its diffusive
release into the water column (fig. 1.3A). If the sediment interface becomes
depleted of oxygen, the thickness of the oxidized layer decreases and the amount
.of iron (I} diminishes. The iron(lll) in the formerly aerobic zone is reduced which

. " results in a desorption of phosphate from the iron complex and the mobilizatio'nrof

Feiil) and phosphate (fig. 1.3B). The adsorption capacity of the aerobic surface
layer is dependent of the stoichiometry of iron and phosphate. Phosphate is
succesfully immobilized only when the ratio of iron to phosphate is greater than 1.8
{Holdren and Armstrong 1986} (fig. 1.3C). The capacity of iron(ill) to adsorb
phosphate decreases at high pH (Stumm and Morgan 1981). In shallow eutrophic
lakes an increase in pH can be induced by high rates of photosynthésis. In
laboratory experiments an increa'sefd phosphate release was observed when the pH
was artificially increased {Andersen 1975, Boers 1991, Rippey 1977). However, :
the importance of the pH effect may be overestimated yvhen the pH is controlled
by NaOH additions instead of CO, removal as occurs in.nature {Andersen 1975,
Boers 1991}. '

Nitrate is a strong oxidizing agent that can maintain a high redox potential at the
sediment-water interface and can thus prevent a release of iron bound phosphate.
. Andersen {1982) demonstrated that no phosphate release occurred in shallow lakes
when the NO, concentration exceeded 36 ymol.I'" {0.5 mg N.I'*). Several authors
advized the addition of nitrate to lakes in order restore an oxidized state of the
sedlmént- and thus improve the water quality {(Cooke et al 1986, Petterson 1984),
However, nitrate can be used by denitrifying bacteria as an electron acceptor. Once -
all nitrate is consumed, the reduced conditions are re-established. Jansson (1987)
reported a deterious effect of nitrate additions on the water quality as the bacterial
©  population switched from nitrate to iron{lll) as an electron acceptor after exhaustion
“of the nitrate. - ' '
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AEROBIC SEDIMENT

4 . ANAEROBIC SEDIMENT

:2+

Fe PO

(7]

)
o

aerobic sediméni, with iron(li}, non—saturated with phosphate
aerobic sediment, with iron(lit), saturated with phosphate
[ anaerobic sediment, with iron(ll)

Al

Figure 1.3: Phosphate adsorption in the surface layer of the sediment.
' A) aerobic conditions, high atomic ratio of Fa:P. .
B) as A, after a decrease of the oxygen supply to the sediment.
C} aerobic conditions, low atomic ratio of Fa:P.
(A and C redrawn after Léfgren and Bostrém 1989).

The redox couple iron{ll}Miron{ll) influences the p'hosphorus dynamics in the
sediment directly as especially ironilll) complexes are able to retain phosphate.
Iron(lll) can be reduced chemically by sulfide and pyrite (Stumm and Morgan 1981}

or by easily oxidizable organics e.g. thiols and weak organic acids {Suter et al

1991} and biologically by iron reducing bacteria (Loviey 1991). lron reducing
bacteria use iron(lll) as an electron acceptor thereby decreasing the amount of
“iron{ii) hydroxides. However, a clear dlstlnctnon between chemtcal and microbial
" reduction is often difficult to make.

The redox couple sulfate/sulfide influences the phosphorus dynamics indirectly.
Sulfide produced by sulfate reduction scavenges iron(ll} and forms iron sulfide

(FeS). The solubility of iron sulfide is much lower than that of iron(ll} phosphate |

minerals. As a result of iron sulfide formation the equilibrium concentration of iron
is lowered and iron(ll} phosphate minerals dissolve. The release of phosphate
causes an increase of its pore water concentration. In the aerobic zone, the number

of adsorption sites for phosphate diminishes as the immobilization of iron as.iron .

sulfide and eventually -pyrite, prevents the upward flux of iron{ll} and its oxidation
to iron(lll). In systems where the phosphate and iron dynamics are intermingled, the
shift in equahbnum of iron solublity will lead to the release of phosphate by the
sediment upon sulfate addition.

The redox couple CQ,/CH, does not seem to influence -the phosphorus cycle
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directly. However, the oxidation of upwards diffusing methane might induce an
“increased oxygen consumption in the sediment surface layer.

Recently it has been suggested that the redox conditions influence also the transfer
between dissolved and organic fraction as they influence the uptake and release of
phosphate by bacteria in the sediment surface layer (Fleischer 1983, Géchter et al
1988). Gichter and coworkers suggested that the redox dependent phosphate
exchange in eutrophic Lake Sempach could be attributed partly to physiological
changes of the bacterial population. They speculated that procesées in the sediment
could be similar to those occuring in activated sludge type sewage treatment plants
designed for biclogical phosphate removal. In these plants phosphate is taken up
during the oxic period and is subsequently released in the absence cof oxygen
{Wentzel et al 1985). Acinetobacter appeared to be the dominant genus storing
phosphate intracellulary as polyphosphates (Fuhs and Chen 1975). Although results
rreported by Fleischer (1983} and Géchter and coworkers (1988} indicated active
mediation by bacteria in the phosphéte flux over the sediment-water interface,
" neither could quantify the importance of bacterial uptake compared to chemical
adsorption because methods were lacking to measure the reversibly immobilized
bacterial phosphate. '

‘ THE FLUX OF PHOSPHORUS OVER THE SEDIMENT-WATER INTERFACE.
Sedimentation of particles from the waterphase results in a phosphorus flux
towards the sediment. The magnitude of this flux can be measured easily in deep,
stratified lakes by using sedimentation traps. Sedimentation traps are often
positioned at different depth in the lake and intercept the particles that sink from
the upper water layers. In shaliow lakes this method is not reliable due to
turbulence. In these lakes the wind and wave action result in a resuspension of
catched material from the traps and in the whirling of sediment particles into the
traps. :

Resuspension of the sediment can result in a substantial phasphorus release from
the sediment. Although this is not easily quantified for in situ conditions,
eicperimental results demonstrated that the release from sediment cores during
resuspension in Lake Arres¢, was 30-40 times higher than under undisturbed
conditions (Séndergaard et al in press). In Lake Uttran the variation between years

_ in total phosphorus and chlorophyil-a concentrations in the water were also related
to the windfarce and direction (Ryding and Forsberg 1977). In Lake Loosdrecht the
resuspended material appeared to be a source of nutrients for phytoplankton

.growth in the lake (Rijkeboer et al 1991), :

The concentration of dissolved phosphate is generally much higherin the porewater
of the sediment than in the lake water {(Enell and L&fgren 1988). This concentration
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gradient results in a diffusive release of phosphate from the sediment into the
water. The diffusion in enhanced by an increase in temperature.

Bioturbation of the sediment by benthic organisms (oligochaete worms, insect
larvae, crustaceans, bivalve molluscs} and the fish consuming these organisms can
also enhance the phosphorus release (e.g. Gallepp et al 1978).

Table 1.1:  Mineralization processes in sediment with substrates and products.

electron . mineralization process products
acceptor donor -
0, organic oxygen respiration CO, + biomass + NH,* + PO *
matter :
- NOy organic denitrification CO, + N, + biomass + NH,* + PO,*
) matter
Fe** arganic iron reduction COQ, + Fe** + biomass + NH,* + PO,*
matter -
s0.* * organic " sulfate reduction CO, + S* + biomass + NH,* + PO,
matter
co, 6rganic methanogenesis CO, + CH, + biomass + NH,* + PO,
matter

WATER QUALITY RESEARCH PROGRAMME LOOSDRECHT LAKES.
The Loosdrecht lakes ecosystem is representative for the majority of dutch lakes
in the northern and western part of The Netherlands. This type of ecosystem has
some very characteristic features: it is shallow, less than 3 meters deep, the water
is brownish-yellow, indicating the presence of fulvic and humic acids, and the

sediment consists of cld peat. The pH of the water is neutral or alkaline which is’

caused by the fact that most of these lakes receive (ground) water with a relatively
high alkalinity. The peaty sediment has a very high organic matter content,
sometimes exceeding 50 % on a dry weight basis.
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Table 1.2:  General characteristics of Lake Loosdrecht.

Hydraulic propeniqs

.

Surface area® 12.2 . km?

Avsrage depth® ' 1.8 . m

Water residence time® 0.6 v

Average external phosphorus load? ' 0.03 mmot.m.yr?

Lake water {1990) {(n=13)

" Total phosphorus® _ 2.4.+ 0.7 . pmol.l”
Dissolved reactive phosphate® _‘ 0.06 + 0.10 pmol.
Chiorophyll-a® ' 8318 g 1
pH® 8.4 £ 0.3 -

‘Lake sediment 0-10 cm (1989) (n=8)
Dry weight® _ 8.0 +190 %
Organic carbon content® 53.6 £ 3.0 % of dry waeight

" Iron {totall® 0.36 + 0.04 molkg”
Iron {acid extractabie)® 0.20 + 0.03 mol.kg™!
Phosphorus [totah® : 0.022 + 0.003 mol.kg™
Phosphorﬁs lacid éxtractable_}" 0.005 = 0.001 mol.kg™!
Calcium {(total]® h 1.0 + 0.1 mol.kg™
CaCo,” , ‘ 0.46 + 0.14 mol.kg™

* Kievits area included, Kal et al 1984, © Keizer and Sinke 1992, © Van Liere et al 1990, < Van Liere et
' al 1991,

Some general characteristics of Lake Loosdrecht are given in table 1.2. The
ecosystémr has become severely eutrophied the past decades. The summer average
of the chlorophyli-a concentration is 130 ug.i' (1986; Van Liere et al 1990a) and
- a maximal value of 306 ug.I" has been registrated in 1983 {Ebert and Van Liere,
1992). The average total phosphorus concentration of the water is 2.4 ymol.I" (75
- ug.I", Keizer and Sinke 1992) but exceeds sometimes 4.8 gmol.I' (150 ug.I", Van
Liere et al 1990},
~In 1979 the working group "Water Quality research Loosdrecht Lakes" was
founded with the cbjective to define and quantify the effects of a reduction of the
external phosphorus loading on the structurat and functional aspects of a shallow
' lake ecosystem (Van Liere 1986).
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L. Breukeleveen:

Figure 1.4: The Loosdrecht lakes and surroundings.

Loosdrecht lakes ecosystem: origin

The Loosdrecht Lakes ecosystem consists of a series of shallow interconnected
lakes (fig. 1.4). The surface area of Lake Loosdrecht, including Kievitsbuurt, is 12.2
km? (Kal et al 1984). Lake Breukeleveen and Lake Vuntus are smaller, 1.8 and 0.9
km? (Kal et al 1984) respectively. The lakes were partly artificially created in the
17th century when the 7000 years old Sphagnym peat was excavated (Van Liere
1986). Long strips of peat removed from the cuts ("trekgaten”) were deposited on
the adjacent bank {"legakkers™) to dry. The dried peat was used for fuel. Industrial
peat mining was formalized in 1633 and the dimensions of the cuts and banks were
strictly defined (Gulati et al 1991}. However, the cuts were dredged deeper and the
banks were made smaller than specified which led to'a considerable erosion that
was further enhanced by wind action. The continuous crumbling of the banks
resulted in the formation of a shallow lake ecosystem. Even at present the
alternating system of cuts and banks is-st_ill' preéerved in the Kievits area {front

page).
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4

Loosdrecht lakes ecosystem: eutrophication.

 In the 19th century the reclamation of the adjacent, low-lying polders Bethune
- Mijdrecht and Horstermeer, induced an increased seepage from the lake ecosystem

(Engelen et al 1992). The water level in the lakes was controlled by suppletion with
water from River Vecht {(Van Liere 1986). The input of the poluted river water
together with the increased habitation of the area, resuited in a heavily eutrophica-
tion of the ecosystem From 1945 to 1983 the external phosphorus load averaged
35-40 mmol.m2.y" {1.1-1.2 g.m2.y") (Van Liere et al 1990)

Loosdrecht lakes ecasystem: restoration of water quality ?

The first attermts to improve the water quality were madeé in the seventies when the
sewage of the villages surrbunding the lakes was diverted to sewage plants (Van
Liere 1986). The most important management measure was taken in 1984 when
the inlet water from River Vecht was replaced by water from the Amsterdam-Rhine

-canal. This water is led to the lakes via a pipe-line. Phosphorus is precipitated using

ferric chloride (FeCl,.6H,0) before the water enters the lake. These efforts resulted
in a reduction of the external phosphorus loading to about 10.3-15.2 mmol.m2.y"
{0.32-0.47 g.m2.y") {(Van Liere et al 1991). At the same time the total phosphorus
concentration of the water decreased with 0.4 gmol.I".y" {12 pg.I".y") (Van Liere
et al 1990a). No improvement of the chlorophyll-a concentration could be detected
thusfar, despite the encouraging trend in the phosphorus concentrations {Van Liere
et al 1990b). Apparently feed-back mechanisms within the ecosystem hinder the
restoration into the state with clear water and water plants that existed from 1930-
1950. ‘ '
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Qutline of this thesis: _ :
The scope of this thesis is to investigate the role of microbial processes in the .
'phosbhorus flux over the sediment-water interface in Lake Loosdrecht. The
importance of microbial processes for the phosphate release from aerobic sediment
was investigaied using temperature experiments (chapter 2}. Experiments were
performed with control sediment and sediment that was sterilized by y-irradiation.
- Descriptive statistical models gave some insight in the impact of mineralization
processes onthe pore water chemistry and phosphate‘flux over the sediment-water
interface {chapter 3). As the importance of the different mineralization processes
varied during the year, a more detailed study was carried out on sulfate reduction
and methanogenesis (chapter 4}.

To examine the direct role of bacteria in the uptake and release of phosphate, a
new method had to be developed to quantify the amount ‘of bacterial bound
phosphate (chapter b}. This method enabled the measurement of phosphate uptake
by methanotrophs (chapter 6). The effect of methane oxidation on the thickness
of the oxidized sediment surface and on the phos;:hate flux was investigated.
Finally the results, suggestions for further research and |mpllcat|ons for manage-
ment. measures are briefly discussed {chapter 7).
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Influence of bacterial processes on the phosphorus release
from sediments in the eutrophic Loosdrecht Lakes,
‘ The Netherlands.
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ABSTRACT

Microbial reactions are an important factor for sediment phosphorus release. In this
paper the gffect of temperature experiments on phosphorus release was investiga-
~ ted, both in sterilized and non-sterilized cores. Cores were sterilized by y-irradiation
(25 ka) The combination of temperature and y-irradiation experiments made it
possible to distinguish between bacterial and physico-chemical processes. In
temperature expenments performed with cores sampled in autumn and winter,
differences in phosphorus release patterns were found. Phosphorus release from
sterilized cores closely followed the Arrhenius equation. A decrease in phosphorus -
release with time was found in cores in which bacterial processes were excluded.
The hypothesis is brought up that microbial processes influence sediment phosp-
horus release in two manners: 1) a direct temperature dependent reaction, 2) an
indirect effect acting on a long term basis, governed by mineralization.

INTRODUCTION _ .
Phosphorus is g'enerally considered to be one of the main controlling factors for
primary production in lake ecosystems. To improve water quality of eutrophic lakes,
restoration measures are often focussed on the reduction of the external phospho-
rus load. However, recovery may be retarded by phosphorus release from the
sediments. This release is a complex function of physical, chemical and biological
processes (for a review see e.g. Bostrdm et al. 1982). The transport of phosphorus
in the sediment and its release rate to the overlying water is mainly controlled by
physico chemical processes such as diffusion and adsorption. The driving force
hehind these processes might well be the rate at which soluble phosphorus is
generated, by mineralization. Generally, aerobic conditions are considered to
promote phosphorus sorption by the sediments while anoxic conditions favour
release. However, a number of mass balance and laboratory studies deal with the
occurence of phosphorus release to well aerated water (Lee et al. 1977, Bates and _
Neafus 1980, Boers et al. 1984, Boers 1986). It is suggested that this release
under aerobic conditions is related primarily to mineralization reactions of organic
phosphorus compounds (Lee et al. 1877).
Investigations on the influence of bacterial processes on sediment phosphorus
release, have been performed in several ways. In most cases sterilized sediment is- .
compared with untreated sediment. Antibiotics {Kamp-Nielsen 1974} and formalin
{Premazzi and Provini 1985) are used as sterilizing agents in intact cores. It is.
assumed that these compounds penetrate only just below sediment-water interface.
Thus, the influence of anaerobic mineralization processes, which usually take place
in the deeper layers, cannot be neglected. Bates and Neafus (1980) used antibiotics
in sediment slurries. However, by mixing the sediment, physical and chemical
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. conditions are éeverely changed and results cannot be easily compared to the

actual situation. Using y-irradiation could help to overcome these problems as this
method makes it possible to sterilize intact se,dimem cores.

" A different method to distinguish biological fram physico-chemical processes is to-

establish the temperature dependence of a reaction. Biologically mediated reactions
display a temperature optimum while the rate of physico-chemical reactions
increases with temperature according to the Arrhenius equation. This method has
been succesfully used for oxidation processes in lake water (Brock 1978, Tipping
1984),

The purpose of the present study is to investigate the influence of bacterial proces-
ses on the aerobic phospharus release. This was done by combining temperature
and irradiation experiments and following the phosphorus release rate at different

" temperatures in irradiated and non-irradiated cores. The study is carried out in the

eutrophic Loosdrecht Lakes. In these aerobic lakes Boers et al. (1984} found
variable phosphorus release with a high peak in spring time. As in the sediment up
to 73% of the total phosphorus is bound to organic matter, involvement of bacterial
processes can be expected. L

METHODS .
The Loosdrecht Lakes are situated in the central part of the Netherlands. Originally
the lakes were man made by peat excavation and the sediment contains up to
80 % organic matter. In 1984 the external phosphorus loading was reduced from
1.1 t0 0.3 g.m2.yr" {Kal et al. 1984). As a result of the large lake area of 18.2 km?
and the low uniform depth of 1.8 m, the surface layer of the sediments remains
aerobic during the year. The sediment phosphorus content is upto 1 mg.g* ona
dry weight base, and phosphorus is mainly bound to humic acids and other organic
compounds (Boers et al. 1984). For further description-of the Loosdrecht Lakes
restoration and the hydrological and chemical data see Van Liere et al. 1984 and

* Kal et al. 1984.

In October 1985 and in January 1986 undisturbed sediment cores were obtained
with & hand driven steel core sampler, containing a perspex inner core of 40 cm
long and of an internal diameter of 5 cm. Out of each core three or four mini cores
{8 cm long with an internal diameter of 1.5 cm) were taken in the laboratory. The
overlying water was siphoned off as 'comblet_ety as possible and replaced by 6.ml

Artifical Lake Water, ALW, with an ionic composition of: CI 2.3 mM; HCO, 0.8

mM; $0,* 0.2 mM; NOy 0.1 mM; Na* 1.1 mM; Ca®* 1.0 mM; Mg** 0.2 mM; K*
0.1 mM; Fe®* 2 uM; citrate 2 4M. The pH of the ALW in the mini cores was within

. the range usually found in the lakes (pH = 8-9). Half of the cores were sterilized
“by y-irridiation for 7 hours at 10° Curie (25 KGy) (Gammaster, Ede, The Nether- -

lands). Duplicate cores were kept in darkness at 4 °C, Prior to irradiation the mini
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cores were closed with rubber stoppers perforated with two pipettes filled with
cotton wool as to allow for sterile air supply during the experiment (fig. 2.1). After

irradiation the cores were kept overnight in darkness at 4 °C to equilibrate. To

investigate the direct effects of irradiation, averlying water was siphoned off for
analysis after 17 h of equilibration and replaced with autoclaved ALW. All
manipulations were performed in a Laminair Cross Flow Bench (Clean Air Techniek,
Woerden, The Netherlands) in order to prevent microbial contamination.

-« cotton filled gas pipettes
-— rubber stopper

-— overlying water

«— sediment

Figure 2.1: Scheme of the used mini cores.

For the temperature eiperiment both p-irradiated and non-irradiated cores were

incubated at different thermostated temperatures. During the experiment air was

bubbled through the overlying water to maintain oxygen saturation levels. During .

the experiment overlying water was siphoned off several times and replaced. The
sampled water was filtered through 0.45 y#m Millipore HA filters and analysed for
molybdate reactive phosphorus (Murphy and Riley 1962} with a Skalar Continuous
Flow Analyser, After destruction with a persulfate-sulfuric acid mixture {modified

after Eisenreich et al. 1979} soluble total phosphorus and soluble total iron {spec-

trophotometrically with TPTZ) were determined.

To determine the effect of p-irradiation on the redox conditions, complete cores

with septa at intervals of 2 cm, were irradiated. Redox potential was measured
with a reference calomel electrode in the waterphase and platinum wire that was
plugged through the septa. The system was left undisturbed for 10 minutes to
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equilibrate before millivolt measurements.

Occasionally after the experiment colony forming units were counted on a- modified
Sepers medium (Sepers 1982) with bactocasiton. Plates were aerobically incubated
for 10 days at 25 °C. The same medium was used to check sterility of the
irradiated cores. ' ‘ ' :

RESULTS AND DISCUSSION
Effects of y-irradiation. _
y-irradiation effectively inactivated all bacteria as in umjiluted sediment no colony
forming units were counted even after incubation of the cores during a week. The
irradiation treatment resulted in an iron and phosphorus release to the overlying
water. The amounts of released iron and phosphorus were riot correlated which
makes the solubilization of iron phosphates as a main process not feasible. The iron
release was 9.5 + 6.0 mg.m? The phosphorus release was higher and more
variable in autumn {16.5 + 25.7 mg.m?) than in winter (3.5 = 1.2 mg.m'z). The
differences in the effect of irradiation between autumn and winter probably can be
explained by the differences in total amount of biomasss which is present in or at
the surface of the sediment and which is subjected to I\}_sis. Exact data on the -
biomass content during the year of the sediment are not available. A comparison
can be made with the sestonic biomass in the waterphase which is main source of
- algal biomass at the sediment surface. Gons et al. {1986) who measured sestonic
biomass {size fraction <150 ym} in the Loosdrecht Lakes, observed in autumn a
biomass of about 6 g carbon m™ and during winter the biomass was at least twice
as low. Although it is difficult to compare sediment with soil, the phosphorus
release on a dry weight base (0.5 - 5 yg.g') seems to be in the same range as the
values found by Bowen and Cawse {1964) for soil, irradiated with 50 kGy (0.6 -
6 #9.g"). They ascribed nutrient release mainly to lysis of biota.
The redox potential in cores prior to irradiation in most cases did not fall below 70
mV. The effect of y-irradiation on the redox conditions aver the first 10 em depth
in the cores, which mainly consists of very lose brown mud, fell within the variation
due to sediment heterogeneity and the used method (50 mV); The redox conditions
in non-irradiated and irradiated cores thus are camparable. However, the underlying
"peat was found to be strongly reduced as a result of irradiation. No explanation for
this phenomenon can be given. Most authors (Bowen and Cawse 1964, Mclaren
et al. 1962) presume that humic compounds are not affected by irradiation as the
temperature rise during the treatment is low, approximately 7 - 8. °C (McLaren et
al. 1962).

_Influence of temperature on phosphorus release.
In irradiated cores, sampled in autumn, the release rates during the inital incubation
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period of two hours at different temperatures were high and varied strongly. This'

variation presumably is caused by differences in soluble phosphorus content due
to lysis, as already indicated by the above mentioned large standard deviation. In
y-irradiated cores which were sampled in winter, the phosphorus release rate
increased exponentially with increasing temperature, being at 80 °C 6 times as

high as at 10 °C (fig. 2.2). The Q,,, caiculated over the temperature range 10 - 50

~°C, is 1.4. This low value, caused by purely physico-chemical processes, is within
the range expected for desorption reactions. _

. In non-irradiated cores, sampled in autumn, phosphorus release rates followed a
comparable exponential increase with temperature.. Superimposed on this
exponential relation, a clear tendency for & temperature optimum at about 40 °C
was found (fig. 2.3A). This optimum was found in both soluble reactive and soluble
total phesphorus release. On the contrary, in winter no temperature optimum was
found (fig. 2.3B). These results suggest that in autumn a biological process is
involved in phosphorus release which is directly influenced by temperature. The Q,,
of the phosphorus release rate in autumn, calculated over the range where both
physico chemical and biclogical processes occur {10.- 40 °C), varies between 1.1
and 3.0 for soluble total and 2.7 and 4.8 for soluble reactive phosphorus. These
values are comparable with the Q,, value of 3 found by Boers (1988) for the
Loosdrecht Lakes and the value of 2.3 found by Ulen (1978} for aerobic phospho-
rus release in Lake Norvikken. «

Kamp-Nielsen (1975) found a comparable exponential relation between temperature
. and phosphorus release for the aerobic Esrom sediment {Denmark). He ascribed this
phenomenon to the increased oxygen consumption by the sediment and the
concomitant breakdown of the oxidized microlayer on top of the sediment which
" normally serves as a diffusion barrier. The effects of an increase in chemical oxygen
demand and diffusion rate with temperature could explain the increésing phospho-
rus release rates of both control and y-irradiated cores. This implies that the trigger
mechanism for.phosphorus telease under aerobic conditions is a purely physico-
chemical process. The extra release at the lower temperatures in the non-irradiated
cores in autumn which culminates in the optimum release rate at 40 °C is caused

by microbial processes. Tessenow (1972) already showed that stimulation of .

biolagical activity by the input of easily degradable substrate, led to an increase in
phosphorus release from the sediment. Increasing temperature can have a
comparable effect on the activity of bacteria and thus be an explanation for the
temperature optimum found in autumn. The higher release rates induced by
bacterial activity could be caused by an increased biological-oxygen demand and
thus proceed basically by the same mechanism as the chemical process described
ahove.

S ——|
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Figure 2.2: Soluble phosphorus release rate from y-nrratlated cores incubated for 3 hours at dnfferent
temperatures {means of triplicates]. :

In winter microbial processes seem to play only a minor role. The difference
between autumn and winter may be caused by changes in bacterial number,
different composition of bacterial population or limitation of available substrate. A
difference in concentration of terminal electron acceptors which eventually can play
a role in the actual field situation, can be ruled out as a possibility as In both
experiments the same conditions are maintained. In agreement with these results

- are the changes in phosphorus release rate found in Loosdrecht by Boers (1986).

He varied the temperature in phosphorus release experiments with Continuous Flow
Release Reactors and found that increasing temperature had a stronger influence
on cores sampled in summer than on those sampled in winter.

Repeated analyses throughout the year are necessary to reveal the dlfferences in
the role of bacterial processes in phosphorus release. :
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Figure 2.3: Soluble reactive (@} and soluble total (1} phosphorus rate from cores incubated at
different temperatures, mind logarithmic scale. Broken line represents detection limit. A)
sampled in autumn incubated for 2 hours (means of dupilcates) B) sampled in winter
incubated for 3 hours (means of triplicates).

Phosphorus release with time.

In cores sampled in autumn, phosphorus release with time was followed. In y-
irradiated cores the phosphorus release rate decreased with time at all incubation
temperatures (fig. 2.4A).In the non-irradiated cores a same decrease in reaction rate
was found at 10, 20, 30 and 70 °C. However, in the cores incubated at 40 and
50 °C, a sharp increase in reaction rate was found after an initial drop (fig. 2.4B).
Plate counts after the experiment made clear that in the sedinient incubated-at 50
°C a higher number of colony forming units was present (table 2.1). ‘
The explanation for the decrease in' phosphorus release rate in cores in which no
bacterial activity is expected, e.g. the irradiated or heated cores, can be the
exhaustion of the phosphorus pool in the sediment. It is stated by several authors
{Lijklema 1985, Boers 1986) that generationof soluble phosphorus by mineralizati-
* on can maintain a phosphorus pool in the sediment which acts as a driving force
for release. By the exhaustion of this pool the concentration gradient between
porewater and overlying water gradually disappears and, consequently, release
rates diminish. The relatively low release rates at high temperatures in the irradiated
cores (fig. 2.2}, which cause a significant deviation from a straight line (P < 0.01),
are in accordance with this hypothesis.
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The increase in phosphorus release rate at 40 and 50 °C in the control cores
probably is a result of the activation and growth of the bacterial population in the
sediment. The influence of this reaction at the low actual temperature {range O -
22°C) of the Loosdrecht Lakes can only be of minor importance. Surprisingly a
constant phosphorus release rate with time, which could be expected at an
‘incubation temperature close to the situ temperature, was not found.
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Figure 2.4: Soluble total phbsphorus release rate with time from cores incubated at different
temperatures 20 {O), 40 (A), 50 {@} or 70 {01} °C. A} y-irradiated cores B} non-irradiated
cores (means of duplicate cores, wind logarithmic scale}. '



24 Influence of bacterial processes

Table 2.1:  Numer of colony form-ng units per gram dry sédiment in cores iricubated for 6 days at
different temperatures .

Temperature [°C) A Number of colony forming units
10 o 31+07 * 100
20  51:098 *10°
30 6014 *10°
40 ' 4.4 £ 07 *10° -
b0 178 + 1.5 *10°
70 | \ o<1 *10t
SUMMARY

The aim of this study was.to get an insight in the influence of bacterial processes
on the phosphorus release from sediments. The study was - carried out in the
eutrophic Loosdrecht Lakes (The Netherlands) in which the sediment surface stays
aerobic throughout the year. Undisturbed sediment cores were sampled in autumn
and winter,

The effect of temperature on the sediment phosphorus release was investigated in

sterilized and non-sterilized cores in order to distinguish between biological and
physico-chemical processes. Cores were effectivily sterilized with y-irradiation (25
kGy). The treatment results in low releases of phosphorus, probably caused by lysis
of biota. The amount of released phosphorus was clearly influenced by the
sampling season and was higher and more variable in autumn (16.5 + 25.7 mg.m’
2} than in winter (3.5 = 1.2 mg.m%). The effect of irradiation on the redox conditi-
ons seemed to be dependent of the sediment composition at the different depths
but did not interfere with these experiments.

The phosphorus release rate in y-irradiated cores incubated at different temperatu-
res approached the Arrhenius equation (fig. 2.2}. In non-irradiated cores a compara-.

bie exponential increase with temperature ‘was found {fig. 2.3). However, in cores
sampled in autumn a clear tendency for a temperature optimum at 40 °C was
found to be superimposed on this exponential function (fig. 2.3A).

The phosphoris release rate decreased with time in all cores in which bacterial _
processes were exciuded by y-irradiation or heat {fig. 2.4). In non-sterilized cores-

incubated at 40 and 50 °C a strong increase of the phosphorus release rate with

time was found after an initial drop (fig. 2.4B). It was made plausible that this .

increase was due to bacterial activity.
It is brought up as a hypothesis that the phosphorus release rate is influenced by
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two different microbial processes; a direct reaction influenced by temperature and
a more less long term effect governed by mineralization. The importance of these
two processes seems to vary during the year.
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SUMMARY
1} Pore water chemistry in peaty sediment was monitored for a year at two
representative locations of the eutrophic shallow Loosdrecht lakes, The
Netherlands. Phosphorus fluxes over the sediment-water interface were
calculated using measured concentration gradients in the pore water and
compared to fluxes measured under laboratory conditions. Results were
analysed with Redundancy Analysis to detect patterns of variation in pore

water chemistry and in measured and calculated fiuxes, that could be ascrlbed ,

to environmental variables.

2) it was demonstrated that phosphorus fiuxes measured in long-term laboratory
incubations were not correlated to any of the pore water characteristics.

3) Initial phosphorus fluxes measured in sediment columns, which varied between
7.7 and 1330 gmol.m2.d", were correlated significantly to the calculated

. -phosphorus flux over the sediment-water interface. :

4} - The high correlation between calculated fiuxes of ammonia, phosphorus and

‘ methane and measured initial flux of phosphorus, conclusively pointed to
mineralization of organic matter as driving force for phosphorus release from
the sediment. A

5) Redundancy Analysis demonstrated that the rates of mineralization and

" phosphorus release were only weakly related to temperature. They appeared

10 be especially stimulated by the autumnal decrease in temperature which
was probably related to an extra input of organic matter.

INTRODUCTION
To improve water quality of eutrophic lakes, water management measures have
often been focused on the reduction of the external phosphorus load. However, an
internal feedback loop as for instance phosphorus release from the sediment, may
retard a long-term improvement of the lake’s trophic state. Especially in shalflow
lakes, phosphorus release from the sediment can be an important drawback for lake

recovery (Ryding and Forsberg 1977). Phosphorus release depends on a great ‘

variety of physical, chemical and biological processes. Knowledge of the importance
. of the various processes contributing to phosphorus release rates is necessary to
judge the utility of supplementary management measures. ‘

The effect of several environmental variables on phosphorus release from sediment|
has been studied in detail. Ever since the pioneering work of Einsele {1936) and| |}

Mortimer (1941, 1942}, a decrease in redox potential has been recognized to
stimulate phosphorus release due to the chemical reduction of Fe(lll) which results!
in @ mobilization of Fel{ll} and phasphates. The importance of this process for
aerobic systems has been demonstrated by Tessenow (1972) who manipulated thi

redox potential by stimulating microbial activity. Kamp-Nielsen (1975), Holdren and

s e







