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Summary

The present study is the first that simultaneously quantifies

bacterial and fungal biomass and production on decaying plant litter in

the littoral zone of a lake during one year. Additionally, bacterial biomass

and production was assessed in the aerobic top sediment layer, in

epiphyton on submerged reed culms and in the littoral water column.

Because some of these compartments present challenges for the

application of current methodologies for estimating bacterial biomass and

production accurately, a series of methodological investigations were

carried out.

Efficient detachment of bacterial cells is generally crucial for

assessing bacterial abundance, biomass and community composition in

both natural and technical systems (e.g., sewage plants). As there is no

agreement on which procedure gives the best results with which type of

system, the relative efficiency of four detachment instruments was tested

for releasing bacteria associated with leaf litter, sediment and epiphytic

biofilms from the littoral zone of a lake (Chapter 2). An ultrasonic probe

method was the most efficient instrument for leaf litter and epiphytic

biofilms, whereas a stomacher-type blender gave the best results for

sediment samples. Neither the detachment instrument nor the treatment

time affected the composition of bacterial morphotypes. These results

indicate that the choice of the appropriate detachment device depends

critically on the type of substratum examined.

The applicability of the [3H]leucine method for estimating bacterial

production in the different habitats of a lake littoral (littoral water

column, epiphyton, sediment and plant litter) was tested in Chapter 3.

Saturation of leucine incorporation into protein occurred at 150 nM in

littoral water samples, >960 nM in epiphyton and 50 µM in sediment and

CPOM samples. Leucine incorporation was linear for up to 1 hour with all

substrata. Specificity of leucine incorporation was tested in antibiotic
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experiments. Although eukaryotic organisms such as fungi are capable of

taking up leucine at the concentrations used for incubation, experiments

with antibiotics and analysis of bacterial and fungal leucine uptake

kinetics suggest that the criterion of specificity for bacterial protein

synthesis was still met.

Dynamics of bacteria and fungi associated with naturally decaying

coarse particulate organic matter (CPOM) were studied in a fringing

freshwater wetland dominated by the emergent macrophyte, Phragmites

australis. Amounts of benthic CPOM, bacterial and fungal biomass,

production, growth rate and microbial respiration were assessed on a

monthly basis and annual microbial carbon demand was related to the

net above-ground reed production. Microbial biomass was dominated by

fungi, which made up >90% of total microbial biomass associated with

CPOM. Conversely, bacterial production rates were 8 × higher than fungal

production rates. Consequently, bacterial growth rates (range = 1.6 – 8.6

d-1) exceeded fungal growth rates (range = 0.01 – 0.07 d-1) by two orders

of magnitude. Annual bacterial production per square meter of littoral

reed stand was 710 g C and annual fungal production was 93 g C. The

annual microbial community respiration was 874 g C m-2. From

respiration and production rates an average microbial growth efficiency of

48% was estimated. The net above-ground Phragmites could thus account

for only 80% of the microbial carbon demand of litter associated bacteria

and fungi, even if microbial carbon is recycled multiple times.

Bacterial biomass and production was assessed in four littoral

compartments (littoral water column, epiphyton, top aerobic sediment

layer and CPOM). On an areal basis annual bacterial production in the

epiphyton (1.32 g C) and the littoral water column (4.7 g C) was more

than 2 orders of magnitude lower than in the aerobic sediment (780 g C)

and on CPOM (710 g C). A comparison with littoral primary production

revealed that additional sources of carbon are required to support

heterotrophic bacterial production in the littoral zone. Findings strongly
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suggest that in addition to the autochthonous organic primary

production, organic carbon is also imported to the littoral zone where it is

decomposed.

In conclusion, the results of the present study indicate an extremely

high potential of microorganisms to mineralize organic carbon in the

littoral zone of lakes dominated by emergent macrophytes such as

Phragmites australis. These systems thus appear to be hotspots of carbon

transformation with a P/R ratio <1 in spite of a high primary production.
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Zusammenfassung

In der vorliegenden Arbeit wurde erstmals im Verlauf eines Jahres

sowohl die Biomasse und Produktion von Bakterien und Pilzen auf Streu

im Schilfröhricht (Phragmites australis) eines Sees bestimmt. Zusätzlich

wurde die bakterielle Biomasse und Produktion in drei weiteren aeroben

Lebensräumen ermittelt: in der Wassersäule, im Epiphyton auf den

untergetauchten Teilen der Schilfhalme und in der obersten aeroben

Sedimentschicht innerhalb des Schilfröhrichts. Für die Bestimmung der

bakteriellen Biomasse und Produktion mussten die in der Literatur

beschriebenen Methoden für einige dieser Kompartimente angepasst

werden. Deshalb wurde im Vorfeld der vorliegenden Arbeit eine Serie

methodischer Untersuchungen durchgeführt.

Die effiziente Ablösung von Bakterienzellen von ihrem natürlichen

Substrat ist eine grundlegende Voraussetzung, um die Abundanz und

Biomasse partikelassoziierter Bakterien sowie die Zusammensetzung

dieser Bakteriengemeinschaften zu ermitteln (Kapitel 2). Da Unklarheit

besteht, welche Ablösemethode für welches Substrat am geeignetsten ist,

wurden in der vorliegenden Arbeit vier unterschiedliche Instrumente auf

ihre Effizienz getestet, Bakterien von Streu, Sediment und Epiphyton

abzulösen. Für Streu und Epiphyton erwies sich die Behandlugn mit

einer Ultraschallsonde als die bestgeeignetste Methode, während in

Sedimentproben ein sogenannter Stomacher die besten Resultate lieferte.

Weder die Art des Ablöseinstruments noch die Dauer der Behandlung

hatte Einfluss auf die gefundene Zusammensetzung bakterieller

Morphotypen. Insgesamt deuten diese Ergebnisse darauf hin, dass für die

Quantifizierung partikelassoziierter Bakterien die richtige Wahl des

Ablöseinstruments in Abhängigkeit vom Substrat-Typ von entscheidender

Bedeutung ist, während sie für eine qualitative Betrachtungen der

Bakteriengemeinschaften eine untergeordnete Rolle spielt.

Die Anwendbarkeit der Leucin-Methode zur Abschätzung der
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bakteriellen Produktion in vier aeroben Kompartimenten des Röhrichts

(Wassersäule, Epiphyton, Sediment und Streu) wurde in einer Serie von

Experimenten getestet (Kapitel 3). Sättigung des Leucineinbaus in

bakterielles Protein wurde bei sehr unterschiedlichen Konzentrationen für

Bakterien der verschiedenen Kompartimente erzielt: bei 150 nM in der

litoralen Wassersäule, >960 nM im Epiphyton und 50 µM im Sediment

und Streu. Zeitserien ergaben, dass der Leucineinbau in bakterielles

Protein in allen Kompartimenten bis zu einer Stunde linear war. Die

Spezifizität des Leucineinbaus in Bakterien wurde in getestet, indem mit

Antibiotika einerseits Prokaroyten und andererseits Eukaryoten gehemmt

wurden. Obwohl Eukaryoten wie Pilze fähig sind, Leucin in den

verwendeten Konzentrationen aufzunehmen, zeigte sich, dass nach der

Zugabe von Eukaryotenhemmern keine signifikante Reduktion des

Leucineinbaus in Protein zu beobachten war. Dies Ergebnis und die

Analyse der Aufnahmekinetik weisen darauf hin, dass Pilze während der

kurzen Inkubationszeit von 30 min nicht signifikant zum Einbau von

Leucin in Protein beitragen.

Die Biomasse, Produktion und Wachstumsrate von Bakterien und

Pilzen sowie die mikrobielle Respiration und die Streumenge (CPOM)

wurden monatlich während eines Jahres im Schilfgürtel eines eutrophen

Sees (Hallwilersee, Schweiz) erhoben (Kapitel 4). Der aus diesen Daten

geschätzte Jahresbedarf an mikrobiellem Kohlenstoff wurde mit der

oberirdischen Primärproduktion des Schilfbestandes verglichen.

Die Pilzbiomasse machte mehr als 90% der gesamten mikrobiellen

Biomasse auf der Streu aus. Die bakteriellen Produktionsraten waren

dagegen 8mal höher als die der Pilze, woraus sich bakterielle

Wachstumsraten (1.6 - 8.6 d-1) ergaben, die um zwei Grössenordnungen

über jenen der Pilze (0.01 - 0.07 d-1) lagen. Die bakterielle Jahres-

produktion betrug 710 g C pro Quadratmeter Schilfröhricht, die

Pilzproduktion 93 g C und die mikrobielle Respiration 874 g C. Aus den

Respirations- und Produktionsraten wurde eine durchschnittliche
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mikrobielle Wachstumseffizienz von 48% berechnet. Selbst bei Annahme,

dass mikrobieller Kohlenstoff mehrfach wiederverwendet wird, konnte die

Primärproduktion des Schilfs nur 80% des mikrobiellen Kohlenstoff-

bedarfs decken.

Die Bakterielle Biomasse und Produktion wurde in vier aeroben

Kompartimenten eines Schilfröhrichts (Wassersäule, Epiphyton, aerobes

Sediment und Streu) bestimmt. Die  Produktion war relativ konstant in

allen vier Kompartimenten über das Jahr hinweg, abgesehen von jeweils

einem Peak im April in der aeroben Sedimentschicht (6.3 g C m-2 d-1), im

Juli im Epiphyton (0.03 g C m-2 d-1) und im August in der Wassersäule

(0.04 g C m-2 d-1). Die bakterielle Produktion auf Streu zeichnete sich

durch keinen markanten Peak aus, sondern blieb im Durchschnitt auf

1.9 g C m-2 d-1. Die bakterielle Jahresproduktion pro Quadratmeter

Schilfbestand war im Epiphyton (1.32 g C) und in der litoralen

Wassersäule (4.7 g C) mehr als zwei Grössenordnung niedriger als im

aeroben Sediment (780 g C) und in der Streu (710 g C). Ein Vergleich der

mikrobiellen Sekundärproduktion mit der Jahresprimärproduktion des

Schilfs (610 g C) und der mit Literaturdaten geschätzte Primärproduktion

des Epiphyton (160 g C) im Litoral zeigt, dass zusätzliche

Kohlenstoffquellen vorhanden sein müssen, um die hohe heterotrophe

Bakterienproduktion zu erklären.

Insgesamt legen die Ergebnisse der vorliegenden Studie den Schluss

nahe, dass aerobe Mikroorganismen in Schilfröhrichten ein sehr hohes

Potential besitzen, organischen Kohlenstoff zu mineralisieren. Solche

Systeme sind daher ‘Hotspots‘ intensiven Kohlenstoffumsatzes und

zeichnen sich trotz ihrer hohen Primärproduktion durch ein P/R

Verhältnis kleiner 1 aus.
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1. Introduction

The attention of classical limnological research has been mainly

directed to the pelagic zone of lakes. In the last decades more interest has

been attached to freshwater wetlands, including littoral zones of lakes

(Wetzel 1990). Wetlands are defined by the Canadian National Wetlands

Working Group (Zoltai 1988) as shallow open waters, generally less than

2 m deep or periodically inundated areas with waterlogged conditions

dominating throughout the development of the ecosystem. Mitsch &

Gosselink (2000) state that there are three distinguishing features of

wetlands: 1) shallow water or saturated soil (hydric soil), 2) accumulating

plant material that decomposes slowly, 3) vegetation and animals adapted

to the wet conditions.

This definition of wetland habitats encompasses also the littoral zone

of lakes, which is a transitional zone between the terrestrial environment

and the open water along gently sloping lake shores with soft-bottom

sediments and partial protection of erosive wave-action. The lake littoral

may be divided into different zones characterized by different water depth,

light conditions and type of vegetation (Fig.1). The eulittoral zone

comprises the shoreline region between the highest and lowest seasonal

water levels, whereas the infralittoral zone is permanently submerged. It

can be subdivided into three zones based on the type of rooted aquatic

macrophytic vegetation. The upper infralittoral zone, like the eulittoral

zone, is characterized by the presence of emergent macrophytes, such as

Phragmites, Thypha, Schoenplectus, Scirpus; the middle infralittoral zone is

characterized by floating-leaved rooted vegetation (Nymphaea, Nuphar,

Polygonum amphibium); the lower infralittoral zone with submersed rooted

macrophytes, such as Potamogeton, Elodea, Myriophyllum. This zonation

pattern is found in lakes throughout the world, although not all zones are

always present.
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Fig. 1: Zonation scheme of the littoral zone of a lake.

Freshwater wetlands, such as lake littorals dominated by emergent

macrophytes are among the most productive ecosystems worldwide

(Wetzel 1990, Mitsch & Gosselink 2001, Kvĕt & Westlake 1998). Most of

the organic matter produced in these systems is derived from

photosynthesis of macrophytes, such as Phragmites australis, and

associated microflora (Wetzel 1993). In vigorously growing stands annual

above-ground production can reach 1-2 kg dry mass per m2 (Mitsch &

Gosselink 2001, Kvĕt & Westlake 1998) or even 10 kg dry mass per m2

(Hocking et al. 1989, Wetzel & Howe 1999). Most lakes of the world are

relatively small in area and shallow. In such lakes, a substantial portion

of the carbon produced in the whole lake may derive from above-ground

macrophyte production in littoral areas, even when emergent

macrophytes cover only a small proportion (<10%) of the total lake surface

area (Gessner et al. 1996).

Allochthonous and autochthonous sources of organic matter appear
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indeed to support high microbial production in littoral zones of lakes

(Wetzel 1990). It is important, therefore, to determine microbial

production or respiration in order to assess the role of microbes in carbon

turnover at the ecosystem level. At present, however, estimates of

microbial production rates have been restricted to single compartments

such as the periphyton (Neely & Wetzel, 1997), the sediment (Güde 1990,

Starink et al. 1996) and plant litter (Weyers & Suberkropp 1996). No

attempt has yet been made to estimate bacterial production in all

compartments of highly structured ecosystems such as the littoral zone of

lakes dominated by emergent vegetation. Important aerobic

compartments in this system include the littoral water column, the

epiphyton on submerged parts of macrophytes, the top sediment layer

and the litter layer (Fig. 2).

Many techniques used for studying microorganisms in the laboratory

are not suitable for addressing ecological issues (Hobbie & Ford 1993,

Madsen 1998), especially in field-based investigations. Matters are

particularly complicated in littoral macrophyte stands, because of the

physical complexity and heterogeneity of the system and the interference

of organic and inorganic particles with the analytical techniques

commonly used to determine microbiological parameters in pelagic

systems. Nevertheless, a range of methods has become available to

microbial ecologists (Kemp et al. 1993, Hurst et al. 2002) and the

application of these methods to littoral systems appears to be promising

(Marxsen 1996, Fischer & Pusch 2001).

At present, one of the best methods for estimating bacterial biomass

consists in counting bacterial cells stained with fluorescent dyes, by

means of epifluorescence microscopy (Bratbak 1993), determining cell

biovolumes, and calculating biomass based on known dry mass or carbon

densities of bacterial cells (e.g. Norland 1993, Loferer-Krößbacher et al.

1998). Growth rates and production of bacteria can be estimated by
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Fig. 2: Four compartments (bold) within a littoral reed stand - the littoral water

column (1), the epiphytic biofilm (2), the litter layer (3), the aerobic sediment

layer (4) - and the morphology of the macrophyte Phragmites australis. The

panicle is the flowering part of P. australis; the culm is the hollow stem

comprising nodes and internodes; the node is a solid region on the culm which

gives rise to a leaf sheath; the internode is the part of the culm between two

nodes; the leaf sheath is the basal part of a grass leaf surrounding the culm;

the leaf blade is the expanded part of the leaf above the sheath. Senescent

culms eventually brake and remaining stubble may be standing for more than a

year submerged in the littoral water column.
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following the incorporation of radiolabeled nucleic or amino acids into

bacterial DNA or protein, respectively (Fuhrman & Azam 1980, Kirchman

et al. 1985). In spite of some theoretical advantages of the thymidine

technique (Robarts & Zohary 1993) many researchers have often preferred

the leucine technique (e.g. Kirchman 1985, Riemann & Azam 1992,

Thomaz & Wetzel 1995, Marxsen 1999, Fischer & Pusch 1999). One

reason for this preference is that the leucine method is more sensitive

because the production of a bacterial cell requires 10 times the

incorporation of leucine into protein than thymidine into DNA (Bell &

Riemann 1990). Also, leucine constitutes a quite constant fraction of total

amino acids in bacterial protein (Simon & Azam, 1989) and protein

represents a high and rather constant percentage of bacterial carbon

(Hagström et al. 1984, Simon & Azam 1989). Thus, from rates of leucine

incorporation carbon estimates can be derived with conversion factors

varying at maximum two-fold (Simon & Azam 1989, Moran & Hodson

1992) compared to a 10-fold variation in conversion factors for thymidine

incorporation rates (Bell & Riemann 1990). A disadvantage of the leucine

method is the possible incorporation of leucine into other organisms such

as algae (Kamjunke & Jähnichen 2000) or fungi (Horák 1986), possibly

resulting in an overestimation of production rates. Thymidine, in contrast,

is specifically incorporated into the DNA by the presence of the thymidine

kinase characteristic exclusively for heterotrophic bacteria. However,

thymidine can be degraded after incubation of only a few minutes and

other macromolecules (protein and RNA) may be labeled; this, possibly

leading to an underestimation of bacterial production. For estimating

fungal biomass a recent approach consists in quantifying ergosterol, a

membrane constituent essentially restricted to the higher fungi (Newell

1992, Gessner & Newell 2002).

A promising technique for estimating growth rates and production of

fungi has been worked out for decaying salt-marsh leaves (Newell &

Fallon 1991), and this method has also yielded plausible results in river
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systems (e.g. Suberkropp 1995, Weyers & Suberkropp 1996, Gessner

1997, Gessner & Chauvet 1997), soil (Bååth 2001) and in a freshwater

wetland (Newell et al. 1995). The method consists of quantifying the

incorporation of [14C]acetate into ergosterol; it is thus analogous to the

thymidine and leucine methods used for estimating bacterial growth rates

and production.

The overall objective of the present study was to assess microbial

secondary production and carbon flows within a freshwater littoral zone.

This required:

• adapting methods to determine microbial productivity in aerobic

aquatic compartments of a reed stand: the top sediment layer, the

litter layer, the water column, and the epiphyton associated with

reed culms

• determining the size of carbon pools in these compartments and

their seasonal variation

• estimating primary production

• measuring bacterial and fungal biomass

• determining of bacterial and fungal production
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2.  Comparison of detachment procedures
for direct counts of bacteria associated
with sediment particles, plant litter and

epiphytic biofilms

Abstract

Efficient detachment of bacterial cells is crucial for assessing

bacterial abundance, biomass and community composition in natural

and technical systems (e.g., sewage plants) by a wide range of analytical

methods. There is no agreement on which procedure gives the best

results with which type of substratum. We tested the effect of four

detachment instruments on the release of bacteria associated with leaf

litter, sediment and epiphytic biofilms from a natural aquatic system.

Treatment with most instruments increased bacterial counts and

biovolumes significantly compared to simple vortexing (by 2.7 to 7×).

However, both the numbers and biovolume of released bacterial cells

varied significantly between detachment devices. With leaf litter and

epiphytic biofilms, an ultrasonic probe treatment released 10 and 4 times

more bacterial cells than the most inefficient instrument. A stomacher-

type blender gave the best results for sediment samples, releasing three

times higher numbers of bacteria than the least efficient instrument.

Neither the detachment instrument nor the treatment time affected the

composition of bacterial morphotypes. These results indicate that the

choice of the appropriate detachment device depends critically on the

type of substratum examined, when the absolute abundance or biomass

of bacteria is to be determined. In qualitative analyses of bacterial

community structure the chosen device appears to be less important.
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Introduction

Accurate estimates of bacterial abundance, biomass and community

structure are a critical prerequisite for assessing the roles of bacteria in

food webs and biogeochemical cycles and understanding their population

dynamics in natural systems. A variety of approaches have been

proposed for studying bacteria in natural environments. These include

direct counts by means of epifluorescence or electron microscopy (Fry

1988, Kepner & Pratt 1994, Fischer & Velimirov 2000), solid-phase

cytometry (Lemarchand et al. 2001), flow cytometry (DeLeo & Baveye

1996, Lebaron et al. 1998, Servais et al. 1999), scanning confocal laser

microscopy (Lawrence et al. 1997), and examination of purified DNA and

RNA for bacterial community analyses (Holben 1997, Frischer et al.

2000). Most of these methods are relatively straightforward when free-

living bacteria are examined in pelagic environments; however, when

particle-associated bacteria are investigated, a quantitative detachment

of cells from their substratum is preferable in nearly all cases (Fry 1988).

A fundamental difficulty in separating bacteria efficiently from their

substratum lies in the conflict between using procedures harsh enough

to achieve near-complete detachment and the concomitant risk of cell

disruption. Consequently, conditions need to be carefully chosen such

that detachment efficiencies are maximized while cell damage is kept to a

minimum. A variety of procedures have been proposed to this end for a

range of systems in which particle-associated bacteria are important

(e.g., Ellery & Schleyer 1984, Velji & Albright 1986, Epstein & Rossèl

1995, Griebler et al. 2001). Methods that have been considered effective

include sonication with an ultrasonic bath (Ellery & Schleyer 1984,

Weyers & Suberkropp 1996) or probe (Epstein & Rossèl 1995, Tso &

Taghon 1997), and mechanical treatment with tissue grinders such as

Ultra-Turrax and Polytron homogenizers (Suberkropp & Klug 1976,

Meyer-Reil et al. 1978, Montagna 1982, Baldy et al. 1995) or Stomacher-
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type laboratory blenders (Donegan et al. 1991, Baldy et al. unpubl.).

Studies that have compared different procedures have led to partially

conflicting results. Part of these discrepancies may be due to different

procedures adopted in different laboratories, even though the same basic

approach and instruments may have been used (Epstein & Rossèl 1995).

The 4 above-mentioned detachment methods have not been

systematically compared.

Contrasting results may also be caused by differences in the

physical characteristics of the substratum to which bacteria are

attached. In vegetated aquatic systems such as salt and freshwater

marshes, seagrass beds or submerged macrophyte meadows in lakes, at

least 3 different types of particle-attached bacteria can be distinguished:

sediment bacteria, a large part of which form biofilms on mineral

surfaces; bacteria associated with deposited organic matter; and bacteria

in epiphytic biofilms colonizing submerged plant surfaces. Bacterial cells

on mineral particles may be more easily damaged as a result of shear

stress than bacteria associated with organic substrata. Conversely, cells

partially located within an organic matrix such as a decaying leaf may

require particularly harsh conditions to insure effective removal. Thus, a

general comparison of detachment devices and procedures needs to take

possible effects of the substratum into account.

Our objectives in the present investigation were to (1) test the

effectiveness of 4 different procedures in detaching bacteria from 3

benthic substrata commonly found in vegetated systems, (2) determine

the optimal treatment times for releasing bacterial cells, and (3) test

whether the proportions of different bacterial morphotypes change as a

function of treatment time and instrument.
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Materials and Methods

Sample collection and preparation

Three types of environmental samples were compared. Sediment,

submerged leaf litter and epiphyton on submerged sections of reed culms

were collected from the littoral zone of a Swiss lake dominated by the

common reed Phragmites australis (Cav.) Trin. ex Steud. Surface

sediment with a low organic matter content (6.2% of dry weight) was

sampled, placed in a polyethylene bag and returned to the laboratory in a

cool box. The dominant particle size fraction was silt, as determined with

a SediGraph 5100 Particle Size Analysis System (Micrometrics), which

measures the gravity-induced settling rates of particles (Webb & Orr

1997). Submerged decaying leaves of P. australis were collected by hand,

placed in plastic boxes, covered with lake water and stored in a cool box

until processed. For epiphyton samples, submerged culms of P. australis

were clipped off just above the sediment surface. Culm sections were

trimmed and inserted in combusted glass tubes (20 cm length)

containing lake water, which were closed with Teflon-lined screw caps

and returned to the laboratory. All samples were processed immediately

upon arrival at the laboratory.

The sediment was thoroughly mixed with a spatula before a total of

sixteen 0.5 ml subsamples of the slurry were removed using a 1 ml

plastic syringe with the Luer end cut off. The slurries were transferred to

20 ml glass scintillation vials, 10 ml of a 2% formalin solution (buffered

with 0.1% sodium pyrophosphate) was added, and the vials were stored

at 4°C in the dark. To prepare litter samples, a total of 24 discs were cut

from each of 6 leaves with a cork borer (6.7 mm diameter) and allocated

to 20 ml glass vials. This resulted in 4 replicate sets of 6 discs, each cut

from a different leaf. Ten milliliters of buffered formalin was added.

Additional leaf discs were cut to determine sample dry mass and organic

matter content. Epiphytic biofilm was carefully scraped off from sections
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of Phragmites australis culms with a scalpel and collected in graduated

50 ml centrifuge tubes. The volume was made up to 50 ml before

samples were vortexed. A 5 ml aliquot was then taken with a reversed

glass pipette, so as to obtain a representative subsample, including any

larger aggregates, and transferred to a 20 ml glass vial. Five milliliters of

buffered formalin was added (final concentration of 2% formalin and

0.1% pyrophosphate buffer) and the samples were stored at 4°C.

Detachment protocols

The efficiency of the following procedures was tested for detaching

bacteria from the 3 substrata preserved in 10 ml buffered formalin:

• an ultrasonic probe (Branson Sonifier 250) connected to a standard

resonator and an 11.4 mm tip (standard flat tip) and operated at an

actual output of 80 W (76 µm amplitude; setting 5);

• an ultrasonic bath (Ney Ultrasonic 300), operated at its maximum

power output of 95 W;

• an Ultra-Turrax tissue homogenizer (IKA TP18-10; fixed speed of 20

000 rpm) fitted with a standard axis (type N-18G);

• a Stomacher 80 laboratory blender (Seward Medical; maximum

capacity 80 ml) set at maximum speed, which corresponds to a

motor rotation of 260 rpm.

Samples were treated for varying time periods ranging from 0.5 to

20 min. The total duration and intervals were chosen according to the

expected efficacy of each instrument, but the longest duration was at

least 5 min. Samples treated with the ultrasonic probe and tissue

homogenizer were cooled with ice during treatment to prevent excessive

heating. Cooling was not necessary during treatment with the ultrasonic

bath or Stomacher. Time series were run for each instrument and

substratum to determine the treatment time that yielded the greatest

numbers or biovolume of bacterial cells. The maximum yields were then

compared between instruments.
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Bacterial counts
Numbers of detached bacteria were determined by epifluorescence

microscopy after staining with 4�,6-diamidino-2-phenylindole (DAPI)

following the general protocol of Porter & Feig (1980), but using DAPI at a

concentration of 5 mg l-1 (Schallenberg et al. 1989). After detachment of

bacteria from sediment particles, leaf discs and epiphyton, samples were

vortexed. Aliquots of 50 or 100 µl were taken after 10 s, about 5 mm

below the surface, and placed into a vacuum filtering manifold

containing 3 ml of sterile distilled water (0.2 µm filtered and autoclaved).

An additional 3 ml of sterile distilled water was added to insure a

homogeneous suspension of bacterial cells. Fifty microliters of a

0.1 mg ml-1 DAPI solution was added and the mixture allowed to

incubate for 7 min in the dark (Loferer-Krößbacher et al. 1999). Samples

were then filtered (vacuum at ca. 200 mbar) through black polycarbonate

filters (Millipore GTBP, 0.2 µm pore size) supported by a backing filter

(Millipore HAWP, 0.45 µm pore size) and rinsed with sterile distilled

water. Polycarbonate filters were removed from the filtering apparatus,

mounted on glass slides in low-fluorescence Cargille immersion oil (Type

A, Formula 1248) and observed at 1000× magnification under a Zeiss

Axiolab epifluorescence microscope (filter set 02: excitation G 365,

beamsplitter FT 395, emission LP 420). Bacterial cells were assigned to 1

of 8 morphotypes (spherical cocci, ovoid cocci, small rods, large rods,

vibrios, spirilli/spirochaetes, cells in chains and filaments) and counted

in a minimum of 10 microscopic fields. A total of ≥400 cells filter-1 were

counted (Kirchman 1993).

Biovolumes were calculated assuming that ovoid cells were

rotational ellipsoids. All other morphotypes were assumed to be cylinders

with hemispherical ends, and biovolumes (V) were calculated using the

formula V = w2/4 · (l – w) · π + w3/6 · π, where w is the cell width and l is

its length. Because of substantial size variability of filaments, the lengths

and widths of all encountered filamentous pieces were measured

individually using an eyepiece micrometer.
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Statistics

The effect of the instruments on the 3 different substrates was

analyzed by 2-way ANOVA with instrument and substratum as main

factors. Count data were square-root transformed prior to analysis and

biovolume data were logarithmically transformed (Sokal & Rohlf 1995).

Extraction efficiencies with different instruments were compared

separately for each substratum by 1-way ANOVA, followed by post hoc

pairwise comparisons (Tukey’s test). Effects were considered significant

when p < 0.05. All statistical calculations were carried out using SYSTAT.

Results

Treatment of samples with an ultrasonic probe resulted in an about

5-fold increase of detached bacterial cells from leaf discs compared to

simple vortexing (Fig. 1). Ultrasonic treatment for 30 s was sufficient to

yield the maximum number of cells, and prolonged treatment for up to 7

min did not result in lower numbers.

Fig. 1. Time series of detachment of bacterial cells from leaf litter with an

ultrasonic probe. Bars indicate ± SE
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Similar saturation curves were observed when time series were run

with the ultrasonic probe, with both sediment and epiphyton samples

(Fig. 2): detachment efficiencies from all substrata (leaves, sediment and

epiphyton) increased with treatment time and then reached a plateau,

regardless of whether bacterial detachment was achieved with an

Fig. 2. Time series of bacterial cells detached from (a) leaf litter, (b) sediment

and (c) epiphyton with an ultrasonic probe (diamond), ultrasonic bath (square),

Ultra-Turrax (triangle) and Stomacher (circle). Bars indicate ± SE
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ultrasonic bath or Stomacher (Fig. 2). The Ultra-Turrax treatments also

gave similar results except that a 10 min treatment of epiphyton samples

led to a significant reduction of bacterial counts compared to a 1 min

treatment (p < 0.05). Thus, in all but one case, prolonged treatment did

not result in reduced yields of bacterial cells with any of the 4

instruments tested.

Despite the similar pattern seen in time-course experiments with all

instruments, the absolute efficiencies (i.e., the maximum number of cells

recovered) differed significantly between instruments (Fig. 2). This effect

was observed with all substrata (Table 1).

Table 1. Separate 1-way ANOVAs testing the effects of detachment devices

(source of variation) on the abundance and biovolume of bacteria attached to 3

different substrata. aSquare-root transformed values; bln transformed values

Test parameter Substratum df Mean squares F-ratio p-value

Abundancea Leaf litter 3 2.21 × 106 27.9 <0.001

Error 12 7.9 × 104

Sediment 3 6.33 × 106 7.3 <0.01

Error 11 8.6 × 105

Epiphyton 3 2.00 × 108 21.0 <0.001

Error 12 9.5 × 106

Biovolumeb Leaf litter 3 0.79 42.3 <0.001

Error 12 0.02

Sediment 3 0.25 5.0 <0.05

Error 11 0.05

Epiphyton 3 0.20 23.5 <0.001

Error 12 0.01
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However, the highly significant interaction term between instrument

and substratum reveals that the efficiencies of different instruments

depended strongly on the substratum examined (2-way ANOVA on

square-root transformed count data; p < 0.001). With leaf litter samples,

the Stomacher gave significantly lower bacterial counts than all other

instruments (Fig. 2 & Table 2), and treatment with the ultrasonic bath

and Ultra-Turrax also resulted in significantly lower values than the

ultrasonic probe treatment. This outcome contrasts with the results seen

with sediments, where the highest number of bacteria was found

Table 2. Pairwise comparisons of the detachment efficiency of ultrasonic probe

(USP), ultrasonic bath (USB), Ultra-Turrax (UT) and Stomacher (ST) after 1-way

ANOVAs of bacterial counts on 3 types of substrata. Signs behind p-values

indicate significantly higher (+) or lower (–) efficiency of instruments listed in

columns versus instruments listed in rows. ns: Not significant

Substratum Comparison

Leaf litter USB USP UT

USP <0.05 (+)

UT ns <0.05 (–)

ST <0.001 (–) <0.001 (–) <0.001 (–)

Sediment USB USP UT

USP ns

UT ns ns

ST <0.01 (+) <0.05 (+) <0.05 (+)

Epiphyton USB USP UT

USP <0.001 (+)

UT <0.01 (+) <0.01 (–)

ST <0.01 (+) <0.05 (–) ns
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following treatment with the Stomacher; this higher yield was significant

compared to all other treatments (Table 2). Cells associated with

epiphytic biofilms were most efficiently recovered with the ultrasonic

probe, as had been found for the bacteria attached to leaf litter. However,

with epiphyton, the ultrasonic bath treatment rather than the Stomacher

resulted in the lowest yield. Thus, for leaf litter and epiphyton, the

ultrasonic probe was most efficient in detaching bacteria from their

substratum, whereas for sediment the Stomacher appeared to be the

best instrument.

When data were analyzed in terms of biovolume instead of cell

numbers, similar patterns emerged (Fig. 3). There was no clear evidence

of reduced yields with increasing treatment times, and similar relative

differences between instruments were apparent.

The 4 detachment procedures tested here did not generally affect

the proportions of different bacterial morphotypes (with one exception),

nor did the treatment time influence the apparent morphotype

composition of the communities (Fig. 4). However, the relative

contributions of morphotypes greatly depend on whether cell abundance

or biovolume is considered. Although cocci and rods were the

predominant cell forms on all 3 substrata in terms of numbers (85% on

average), the biovolume of coccal cells was negligible even on sediments,

where they made up almost 60% of the total cell abundance. In addition

to rods (60% on average), filaments and chain-forming bacteria assumed

great importance in terms of biovolume (20% and 40%, respectively).

The average biovolume of bacterial cells in epiphytic biofilms ranged

from 0.05 to 0.30 µm3 with a mean of 0.15 µm3 (data not shown).

Corresponding values for sediment samples were similar with 0.05 to

0.27 µm3 (mean of 0.12 µm3), whereas on leaf litter the average size was

slightly greater (range of 0.07 to 0.42 µm3 with a mean value of 0.13

µm3), due to the larger proportion of filamentous forms.
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Fig. 3. Time series of detachment of bacterial biovolumes from (a) leaf litter, (b)

sediment and (c) epiphyton with an ultrasonic probe, ultrasonic bath, Ultra-

Turrax and Stomacher. See Fig. 2 for symbols. Bars indicate ± SE

Discussion

The results of this study show that the type of substratum to which

bacteria are attached critically affects the relative efficiency of

instruments used for extracting bacteria from environmental samples.

Most strikingly, the Stomacher laboratory blender produced the highest
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yields of all 4 instruments tested when used with sediment samples, but

gave especially poor results with leaf litter. The performance of the

Stomacher with sediments has apparently not been tested in previous

studies. However, its high efficiency at extracting bacteria from sediment

in the present study is consistent with observations made on soils (van

Elsas & Smalla 1997). This suggests that the Stomacher works well with

mineral sample matrices in general, where friction between grains adds

to the overall abrasive effect. The same principle would apply to other

types of detachment devices. However, with the other instruments,

extraction conditions may become so harsh as to result in significant cell

disruption and thus diminished cell counts compared to a Stomacher

treatment.

Interactions between substratum quality and instrument type could

also account for the striking outperformance of the Stomacher by more

powerful instruments, particularly the ultrasonic probe, when bacteria

are dislodged from leaf litter. This finding seems to be at variance with

results obtained by Donegan et al. (1991), who recommend the

Stomacher explicitly for detaching bacteria from leaf surfaces. However,

the phylloplane bacteria studied by Donegan et al. (1991) may be much

less intimately associated with their substratum than the bacteria

colonizing decomposing leaves, as in the present study, thus requiring

less harsh conditions for efficient detachment. In line with this idea, the

harsher extraction procedures achieved with an ultrasonic probe have

repeatedly been found most appropriate in the majority of studies

comparing instruments for bacterial detachment from organic substrata

(e.g., Shelley & Perry 2000, Mermillod-Blondin et al. 2001), and this was

also observed in our experiments with both decomposing reed leaves and

epiphytic biofilms.

Part of the conflicting results between studies might be reconciled

when apparently minor differences in procedures are taken into account.

An important detail to consider is the power actually delivered to the
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Fig. 4. Proportion of bacterial morphotypes in (A, D) leaf litter, (B, E) sediment

and (C, F) epiphyton samples. Panels on the left show cell counts and those on

the right biovolumes. Instruments used for detachment: ultrasonic probe (usp),

ultrasonic bath (usb), Ultra-Turrax (ut) and Stomacher (st). Bars indicate ± SE
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sample (Epstein & Rossèl 1995). This is especially true for ultrasonic

treatments. The power acting on the sample must be high enough to

achieve near-complete detachment of cells from their matrix, but below

the level where notable cell disruption occurs. The power is influenced by

the type and settings of the instrument, the size of the energy-

transducing device (e.g., tip diameter of ultrasonic probes) and the

proximity of the sample to the power source (Epstein & Rossèl 1995,

Mermillod-Blondin et al. 2001). Sample volume has an effect on the last

factor. In previous studies, ultrasonic probes were connected to microtips

(3 to 5 mm diameter; e.g., Ellery & Schleyer 1984, Epstein & Rossèl

1995), whereas in the present study a tip with a diameter of 11.4 mm

was used, corresponding to a 5 to 14 times larger area of the blunt tip

end. Inserting the broad tip into a 20 ml scintillation vial insured close

contact between the power source and suspended particles with attached

bacteria, conceivably resulting in a more even distribution of the

vibration energy in the sample slurry. The power output of our set-up (80

W, 76 µm amplitude, broad tip, 20 ml sample volume, cooling with ice)

was about the maximum that could be applied without running the risk

of losing sample volume as a result of foaming, and it kept the

temperature below 40°C during a 1 min treatment (data not shown).

The constant cell counts and biovolumes observed in time-series

experiments indicate that cell disruption was largely prevented during

prolonged treatment in the present study. This observation is at variance

with most studies using ultrasonic probes with microtips (Ellery &

Schleyer 1984, Velji & Albright 1986, Epstein & Rossèl 1995; but see

Kuwae & Hosokawa 1999), suggesting that the conditions created by

microtips could be too harsh. The alternative hypothesis that overall

extraction was inefficient in the present experiments seems unlikely

given that the power output (80 W) was close to the optimal output (90

W) found by Shelley & Perry (2000). In addition, bacterial numbers and

average cell sizes, and thus biovolumes, were well in the range of
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published values (Schallenberg & Kalff 1993, Fischer et al. 1996, Thomaz

& Esteves 1997, Kuwae & Hosokawa 1999, Griebler et al. 2001).

In a comparison of 3 instruments used for separating bacteria from

decomposing leaves, Maamri (2000) reported a divergence in bacterial counts

between instruments of as much as 3 orders of magnitude. In comparison, the

greatest differences in the present study were less than a factor of 10, 4 and

2 for leaf litter, epiphyton and sediment samples, respectively. This much

narrower range suggests that, apart from the Stomacher treatment

applied to decaying leaves, all of the methods tested here yield similar

estimates. Consequently, in systems where bacterial abundance varies

across several orders of magnitude, (e.g., Baldy et al. 1995), all

detachment devices should produce useful results in spite of the

statistically significant differences in performance found here.

In addition to information on bacterial numbers, knowledge about

the biomass of bacteria is important for understanding the role of these

organisms in natural environments. Biomass is commonly derived from

biovolume estimates. Therefore, bacterial cell size and shape must be

considered in addition to numbers when evaluating instruments and

procedures for detaching bacteria from particles and surfaces. Similarly,

in analyses of bacterial community structure, it is essential to avoid

systematic biases by preferentially extracting some sorts of bacteria but

not others. Although the distinction of morphotypes as used in the

present study allows a quite limited resolution pattern of the bacterial

community structure, the remarkably stable pattern of morphotype

distribution across both instruments and treatment times suggests that

preferential extraction was not a severe problem. Thus, all 4 instruments

and procedures examined in this study may well produce comparable

results in terms of bacterial community composition.

In conclusion, the instruments and procedures used in this study

for detaching bacteria from sediments, leaf litter and epiphytic biofilms

gave results that varied within an order of magnitude or less. Therefore,
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the most efficient device must be chosen carefully for each type of

substratum when the success of an investigation depends critically on

accurate estimates of absolute numbers or biomass. Relatively harsh

extraction procedures with an ultrasonic probe turned out to be most

appropriate with organic materials, such as decaying leaves and

epiphytic biofilms, whereas a more gentle treatment with a Stomacher

laboratory blender was preferable with mineral sediment particles.
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3. Incorporation of radiolabeled leucine into
protein to estimate bacterial production in
plant litter, sediment, epiphytic biofilms

and water samples

Abstract

The present study assessed the application of tritiated leucine

incorporation into protein, as a measure of bacterial biomass production,

within four benthic habitats of a littoral freshwater wetland dominated by

emergent vegetation. Basic assumptions underlying the method, such as

linearity of leucine incorporation, saturation level of incorporation rates,

and specificity of incorporation for bacterial assemblages, were tested,

and two procedures for extracting radiolabeled protein were compared.

TCA precipitation followed by ultrasonication, and subsequent alkaline

dissolution in 0.5 M NaOH, 25 mM EDTA and 0.1% SDS gave best results

in terms of both extraction efficiency and signal-to-noise ratio.

Incorporation of leucine was linear for all habitats for up to one hour.

Saturation concentrations of leucine incorporation into protein were 150

nM for littoral surface waters, >960 nM for biofilms on plant surfaces, and

50 µM for aerobic sediment and submerged plant litter. An experiment

with prokaryotic and eukaryotic inhibitors designed to examine specificity

of leucine incorporation into bacterial protein showed no significant

leucine incorporation into eukaryotes during short-term incubations.

Calculations based on kinetic parameters of fungal leucine uptake

suggest, nevertheless, that significant leucine incorporation cannot be

ruled out in all situations. Thus, the leucine methodology can be used for

estimating bacterial production in benthic aquatic habitats, provided that

substrate saturation and isotope dilution are determined and that the

active biomass of eukaryotes, such as fungi, does not greatly exceed

bacterial biomass.
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Introduction

Determining bacterial production is important for quantifying the

contribution of bacteria to carbon cycling in ecosystems (Azam et al. 1994,

Simon et al. 2002). Various methods have been proposed to this end, the

two most commonly accepted and widely used ones consist in monitoring

the incorporation of radiotracers (e.g., [3H]thymidine, [3H] or [14C]leucine)

into cellular macromolecules (DNA and proteins, respectively) during

short-term incubations (Riemann & Bell 1990, Robarts & Zohary 1993,

Chin-Leo 2002). Critical assumptions underlying this approach include (i)

linearity of precursor incorporation during incubations, which would

indicate a lack of shifts in bacterial metabolism during experimental

incubations; (ii) assurance that incorporation is measured at precursor

concentrations that maximize incorporation rates (substrate saturation);

(iii) efficient and reproducible extraction of radiolabeled macromolecules

from incubated samples; and (iv) restriction of macromolecule labeling to

bacterial assemblages (specificity). The thymidine and leucine method

were originally developed for estimating bacterioplankton production in

the ocean (Fuhrman & Azam 1980, Kirchman et al. 1985, Simon & Azam

1989) only minimal adjustments were needed to adapt it to measuring

production of pelagic bacteria in lakes (e.g., Jørgensen 1992, Petit et al.

1999). However, some of the assumptions above are not always met in

environments such as sediments (Tuominen 1995, Fischer & Pusch 1999,

Kirschner & Velimirov 1999a), soils (Michel & Bloem 1993, Bååth et al.

2001), biofilms (Thomaz & Wetzel 1995, Fischer & Pusch 2001), or

decaying plant litter (Weyers & Suberkropp 1996), suggesting that

procedures used routinely in pelagic environments need to be adapted to

determine bacterial production in these habitats.

In marine waters, saturation of leucine incorporation rates typically

occurs at concentrations of 10-20 nM (Simon & Azam 1989; Ducklow et

al. 2000). Higher concentrations (up to 100 nM) are needed in pelagic
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freshwater systems (Jørgensen 1992), but these are still well below half-

saturation constants (Kt) for leucine uptake by eukaryotes (Horák 1986),

suggesting that notable leucine incorporation into protein is restricted to

bacteria, at least during short-term (<60 min) incubations. However, in

some benthic habitats, saturation of leucine incorporation has been

reported to occur only at concentrations three orders of magnitude higher

(Kairesalo et al. 1995, Marxsen 1996, Fischer & Pusch 1999). A

potentially serious shortcoming when working in systems requiring

leucine concentrations in the micromolar range is, therefore, that

incorporation into protein may not be restricted to bacterial assemblages.

In the original description of the method, Kirchman et al. (1985)

extracted radiolabeled protein with hot TCA (Munro & Fleck 1966,

Schneider 1945). Another efficient extractant for protein is alkaline

solution (Schmidt & Thannhauser 1945, Rausch 1981), prompting several

investigators to include a NaOH extraction step in their protocol. Meyer-

Reil & Charfreitag (1991), Marxsen (1996) and Kirschner & Velimirov

(1999a) first extract protein with alkaline solution before precipitating

with TCA. Kirschner & Velimirov (1999b), Bååth et al. (2001), and

Suberkropp (pers. comm.) reversed the order by stopping the incubation

of radiolabel with TCA and subsequently extracting protein with alkaline

solution, after removal of unincorporated radiolabel. Both approaches

present theoretical advantages and disadvantages, but since empirical

comparisons have not been made, their relative performance in practice is

unknown.

Apart from efficient extraction, an important criterion for selecting a

specific method is the signal-to noise ratio, which can be negatively

affected by either nonspecific incorporation of radiolabeled leucine into

molecules other than protein or by absorption of radiolabel (or any

extracellular transformation products) to the sample matrix. Nonspecific

incorporation of radiolabeled leucine into other macromolecules has been

found to be minor; leucine is efficiently (>90%) incorporated into protein
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(Riemann & Bell 1990), which is the only fraction that becomes

significantly radiolabeled (Chin-Leo & Kirchman 1988, Wicks & Robarts

1988, Riemann & Azam 1992). However, high background values have

been observed in control treatments of sediment samples in which

bacteria were killed before radioactivity was added (Furtado & Casper

2000), suggesting that considerable adsorption can take place when

sample matrices are complex. This problem is likely to compromise

accurate determination of bacterial production, particularly with highly

organic samples such as plant litter.

The present study was conducted to test key assumptions

underlying the leucine incorporation method for bacterial assemblages in

various freshwater habitats, some of which have not been well studied

and bear the risk of introducing artefacts in bacterial production

estimates. Specifically, we tested the specificity of leucine incorporation

into the protein fraction of bacteria associated with plant litter and

sediment in an experiment using prokaryotic and eukaryotic inhibitors. In

addition, we examined the linearity of leucine incorporation and substrate

saturation for bacteria in submerged plant litter, sediment, biofilms on

plant surfaces, and littoral surface water of a lake. Isotope dilution was

also assessed. Finally, we compared two procedures for extracting

radiolabeled protein from plant litter and sediment samples with alkaline

solution in attempt to optimize extraction efficiency and to lower the

notoriously high signal-to noise ratios encountered with this type of

samples.

Material and Methods

Sample collection

Samples were collected in a littoral stand of the common reed,

Phragmites australis (Cav.) Trin. ex Steud., situated on the eastern shore
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of Lake Hallwil (47°17´N, 8°14´E), a eutrophic hardwater lake in central

Switzerland (Scheidegger et al. 1994). Depth-integrated water samples

were taken and placed in acid-washed glass bottles. Submerged standing

portions of reed culms with attached epiphyton were clipped just above

the sediment surface, cut into 10-cm pieces, and placed into sterile 50-ml

centrifuge tubes containing lake water. Sediment (top 10 cm) was

sampled with a hand-held corer (6 cm in diameter) and the aerobic top

layer were taken for experiments. Submerged decaying plant litter was

collected by hand from the sediment surface and placed into clean plastic

boxes. Samples were kept cool in an ice chest during transport to the

laboratory.

Experiment 1: Substrate saturation and isotope dilution

Constant amounts of L-[4,5-3H]leucine (TRK170, Amersham,

Buckinghamshire, U.K.) with a specific activity of 5.03 TBq mmol-1 and

increasing amounts of unlabeled L-leucine (Fluka, Buchs, Switzerland)

were used to establish saturation curves of leucine incorporation into

protein of the four types of collected samples. Water samples were

incubated at six concentrations ranging from 15 to 480 nM (specific

activity: 0.09-2.96 TBq mmol-1). Epiphytic biofilm samples were incubated

at seven concentrations ranging from 15 to 960 nM (specific activity:

0.05-2.96 TBq mmol-1), and plant litter and sediment at six

concentrations ranging from 0.01 to 50 µM (specific activity: 0.52 GBq

mmol-1-5.0 TBq mmol-1). Three replicates and one control were used at

each concentration. Controls received buffered (0.1% sodium

pyrophosphate) formalin to a final concentration of 2% before tritiated

leucine was added. Leucine solutions were prepared with 0.2-µm filtered

lake water. The final incubation volume of water and epiphyton samples

(three 1-cm culm pieces, 0.50 ± 0.05 mg Corg cm-2, mean ± 1 SE) was 3 ml.

Sediment slurry (0.5 ml, 1.9 ± 0.1 mg Corg cm-3) and plant litter (5 leaf

discs, 5.5 mm diameter, 2.2 ± 0.3 mg Corg) were incubated in a total
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volume of 1 ml. Incubations were carried out at ambient lake

temperature.

Incubations were stopped with trichloracetic acid (TCA), precipitated

proteins cleaned by multiple centrifugation and washing steps, dissolved

in alkaline solution (see details below), and a 100 µl aliquot added to 10

ml Hionic-Fluor (Packard Bioscience, Meriden, USA). Radioactivity was

measured with a liquid scintillation counter (Packard Tri-Carb 1600CA)

and counts per minute (CPM) converted to disintegrations per minute

(DPM) with appropriate quench curves established separately for each of

the investigated substrates.

Incorporation rates of leucine into protein were iteratively fitted to

the hyperbolic function of Michaelis-Menten-type kinetics using non-

linear regression analysis (OriginPro 6.0, Microcal Software Inc.,

Northampton, MA). The fitted parameters were used as estimates of

maximum leucine incorporation rates (vmax) and half-saturation constants

plus natural leucine concentrations (Kt+Sn) as a measure of substrate

affinity. Isotope dilution was assessed as the ratio of vmax to vmeasured at the

concentration where saturation was virtually reached (Van Looij &

Riemann 1993).

Experiment 2: Linearity of [3H]leucine incorporation

Time course experiments were conducted at concentrations that

maximized leucine incorporation, as determined in Experiment 1.

Triplicate samples of water, epiphyton, plant litter and sediment were

incubated at five time intervals ranging from 0 to 90 min. Triplicate

samples and one formalin-treated control were incubated and analyzed as

in Experiment 1. Linear regressions were calculated based on individual

data points.

Experiment 3: Prokaryotic versus eukaryotic leucine incorporation

Prokaryotic and eukaryotic selective inhibitors were used to examine
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the potential for eukaryotic incorporation of leucine at high

concentrations. The eukaryotic inhibitors cycloheximide (0.02%) and

colchicine (0.01%) were used to inhibit fungi and other eukaryotes (Sherr

et al. 1986, Newell et al. 1995), whereas chloramphenicol (0.001%) and

streptomycin (0.1%) were used to inhibit bacteria (Madigan et al. 2002).

Cycloheximide, chloramphenicol and streptomycin interfere with protein

synthesis, whereas colchicine depolymerizes microtubules in dividing

eukaryotic cells. Submerged decaying leaf litter of P. australis was used in

this experiment, since this material is known to be colonized by fungi

(Komínková et al. 2000). Four treatments were examined: a) no addition of

inhibitors, b) addition of eukaryotic inhibitors, c) addition of bacterial

inhibitors, d) addition of both types of inhibitors.  Triplicate samples of

five leaf discs each (diameter 5.5 mm) were incubated at leucine

concentrations of 0.02, 0.4 and 50 µM (specific activity of 2.36 × 106,

1.18 × 1011, and 9.46 × 108 Bq mmol-1, respectively). These concentrations

were chosen to reflect the full range of concentrations used previously for

estimating bacterial production associated with large organic particles in

freshwaters (Moran & Hodson 1992, Thomaz & Wetzel 1995, Suberkropp

& Weyers 1996, Kirschner & Velimirov 1999a). Incubations were stopped

by the addition of trichloroacetic acid (TCA) to a final concentration of 5%.

Labeled protein was extracted in alkaline solution and a 100-µl aliquot of

the extract was radioassayed (see details below).

Experiment 4: Efficiency of protein extraction

The efficiency of two procedures was tested for extracting

radiolabeled protein from sediment and plant litter samples. Eight

replicates of 0.5-ml sediment slurry or 5 discs (diameter 5.5 mm) from

decaying leaf were incubated in a total volume of 1 ml of a [3H]leucine

solution with a specific activity of 1.04 Bq mmol-1 and a total added

leucine concentration of 50 µM. In extraction Method 1, macromolecules

(proteins and nucleic acids) were first precipitated with TCA and carried
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through a series of cleaning steps before radiolabeled protein was

dissolved in alkaline solution and radioassayed (Kirschner &

Velimirov1999b, Bååth et al. 2001). In Method 2, proteins were

immediately extracted with alkaline solution, then carried through several

cleaning steps, precipitated with TCA, re-dissolved in NaOH and

radioassayed (Meyer-Reil & Charfreitag 1991, Marxsen 1996, Kirschner &

Velimirov 1999a). In extraction Method 1, the incorporation of 3[H]leucine

was terminated by adding TCA to a final concentration of 5%. Samples

were placed on ice for 20 min to precipitate macromolecules, and then

centrifuged for 10 min at 14,000 g.  The supernatants were discarded and

the pellets washed once each with 1 ml of 5% TCA, 80% ethanol and

nanopure water, each time alternating with a 10-min centrifugation step

as above. Macromolecules were then dissolved in alkaline solution (0.5 N

NaOH, 25 mM EDTA and 0.1% SDS) for 60 min at 90 °C in a dry bath.

Samples were cooled to ambient temperature, and a 100-µl aliquot mixed

with 10 ml Hionic-Fluor (Packard Bioscience, Meriden, USA) and

radioactivity measured with a Packard Tri-Carb 1600CA liquid

scintillation counter. Quench curves for sediments and leaf litter were

previously established by adding increasing amounts of unlabeled extract

to a known amount of radioactivity. tSIE values were plotted against the

counting efficiency and the resulting quench curve was used for

converting CPM into DPM.

In extraction Method 2, [3H]leucine incorporation was stopped by

adding 0.5 M NaOH. Macromolecules were extracted in alkaline solution

(0.5 M NaOH, 25 mM EDTA and 0.1% SDS) for 60 min at 90 °C as in

Method 1 above. Samples were then placed on ice, neutralized with 10 µl

of 5 M HCl and macromolecules precipitated with TCA (5% w/v final

concentration). Samples were centrifuged for 10 min at 14,000 g and

supernatants discarded.  The pellets were washed once with 1 ml 5%

TCA, 80% ethanol and nanopure water as in Method 1. Macromolecules

were solubilized in 0.5 M NaOH at 90 °C for 30 min and a 100-µl aliquot

of the solution was radioassayed.
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Experiment 5: Improvement of sample-to-blank ratios

To test whether ultrasonic treatment would improve the sample-to-

blank ratio in leucine incorporation measurements, both sediment and

litter samples were treated for 1 min with an ultrasonic probe (Branson

Sonifier 250, output 80 W, amplitude 76 µm; see (Buesing & Gessner

2002) before TCA precipitation and compared to untreated samples.

Eighteen replicate samples were used for each substratum. Results were

compared with a paired t-test.

Experiment 6: [3H]leucine incorporation into nucleic acids

An additional experiment was conducted to establish whether

tritiated leucine is incorporated into macromolecules other than protein.

According to Schneider (1945), hot TCA extraction separates RNA and

DNA from the protein fraction. If significant amounts of radiolabel were

incorporated into DNA, boiling in TCA should result in lower radioactive

counts than a treatment with cold TCA. To test whether a separation of

the nucleic acid and protein fraction is necessary, three sediment samples

(0.5 ml slurries, 16 mg Corg) and three submerged plant litter samples (80

mg wet weight, 7 mg Corg) were incubated and extracted according to

Method 1 described above. Parallel sets of samples were extracted for 60

min at 90 °C in 5% TCA and subsequently cooled to ambient temperature.

After centrifugation (10 min at 14,000 g), the supernatant containing

nucleic acids was discarded and the pellet containing radiolabeled

proteins dissolved in alkaline solution and radioassayed.

Results

Experiment 1: Substrate saturation and isotope dilution

Saturation of leucine incorporation rates into protein occurred at

vastly different concentrations for the four substrates examined
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(Fig. 1a-d), at 120 nM with littoral water, >960 nM with epiphyton, and

50 µM with both sediment and plant litter. Considerable variability among

replicates was observed at higher concentrations, most likely resulting

from the lower specific activity of leucine added to those samples.

Isotope dilution estimated as the ratio of vmax to vmeasured ranged from

1.15 in sediment samples to 1.31 in epiphyton samples (Table 1). Half

saturation constants plus the natural leucine concentrations (Kt+Sn)

ranged from 30 nM in littoral water samples to 10.9 µM in plant litter

samples (Table 1).

Experiment 2: Linearity of [3H]leucine incorporation

Incorporation of leucine was linear for up to 60 min for all substrates

tested (Fig. 1e-h). At longer incubation times, incorporation tended to level

off in water, sediment, and plant litter samples, but remained linear for

up to 90 min in epiphyton samples.

Table 1: Measured (vmeas) and maximum (vmax) rates of leucine incorporation into

protein, isotope dilution, and half saturation constants (Kt plus the natural

leucine concentration, Sn) determined in saturation experiments and calculated

by nonlinear curve-fitting to Michaelis-Menten-type kinetics. Values are means

of three replicates ± 1 SE.

Substrate vmeasa vmaxa Isotope dilutionb Kt+Sn (µM) r2

Sediment 716 ± 60 825 ± 110 1.15 ± 0.18 8.7 ± 3.9 0.95

Plant litter 1090 ± 241 1340 ± 80 1.23 ± 0.28 10.9 ± 2.2 0.99

Epiphyton 5.1 ± 0.8 6.7 ± 0.8 1.31 ± 0.26 0.26 ± 0.06 0.98

Water 1.3 ± 0.1 1.48 ± 0.03 1.17 ± 0.09 0.029 ± 0.002 0.99

a pmol mg-1 Corg h-1 for sediment, plant litter and epiphyton and pmol ml-1 h-1 for

water samples.

b Ratio of vmax to vmeasured; SE calculated using error propagation rules
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Fig. 1: Substrate saturation curves of leucine incorporation into protein with

littoral water samples (a), epiphytic biofilms on submerged reed culms (b),

aerobic sediment (c) and submerged plant litter (d), and corresponding time

series of leucine incorporation (e-h). Solid circles are means of the three replicate

measurements shown as open circles.
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Experiment 3: Prokaryotic versus eukaryotic leucine incorporation

In the absence of bacterial and fungal inhibitors, incorporation rates

of leucine into protein increased with increasing concentrations of added

leucine (Fig. 2a), confirming the observation of Experiment 1 that

micromolar leucine concentrations are required to achieve saturation with

plant litter (Fig. 1d). Addition of antibacterial compounds reduced

incorporation of leucine to background levels at all concentrations tested,

irrespective of whether prokaryotic inhibitors were given alone (Fig. 2c) or

in combination with eukaryotic inhibitors (Fig. 2d). When samples were

treated with fungal inhibitors alone, no decrease in incorporation rates

was observed at concentrations in the nanomolar range. At 50 µM,

incorporation was 28% lower compared to the treatment with no

inhibitors (Fig. 2a, b). However, the fact that neither the inhibitor effect

(two-way ANOVA, p = 0.99; t-test, p= 0.46, for 50 µM only) nor the

interaction of treatment type (i.e., no inhibitors vs. eukaryotic inhibitors) ×

leucine concentration (two-way ANOVA, p = 0.44) were significant

indicates that the observed decrease at 50 µM was within the variability

range of replicate samples.

Experiment 4: Efficiency of protein extraction

Extraction Method 1 resulted in significantly higher incorporation

rates into protein than Method 2 with both sediment (2.1× higher) and

plant litter samples (6.3× higher) (Table 2). In addition, the sample-to-

blank ratio was considerably higher with Method 1, even when expressed

in relative terms (Table 2).

Experiment 5: Effect of ultrasonic treatment on the sample-to-blank ratio

The ratio of radioactivity determined in samples and formalin-treated

controls increased significantly when plant litter and sediment were

treated with an ultrasonic probe for 1 min before precipitating
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Fig. 2: Rates of leucine incorporation in plant litter samples during 30-min
incubations in the presence or absence of eukaryotic and prokaryotic inhibitors:
a) without inhibitors, b) eukaryotic inhibitors only (0.02% cycloheximide and
0.01% colchicine), c) prokaryotic inhibitors only (0.001% chloramphenicol and
0.1% streptomycin), d) both types of inhibitors. Values are means of three
replicates ± 1 SE.
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macromolecules with TCA. With sediment, control values were reduced 6

fold from 21 ± 2% (mean ±  1 SE) without treatment to 3.6 ± 0.3% after

ultrasonication. Controls for plant litter were reduced 3 fold from a high

of 79 ± 4% without ultrasonication to 26 ± 4% when subjected to

ultrasonic treatment.

Experiment 6: [3H]leucine incorporation in nucleic acids

There was no significant difference in protein extraction efficiencies

whether proteins were treated with either hot or cold TCA (Table 3) before

extraction in alkaline solution. Consequently, it is unlikely that significant

amounts of radiolabel were incorporated into DNA.

Table 2: Efficiency of two procedures for extracting radiolabeled protein from

sediment and plant litter samples. Controls refer to measurements where

formalin  was added prior to incubation of samples with [3H]leucine. Values are

means of three replicates ± 1 SE. Differences between methods were significant

at p<0.001 for both sediment and plant litter.

Leucine incorporation rate

(nmol mg-1 Corg h-1)

Material Extraction

method

Sample Control Control

(% of sample)

Sediment 1 9.1 ± 0.2 0.1 1.1

2 4.3 ± 0.1 0.8 18.6

Plant litter 1 7.5 ± 0.7 0.1 1.3

2 1.2 ± 0.3 0.7 58.3
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Table 3: Effect of hot TCA versus cold TCA treatment on apparent leucine

incorporation into protein. Values are means of three replicates ± 1 SE.

Leucine incorporation rate

(nmol mg-1 Corg h-1)

Treatment Sedimenta Plant litterb

Hot TCA 9.6 ± 0.4 8.6 ± 1.5

Cold TCA 9.1 ± 0.2 8.5 ± 1.5

a p = 0.50

b p = 0.97

Proposed extraction protocol

Based on the results of the above experiments, the following protocol

for extracting protein from radiolabeled microbial cells is proposed

(Fig. 3). Incorporation of leucine is stopped by adding TCA to a final

concentration of 5% w/v. Samples are then sonified for 1 min and

centrifuged for 10 min at 14,000 g. The supernatant is removed from the

sample and filtered over 0.2 µm polycarbonate filter supported by a

backing filter. Both filter and pellet are washed twice with 5% TCA, once

with 40 mM leucine, once with 80% ethanol and once with nanopure

water. The filter and pellet are combined in a centrifuge tube and protein

is dissolved in an alkaline solution (0.5 N NaOH, 25 mM EDTA, 0.1%

SDS) for 60 min at 90°C. The samples are cooled down to ambient

temperature, centrifuged (10 min at 14,000 g) and an aliquot of

100-500 µl, depending on expected radioactivity, is radioassayed.
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Fig. 3: Proposed procedure for extracting radiolabeled protein from bacteria

associated with decaying plant litter and sediment.
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Discussion

Efficient extraction of radiolabeled protein is critical when deriving

bacterial production from leucine incorporation rates. Inclusion of an

NaOH extraction step can significantly enhance extraction efficiency

(Kirschner & Velimirov 1999b, Bååth et al. 2001, Suberkropp, pers.

comm.). The results of the present study indicate that this NaOH

extraction is best carried out once unincorporated label has been removed

from samples (Method 1), probably as a result of both more complete

extraction and reduced losses during protein clean-up steps. In addition

to increasing protein extraction efficiency, the proposed procedure

improves the sample-to-blank ratio with both sediment and plant litter

samples. Enhanced sample-to-blank ratios were accomplished by

introducing an ultrasonication step to disperse organic and inorganic

debris (Thomaz & Wetzel 1995), coupled with abundant washing of

samples in the extraction tubes before extracting in alkaline solution.

These procedures resulted in fully satisfactory signal-to-noise ratios (>10)

with our sediment samples, although further improvement would be

desirable for plant litter samples.

Treatment with hot TCA to separate nucleic acids from the insoluble

protein fraction (Schneider 1945) proved to be unnecessary, since leucine

incorporation rates of samples treated with either cold or hot TCA were

not significantly different. This observation held true for both sediment

and plant litter and confirms findings obtained with marine water

samples (Chin-Leo & Kirchman 1988,Wicks & Robarts 1988), lake water

(Jørgensen 1992) and stream sediments (Marxsen 1996).

The linear rates of leucine incorporation into protein for up to 60

min indicate that bacterial protein synthesis was not stimulated during

short-term incubations. Incubation times of 30 min would thus be

appropriate for estimating in-situ production rates of bacteria associated

with a range of substrates encountered in freshwater wetlands, as has
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been found in other temperate aquatic environments (Petit et al. 1999).

However, slight deviation from linearity after 90 min for three of the four

sample types tested indicates that bacteria may indeed shift their

metabolism during prolonged incubations. Consequently, caution is

needed when choosing standard incubation times greater than 1 h for

routine measurements (Jørgensen 1992).

A significant result of the present study is that the kinetics of leucine

incorporation may vary substantially among bacterial assemblages in

different aquatic habitats even at a single location (Table 1). The

divergence of vmax and Kt may be related to differences in both bacterial

community structure and physiological adaptation to varying nutrient

availability (Jørgensen 1992); however, which of these factors

predominates cannot be decided until the assemblages have been

characterized taxonomically. In general, substrate saturation in the

present study was found at concentrations similar to or slightly higher

than those reported in other investigations. In littoral water and epiphytic

biofilms, substrate saturation occurred at higher levels than in most

pelagic freshwater systems, but with about 150 nM and 1 µM,

respectively, concentrations were still within the range observed for these

types of habitats in other nutrient-rich systems (Fischer & Pusch 1999).

Sediment samples showed the highest saturation levels, which is

consistent with results from other environments, and so is the high

concentration in the micromolar range needed to reach saturation

(Marxsen 1996, Fischer & Pusch 1999, see also Kirschner & Velimirov

1999a). Fifty µM were also required to reach saturation with plant litter, a

concentration 100 fold higher than found with decaying leaves in a

stream (400 nM; Suberkropp & Weyers 1996). However, because the

leucine method has only rarely been used with plant litter, it is premature

to evaluate whether the difference with the study by Suberkropp &

Weyers (1996) is due to intrinsic differences between habitats (deciduous

tree leaves in streams vs emergent-macrophyte tissue in freshwater
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wetlands) or differences in the extraction procedures.

Results obtained in this investigation support the contention that

incorporation of radiolabeled leucine into protein was mainly due to

bacterial metabolism, even at the leucine concentration of 50 µM that was

required for sediment and plant litter. This conclusion is mainly

supported by the observation that addition of prokaryotic inhibitors to

samples reduced incorporation rates to background levels. In addition,

the eukaryotic inhibitors cycloheximide and colchicine did not exert non-

target effects on bacterial assemblages, as indicated by unchanged

incorporation rates at 20 and 400 nM of added leucine compared to

samples that did not receive inhibitors. The observed reduction of leucine

incorporation rates at 50 µM suggests that eukaryotes could contribute to

leucine incorporation into protein at this higher concentration. However,

the reduction was not significant and is also counter to the total

suppression of leucine incorporation observed when bacterial inhibitors

were added. It is more likely, therefore, that the apparent reduction was

an effect of the high variability among samples, caused by the relatively

low specific activity and hence low amounts of radioactivity incorporated

at the high concentration of added leucine (cf. Bååth 2001).

Evidence from physiological studies with pure cultures indicates that

fungi are capable of taking up leucine when concentrations are in the

micromolar range. Horák (1986) reports half-saturation constants (Kt) of

84 and 1400 µM for two complementary transport systems in the yeast,

Saccharomyces cerevisiae, and half-saturation constants of 4 and 110-120

µM for transport systems in Neurospora crassa. At least the high-affinity

transport systems of S. cerevisae (Kt = 84 µM) and those of N. crassa

would thus allow significant leucine uptake at 50 µM. The question

remains, however, whether fungi can also compete successfully for

leucine when bacteria are present. The high-affinity transport system of S.

cerevisae (Kt = 84 µM) shows maximum uptake velocities (vmax) of 1 nmol

min-1 mg-1 fungal dry weight (Horák 1986) and so would assimilate 0.37
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nmol min-1 mg-1 at 50 µM. The high-affinity transport system of N. crassa

(Kt = 4 µM) has a vmax of 0.1 nmol min-1 mg-1 and so 0.09 nmol min-1 mg-1

could be assimilated at 50 µM. In comparison, incorporation rates of

leucine into bacteria in the present study translate to 7 nmol min-1 mg-1

bacterial dry weight, if an average bacterial carbon content of 1.5 mg g-1

plant litter carbon and a carbon to dry weight ratio of 0.45 is assumed

(Buesing 2002). Thus, in the experimental conditions of the present study

(added leucine concentration of 50 µM), bacteria would take up leucine

19-65 times faster than fungi.

Although these scenarios may reflect the natural situation in

freshwater wetlands only roughly, they give an idea of the potential

magnitude of rates of fungal protein synthesis. If the kinetic parameters

above are applicable, the fungi colonizing submerged plant litter would

contribute equally to total leucine incorporation if their active biomass

were 19-65 times that of bacteria. For many systems, including the

sediments examined in the present study, it is therefore unlikely that

fungi played a substantial part in leucine incorporation during short-term

incubations. However, in submerged plant litter decaying in freshwaters,

fungal biomass can indeed exceed bacterial biomass by a factor of 20 or

more (Baldy et al. 2002, Komínková et al. 2000, Weyers & Suberkropp

1996) and so might contribute appreciably to total leucine incorporation.

Consequently, the potential of leucine incorporation by eukaryotes cannot

be ignored in these systems, even though direct measurements with the

actetate-to-ergosterol method (Gessner & Newell 2002) suggest that

fungal productivity associated with submerged plant litter in a littoral

macrophyte stand is about one order of magnitude lower than that of

bacteria (Buesing 2002).

In conclusion, the leucine method represents a useful tool for

measuring bacterial production in littoral water, epiphytic biofilms,

aerobic sediment and, with some limitations, submerged plant litter.

Saturation of leucine incorporation was achieved for all substrates,
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although micromolar concentrations were needed with sediment and

plant litter samples. In general, the critical criterion of specificity for

bacterial protein synthesis may still be met, but caution must be used

when the active biomass of fungi exceeds that of the bacteria greatly.
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4. Fungal and bacterial productivity and carbon
turnover of coarse-particulate organic matter

in a littoral freshwater wetland

Abstract

Microbial dynamics associated with naturally decaying coarse-

particulate organic matter (CPOM) were studied in a littoral zone of a lake

dominated by the emergent macrophyte, Phragmites australis. Amounts of

benthic CPOM, bacterial and fungal biomass, production, growth rate

and microbial respiration were assessed on a monthly basis and annual

microbial carbon demand was related to the net above-ground reed

production. Microbial biomass was dominated by fungi (average: 23.5 mg

C g-1 Corg), which made up >90% of the total microbial biomass associated

with CPOM (average bacterial biomass of 1.5 mg C g-1 Corg). Conversely,

bacterial production rates (average of 5.7 mg C g-1 Corg day-1) were eight

times higher than fungal production rates (average of 0.7 mg C g-1 Corg),

and bacterial growth rates (average of 3.9 d-1) exceeded fungal growth

rates (average of 0.03 d-1) by two orders of magnitude. Microbial

respiration rates on CPOM were on average 8.6 mg C-CO2 g-1 Corg d-1.

Thus, microbial growth efficiency was estimated to be 48%. Annual

bacterial production per square meter littoral reed stand was 710 g C and

annual fungal production 93 g. These production estimates were close to

the annual microbial respiration of 874 g C m-2. The net above-ground

production of P. australis was estimated to supply only to about 600 g C

m-2 yr-1, to the carbon cycling within the littoral reed stand. Thus, the

microbial carbon demand is exceeding the primary production of the

emergent vegetation, indicating that additional organic carbon is

imported into the littoral zone.
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Introduction

Emergent macrophytes may account for the greatest fraction of

primary production in small lakes (e.g. Gessner et al. 1996). Annual

above-ground primary production in vigorous stands of the common reed,

Phragmites australis for example, may often be as high as 1-2 kg dry

weight per m2 (Kvĕt & Westlake 1998, Mitsch & Gosselink 2000), which is

2-3 times as high as the primary production of phytoplankton typically

found in eutrophic lakes (Wetzel 2001). Only a small fraction of the living

plant is consumed by animals during the growing season, so that most of

the vascular plant material enters the detrital carbon pool where it serves

as a nutritional base for heterotrophic organisms such as bacteria, fungi,

and detritivorous animals (Mann 1988, Wetzel 1990, Wetzel 1995). The

biomass of microorganisms in littoral zones may be much smaller than

that of animals such as macroinvertebrates, but owing to the potentially

much higher metabolic rates and turnover of small single-cell organisms,

the impact of microbes in terms of material transformation and energy

flow may be proportionately much greater. Even though saprophytic

bacteria and fungi constitute the most important microbial decomposers

of organic matter, few investigators (Newell et al. 1995, Sinsabaugh &

Findlay 1995, Weyers & Suberkropp 1996) have compared fungal and

bacterial production within the same habitat.

Bacterial production on decaying plant litter has been studied in a

range of aquatic systems, such as swamps (Moran and Hodson 1989a),

salt marshes (Newell et al. 1995), streams (Weyers & Suberkropp 1996,

Baldy & Gessner 1997) and coastal lagoons (Thomaz & Esteves 1997).

The majority of these studies focused on the decomposition of organic

matter rather than microbial secondary production. Even though these

two processes are tightly linked, the different focus leads to a different

sampling approach. In decomposition studies dried leaf or culm material

is placed in litter-bags and exposed in the field for several weeks or

months (Tanaka 1991, Newell et al. 1995, Kuehn et al. 2000, Komínková
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et al. 2000), whereas estimates of microbial secondary production on an

ecosystem level require at least an annual cycle. Until now only two

studies have determined microbial production dynamics on the naturally

decaying organic matter over a year (Suberkropp 1997, Newell 2001).

The present study aimed (1) to assess above-ground biomass

production of Phragmites australis as the major input of carbon and

energy into the littoral zone of a lake; (2) to determine bacterial and

fungal in situ production and respiration on naturally decaying litter; and

(3) to relate seasonal and spatial variations of fungal and bacterial

biomass and production to the dynamics of coarse-particulate organic

matter (CPOM) produced within the littoral zone; (4) to estimate annual

microbial production and thus (5) to construct a budget of heterotrophic

carbon flows in the submerged litter compartment

Methods

Study site

The study was conducted in a littoral reed stand on the eastern

shore of Lake Hallwil (Fig. 1), a eutrophic, meromictic lake of the Swiss

Plateau (47°17‘ N, 8°14‘ E) at 449 m a.s.l. Meromixis is favored by hills

extending along the east and west side of the basin, protecting the lake

surface from circulation-inducing winds (Scheidegger et al. 1994).

Morphometric characteristics of the lake and chemical data from the

water in the littoral reed stand are summarized in Table 1. Water

temperature was recorded with 8-bit Minilog-TR data loggers (Vemco,

Nova Scotia, Canada) in the CPOM layer of the reed stand at ca. 60 cm

depth throughout the present study (Fig. 2).

Lake restoration measures starting in the 1980’s have resulted in a

substantial decrease in phosphorus concentrations. However, with

80 µg P L-1 in the pelagic water column concentrations are still

unnaturally high. The lake has been artificially oxygenated since 1985:

Pure oxygen is injected into the hypolimnion during the summer
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stratification period, whereas compressed air is used in winter to enhance

circulation (Scheidegger et al. 1994). This measure has not, however,

eliminated meromixis until today.

The present study was carried out in a permanently aquatic, nearly

monospecific stand of the common reed, Phragmites australis (Cav.) Trin

ex Steud., which extended 800 m along the shore. The width of the stand

ranged from 6-20 m. Water depth was about 1 m at the lakeward margin

and 35-70 cm in the center of the stand. No symptoms of reed die-back, a

wide-spread phenomenon in Switzerland and Central Europe (Hürliman

1951, Ostendorp 1989, Ostendorp 1993), were observed. Patches of

another emergent macrophyte, the rush, Schoenoplectus lacustris,

occurred at the reed margin, and pondweeds (Potamogeton crispus and P.

pectinatus) formed a seasonally dense cover in the deeper part of littoral

zone.

Fig.1: Schematic

presentation of the

littoral sampling site

at Lake Hallwil,

Switzerland. Letters

indicate sampling

areas situated at the

lakeward side (A), in

the center stand (B)

and landward side

(C) of the reed.
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Fig. 2: Range (gray area) and average (black line) of daily temperature in the CPOM

layer of Lake Hallwil. Readings were taken with 8-bit temperature data loggers

(Minilog-TR, Vemco, Nova Scotia, Canada) every 30 min at one of the sampling

areas in the center of the reed stand.

Experimental design

In order to account for the full spatial variability within the

Phragmites stand, a stratified random sampling design was used to

designate six sampling areas over the total length of the reed stand

(Hurlbert, 1984). As shown in Fig. 1, two sampling areas were at the

lakeward side (A), two in the center (B), and two landward (C), in the

sequence ABCBAC (Fig. 1), which are referred to as ‘positions’ hereafter. A

distance of >20 m was kept to bird nests and fish traps. Sampling areas

were 2.8 × 1.3 m and plots of 30 cm in diameter were chosen in a random

fashion within each sampling area. Adjacent plots were separated by 20-

cm wide strips, from which no samples were taken. Each plot was

sampled only once during the study. They were accessed with a canoe

that was pulled inside the stand along a permanently installed rope.
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Table 1: Morphometry of Lake Hallwil (BUWAL 1994) and water chemistry

(annual mean ± standard error, n=72) of the littoral zone measured monthly

during the present study at each sampling area.

Parameter Values

Lake morphometry

Catchment area (km2)a 128

Lake surface area (km2) 10

Mean depth (m) 28

Maximum depth (m) 46

Volume (km3) 0.28

Theoretical water residence time (a) 3.8

Water chemistry of the littoral zone

Conductivity (µS cm-1) 286 ± 12

Alkalinity (mmol l-1) 2.4 ± 0.1

pH 8.26 ± 0.13

Chlorophyll (µg l-1)b 8.5 ± 2.2

SRP (µg l-1) 2 ± 1

TP (µg l-1) 40 ± 4

NH4+- N (µg l-1) 23 ± 7

NO2-- N (µg l-1) 2.5 ± 0.7

NO3-- N (µg l-1) 330 ± 82

DON (µg l-1) 384 ± 10

DOC (mg l-1) 7.2 ± 1.6

a including the catchment of upstream Lake Baldegg
b sum of chlorophyll a and b



Chapter 4                                   Fungal and bacterial production on CPOM

61

Sample collection

Submerged standing reed stubble and CPOM deposited on the

sediment surface were collected at monthly intervals from January to

December 2000 with a box sampler consisting of a transparent plexi-

glass cylinder 30 cm in diameter and 70 cm in height. The cylinder was

equipped with a hinge that allowed opening it into two half-cylinders and

thus enclosing the sampling plot without destroying shoots. The lower

end of the sampler had a sharp metal edge that was pushed into the

sediment. All stubble enclosed by the sampler was then clipped off just

above the sediment surface and stored in a plastic bag. The CPOM

deposited at the bottom was subsequently aspired with a manually

operated pump down to the root mat or the rhizome system. The particles

collected on a 1-mm mesh screen were rinsed with lakewater and stored

in plastic boxes. Samples were transported to the laboratory in an ice

chest.

Sample processing

Stubble material was dried at 105 °C to constant weight and

weighed to the nearest 0.1 g. A representative subsample of the deposited

CPOM from each area was cut into smaller pieces. These subsamples

(~80 mg wet weight) were transferred to 20 ml glass scintillation vials for

bacterial counts and biovolume determinations. Ten ml of a 2% formalin

solution (buffered with 0.1% sodium pyrophosphate) was added and the

vials were stored at 4 °C in the dark. Additional subsamples were placed

in separate vials for estimating bacterial production (~80 mg wet weight)

and fungal biomass and production (~500 mg wet weight). Finally, to

measure respiration, subsamples of 70 mg to 1.5 g (depending on

expected respiratory activity) were placed in respiration chambers as

described below. Separate CPOM samples were taken to determine wet

weight/dry weight and carbon/dry weight ratios.
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Determination of dry weight and nutrient content

Five hundred mg of each sample was dried at 105 °C and weighed to

determine the wet weight-dry weight ratio. The remaining CPOM was

frozen, freeze-dried (Leybold-Heraeus Inc., Hanau, Germany, model

Liovac GT2) and weighed to the nearest 0.1 mg. The dried material was

ground with a centrifugal mill (model 7M1, Retsch KG, Haan, Germany)

to pass a 0.5-mm mesh screen. Subsamples from the resulting powder

were used for determining carbon and nitrogen content with a CHN

analyzer (Vario Elemental Analyzer, Hanau, Germany).

Fungal biomass and production

Fungal biomass was quantified based on its ergosterol content, a

membrane constituent essentially restricted to the higher fungi (Newell

1992, 2001a, Gessner & Newell 2002). Fungal growth rates and

production were estimated by determining rates of 14[C]acetate

incorporation into ergosterol (Newell & Fallon 1991, Gessner & Newell

2002): Samples were incubated for 5 hours at in situ temperature in 4 ml

of filtered (0.2 µm pore size) littoral lake water containing

sodium[14C]acetate (Amersham, Buckinghamshire, UK) at a specific

activity of 3.7 ·107 Bq mmol-1 and with a total added acetate

concentration of 5 mM. Controls sterilized with buffered formaldehyde at

a final concentration of 2% were treated like the other samples.

Incubation was stopped by placing samples on ice, and collecting the

CPOM and attached fungi immediately on GF/F filters (Whatman,

Maidstone, U.K.). Filters were rinsed with about 15 ml of GF/F-filtered

lake water, frozen, freeze-dried and weighed. Ergosterol was extracted in

10 ml alkaline methanol (8 g KOH in 1 L CH3OH) at 80 °C for 30 min. The

extract was cleaned and concentrated by means of solid-phase extraction

(SPE) according to Gessner and Schmitt (1996) and subjected to high

performance liquid chromatography (HPLC). The HPLC system (Jasco,

Tokyo, Japan) consisted of an HPLC pump (PU-980), an autosampler (AS-
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950), a LiChrospher® 100 RP-18 column (Merck, Darmstadt, Germany)

protected by a C18 guard column, and a Jasco UV detector (UV-970) set at

282 nm. The ergosterol fractions of three separate injections (50 µl each)

were collected, combined to one sample and mixed with 10 ml Packard

Emulsifier Scintillator Plus. The radioactive carbon incorporated into

ergosterol (Cass) was obtained from quench corrected-measurements

(PACKARD TRI-CARB 1600CA liquid scintillation counter) according to
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where the radioactivity values (dpm) refer to quench-corrected

radioactivity readings, Vtotal  is the total volume of the ergosterol extract

after SPE, Vinjected the volume of the extract mixed with the scintillation

cocktail (150 µl), and t is the incubation time. The specific activity was

3.7 ·107 Bq mmol-1 with a total added acetate concentration of 5 mM. The

exposure time (t) was 5 hours. Ergosterol concentrations were converted

to fungal biomass by assuming an ergosterol content of 7.3 mg

ergosterol g-1 fungal biomass as determined for two fungal strains

(Stagonospora sp. and Leptosphaeria sp.) growing on standing-dead

Phragmites shoots in Lake Hallwil (K.A. Kuehn et al., unpublished data).

To convert fungal dry weight to fungal carbon, a factor of 0.43 g C g-1 dry

weight was applied (K.A. Kuehn et al., unpublished data). Fungal

production was calculated from rates of acetate incorporation into

ergosterol using the conversion factor of 12.6 µg fungal biomass per nmol

acetate incorporated (Newell 1996, Newell 2001).

Bacterial biomass

Bacterial cells were detached from the CPOM as described by

Buesing & Gessner (2002) and stained according to Noble & Fuhrman

(1998). SYBR Green I was replaced by SYBR Green II (Molecular Probes,

Eugene, USA) as recommended by Weinbauer et al. (1998) and Lebaron et
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al. (1998). Samples were placed on ice, sonicated for 1 min and vortexed.

Aliquots of 10-350 µl were taken 10 s after vortexing 5 mm below the

surface and filtered onto aluminum oxide filters (Anodisc, Whatman, 0.02

µm pore size) supported by a backing filter (Millipore HAWP, 0.45 µm pore

size). The Anodisc filter was placed on a drop of the fluorescent stain

SYBR Green II (stock solution diluted 400 fold), dried carefully with a

cleansing tissue and transferred to a slide (Noble & Fuhrman 1998,

Chapter 4). A 30-µl drop of antifade mounting solution (50% glycerol,

0.1% p-phenylenediamine, 50% PBS: 120 mM NaCl, 10 mM NaH2PO4)

was added and a cover slip placed on top.

Bacteria were counted with a Zeiss Axioskop 2 epifluorescence

microscope equipped with a 100 W high-pressure bulb and a Chroma

light filter set no. 41001 for SYBR Green II (excitation filter 480 nm, beam

splitter 505 nm, emission filter 530 nm). Cell numbers and biovolumes

were determined in 10-20 microscopic fields (typically >400 cells;

Kirchman 1993) with an image analysis system (Visitron Systems,

Puchheim, Germany). Digital images were captured with a 12-bit cooled

slow scan charge coupled device (CCD) camera (Photometrics SenSys®

0400, Roper Scientific, Trenton, USA) controlled by MetaMorph Imaging

Software (Universal Imaging Corp.™, Downingtown, USA), which was also

used for analyzing the acquired images. Fluorescence images were

corrected for shading, resulting from uneven illumination (low pass filter),

by background subtraction. Cell edges were sharpened by applying the

“Mexican Hat” function. The optimal threshold-level for detecting cells

from background was set manually. The resulting binary picture was

then edited in an overlay mode with the original gray image. Green

fluorescing bacteria-shaped particles with a diameter of >0.3 µm were

considered to be bacteria. Cells were counted and the area and perimeter

of each cell was determined to derive cell length (l) and width (w). This

indirect procedure to determine l and w was necessary, because the

imaging software overestimated real cell dimensions severely, especially
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for curved bacteria (Massana et al. 1997). Cell volumes (V) of individual

cells were calculated under the assumption that cells were cylinders with

hemispherical ends (Fry 1988) using the formula,

V =
w2 (l − w)π

4
+
w3π
6

(2)

Cellular carbon (C in pg) was derived from cell volumes (in µm3)

according to the allometric relation,

07.012.0 VC ⋅= (Norland 1993). (3)

Bacterial production

Bacterial production was estimated from rates of [3H]leucine

incorporation into protein (Kirchman et al. 1985). A modified protein

extraction protocol similar to the protocols published by Kirschner &

Velimirov (1999) and Bååth et al. (2001) was used (Chapter 3). Briefly,

samples were incubated in 20-ml glass vials in 1 ml of a [3H]leucine

solution (specific activity in each sample of 6.1–7.8 ·109 Bq mmol-1)

prepared with filtered (0.2 µm) littoral lake water to a final leucine

concentration of 50 µM. Samples were incubated at in situ temperature on

a shaker (model 3017, GFL, Burgwedel, Germany) with moderate

movement (70 rpm amplitude) imitating in situ water movement. Leucine

incorporation was stopped and macromolecules were precipitated after 30

min by adding trichloroacetic acid (TCA) to a final concentration of 5%. In

addition, samples were placed on ice for 20 minutes and treated for 1 min

with an ultrasonic probe. After 5 min centrifugation at 14,000 g, the

pellet was collected and the supernatant was filtered through a

polycarbonate filter (Millipore GTTP, 0.2 µm pore size). The pellet and the

filter were rinsed once with 1 ml of 40 mM unlabeled leucine, twice with 1

ml of ice-cold TCA, once with 1 ml of 80% ethanol and once with 1 ml of

nanopure water (Barnstead/Thermolyne Model 04742 Nanopure,

Dubuque, USA). The pellet and filter were combined and transferred to a
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1.7 ml screw-cap microcentrifuge tube (multi twist top vials 15590,

Sorenson™ Bioscience Inc., Salt Lake City, USA).

Precipitated macromolecules were dissolved at 90 °C in 1 ml of an

alkaline solution containing 0.5 M NaOH, 25 mM EDTA and 0.1% SDS.

After cooling, samples were centrifuged for 10 min at 14,000 g. A 100-µl

aliquot of the supernatant was then mixed with 10 ml HIONIC-FLUOR

(Packard Bioscience, Meriden, USA), a scintillation cocktail known for its

high uptake capacity for alkaline solutions and its high quench resistance

in samples containing TCA. Radioactivity was measured with a PACKARD

TRI-CARB 1600CA liquid scintillation counter. To compensate for

quenching, especially for color quenching, the transformed Spectral Index

of External Standard (tSIE) technique was applied (Packard Instrument

Company 1988): Quench curves were established by adding increasing

amounts of dark brown standard CPOM extract to a known amount of

radioactivity and the tSIE values were plotted against the counting

efficiency. The resulting quench curve was used to correct the counts.

The conversion factor of Simon and Azam (1989) was used to calculate

bacterial secondary production (BSP) from measured leucine

incorporation rates (leuinc):

BSP = leuinc *
100
a
* b *c * ID , (4)

where a = mol% of leucine in protein (7.3), b = the molecular weight of

leucine (131.2 g mol-1), c = weight fraction of cellular carbon in protein

(0.86), and ID the isotope dilution. Linearity of leucine incorporation,

saturation, and isotope dilution were checked initially: Incorporation was

linear for 60 min and saturation of incorporation rates was achieved at 50

µM (Chapter 3). The isotope dilution ID, expressed as the ratio of vmax to

vmeasured (Looij & Riemann 1993), was 1.23 in this study.
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Community respiration

Microbial respiration on CPOM was determined as oxygen

consumption in the dark at in situ temperature.The temperature-

controlled incubator (phototron, modified after Rai & Krambeck 1992)

was equipped with six oxygen microelectrodes (YSI, Yellow Springs, USA,

model 5357). CPOM samples were placed into glass chambers, which

then were carefully filled with known volumes of filtered (GF/F) littoral

lake water (about 30 ml) without enclosing air bubbles. A stainless steel

grid was positioned on top of the samples and a moderate flow was

applied with an integrated stirrer. Prior to the measurements, the

samples were adapted to the set temperature until the oxygen

consumption was constant. Changes in dissolved oxygen concentration

were recorded every 30 s for about 30 min with a control unit connected

to a Macintosh computer and a data acquisition program specifically

developed at EAWAG. The electrode drifting was monitored in control

chambers containing only filtered lake water both before and after

respiration measurements.

Respiration rates were calculated as the linear decrease of the

oxygen concentration within chambers corrected for possible electrode

drift. Rates of O2 consumption were converted to rates of CO2 evolution

assuming a respiratory quotient of 0.85 mol CO2 per mol O2 (Hargrave

1973). After the respiration measurements were completed, CPOM was

collected in porcelain dishes, dried at 105 °C over night and weighed to

the nearest 0.1 mg. Dry weights were converted to CPOM carbon based

on carbon content determined for parallel samples with a CHN analyzer

as above.

Annual above-ground reed production

The annual above-ground net production of P. australis was

estimated at the end of the growing season (late August to September) as

the sum of the maximum observed above-ground biomass plus the
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estimated loss of leaf mass.  Living shoots were counted within 4 plots

(50 × 50 cm) immediately adjacent to the six sampling areas. One

representative shoot in each plot was cut just above the sediment surface

and returned to the laboratory. Morphometric parameters were measured

before separating shoots into leaf blades and leaf sheaths, adventitious

roots, culms and panicles. Brown, senescent and green leaf blades and

sheaths were also distinguished, as were culm portions above and below

the water level. The initial total shoot weight was calculated as the sum of

all fractions plus an estimate of lost and partly decayed leaves: Brown

and senescent leaves were assumed to have lost 20% and 10% of their

initial weight, respectively. Missing leaves were assumed to have the same

average weight as the leaves remaining on the shoot.

Results

Annual above-ground net production of Phragmites australis and epiphyton

Annual above-ground net production of P. australis, estimated in

1999, 2000 and 2001 at the end of each growing season, was 1500, 850

and 1690 g m-2 yr-1, respectively. Thus, on average the annual above-

ground net production was 1350 g m-2 yr-1, corresponding to 608 g C

m-2 yr-1. More than half (average 55.7 %) of above-ground production

consisted of culm material, whereas leaf blades, sheaths and panicles

contributed 26.8%, 14.1% and 3.4%, respectively.

Shoot dynamics

The shoot cohort of the year 2000 appeared above or just below the water

surface in April and mature plants started to senesce in September (Fig.

3a). By October, most plants had shifted to the standing dead fraction

and by December most had lost their leaves. The number of standing-

dead culms of the previous year's cohort was constant at about 30 per m2

between January and May. Subsequently, numbers decreased to a low of

5±4 per m2 in September, indicating that dead culms broke down
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gradually during the summer months and thus entered the submerged

detrital pool.

Fig. 3: a) Numbers of living (white column) and dead (black column) standing
culms of Phragmites australis, b) submerged standing stubble and, c)
depositional CPOM. Bars indicate ± SE (n = 6).
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Amount of CPOM and submerged stubble

The deposited CPOM consisted mainly of reed culms, whereas leaf

blades of P. australis were readily decomposed and thus rarely

encountered. The total amount of deposited CPOM was relatively constant

throughout the year (370 g C m-2), although a trend was apparent

towards higher quantities from January to May (average of 480 g C m-2)

and lower values between June and December (average of 288 g C m-2).

Variation among sampling areas was generally high, especially

during the first half of the year (Fig. 3b). This resulted in a highly

significant effect of sampling position (landward, center, lakeward) on

amounts of deposited CPOM (Table 2). The interaction term and the effect

of sampling date were not significant, indicating that spatial differences

within the reed stand were consistent and much greater than temporal

fluctuations.

The amount of submerged stubble fluctuated between 12.7 and

49.0 g C m-2 with no apparent seasonal trend (Fig. 3c). Part of the stubble

material would eventually break and be deposited on the sediment

surface, but compared to the pool of deposited CPOM, the total amount of

stubble was too low (8% on average) to affect CPOM dynamics notably.

Table 2: Two-way Anova for effect of time and position on CPOM.

Source df MS F-ratio p-value

Time 11 0.31 0.35 0.95

Position(sampling area) 4 12.27 13.87 0.000

Time × position(sampling area) 44 0.46 0.52 0.94

Error 12 0.89
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Fungal biomass associated with CPOM

Average fungal biomass ranged from 15.5 to 43.9 mg C g-1 Corg and

remained relatively constant through the year, although a distinct

maximum was observed in April (Fig. 4a). As a result, repeated- measures

ANOVA revealed a significant effect of sampling time on fungal biomass

(p = 0.02). Sampling position, in contrast, had no significant effect

(p = 0.45).

Bacterial biomass associated with CPOM

Average bacterial biomass associated with CPOM ranged from 1.1 to

2.7 mg C g-1 Corg, with lower values during spring and early summer and

higher values between July and October (Fig. 4d). Sampling time hence

had a significant effect on bacterial biomass (p<0.01; repeated-measures

ANOVA), whereas no significant difference was detected among sampling

areas (p = 0.62).

Fungal biomass (annual mean of 23.5 mg C g-1 Corg) exceeded

bacterial biomass (1.5 mg C g-1 Corg) about 16-fold (Fig. 4a,d).

Fungal production associated with CPOM

Average daily fungal production was 0.7 mg C g-1 Corg d-1 with peaks

in April (2.4 mg C g-1 Corg d-1) and in July and August (1.1–1.0 mg C g-1

Corg d-1) (Fig. 4b). The effect of sampling time was therefore highly

significant (p<0.001, repeated measures ANOVA), whereas sampling

position did not affect fungal production (p = 0.98).

Bacterial production associated with CPOM

Bacterial production peaked in July with 18.8 mg C g-1 Corg d-1, and

ranged between 2.6 and 7.5 mg C g g-1 Corg d-1 during the rest of the year

(Fig. 4e). The peak in July resulted in a strong effect of sampling time on

bacterial production (p<0.001), whereas a significant spatial effect was

not detected (p = 0.95). In contrast to the fungal dominance in terms of

biomass, the average production rate of fungi was eight times lower than

the production rate of bacteria.
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Fig. 4: Fungal biomass (a), production (b), instantaneous growth rates (c) and

bacterial biomass (d), production (e), instantaneous growth rates (f). Bars

indicate ± SE (n = 6).
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Fig. 4 continues
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P/B ratio

Seasonal patterns of P/B ratios (i.e. growth rates) fluctuated more

than both biomass and production, with maximum values for fungi

occurring in April and summer (0.06 d-1) and maximum ratios of bacteria

in February and July (8 d-1). The lower fungal production rates of fungi

coupled their higher biomass resulted in P/B ratios that were on average

130 times lower (0.03 d-1) than those of bacteria (3.8 d-1) (Fig. 4 c,f).

Microbial respiration related to CPOM

Microbial community respiration, measured from May to December

2000 (Fig. 5), may include respiration of bacteria, fungi, algae and

protozoa and metazoans. It increased strongly between May and June to

maximum rates of 14.9–15.3 mg C g-1 Corg day-1. The lowest rate (1.5 mg

C g-1 Corg day-1) was observed in November. Respiration rates increased

exponentially with water temperature (r2 = 0.94, p<0.001) (Fig. 6).

Microbial growth efficiency

The growth efficiency (E) relates net biomass production (P) to

substrate consumption, whereby the consumed substrate is partly

assimilated (P) and partly respired (R):

)(
%100

(%)
RP
PE

net

net

+
⋅

= (5)

Fig. 5: Daily microbial respiration rates. Bars indicate ± SE (n = 6).
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It ranged from 30 to 66% (Figs. 6, 7). The annual average estimated from

linear regression of microbial production versus the sum of microbial

production plus respiration was 47.4% (r2 = 0.73, p<0.001). Growth

efficiency exhibited a significant negative relationship with temperature, T

(E = -1.65 · T + 76.0, r2 = 0.66, p<0.01). This effect resulted from a

stronger response to temperature of respiration than production. No

significant correlation was found between growth efficiency and the C:N

or C:P ratio of CPOM (r = 0.14, p = 0.75) as a potential measure of organic

matter quality of the substrate.

Fig. 6: Microbial production (black circles), microbial respiration (open circles)

and growth efficiency (cross) as a function of temperature (°C).

Fig. 7: Microbial growth efficiency (%) from May – December 2000. Dotted line
indicates average microbial growth efficiency. Bars indicate ± SE (n = 6).
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Microbial biomass, production and respiration expressed on an areal basis

Fungal biomass expressed on an areal basis varied between 3.9 and

21.7 g C m-2 littoral zone with an average of 9.3 g C m-2 (Table 3).

Bacterial biomass varied between 0.31 and 0.96 g C m-2 littoral zone with

an average of 0.49 g C m-2. The large standard errors reflect primarily the

variation in amounts of deposited CPOM between sampling areas (Fig. 3)

rather than differences in microbial biomass per g detrital carbon

(Fig. 4 a,d).

Fungal production rates ranged from 0.03 to 0.83 g C m-2 d-1,

resulting in an annual production estimate of 93.3 g C m-2 (Table 3).

Bacterial production rates varied between 0.64 and 4.11 g C m-2 d-1,

resulting in an annual estimate of 710 g C m-2. Annual community

respiration amounted to 874 g C m-2.

Discussion

Data of the present study represent the first estimates of bacterial

and fungal biomass and production at the aquatic ecosystem level in a

non-pelagic environment. A comparison of microbial biomass and

production on CPOM with data from studies of other aquatic systems

proves to be difficult for two reasons: First, the majority of published

studies on bacterial or fungal production on plant litter used a litter bag

technique with well defined material such as leaves, sheaths or culms,

whereas in the present study the CPOM consisted of a natural mixture of

decaying litter, mainly deriving from P. australis. Second, in litter

decomposition studies, the timing and duration of litter submergence in

the water are known, which is not the case in the present study. Third,

some studies only focused on the microbes attached to the surface of

plant parts but neglected those within the plant tissue (e.g. Thomaz &

Esteves 1997). Nevertheless, there are two studies that have used an

approach similar to the one adopted in the present study to assess

fungal, albeit not bacterial, production at the ecosystem level (Suberkropp
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Table 3: Bacterial and fungal biomass (gC m-2) and production (gC m-2 d-1). For each

measurement n = 6.

Month Biomass Production

Bacteria Fungi Bacteria Fungi

January 0.44 ± 0.25 11.47 ± 6.42 0.98 ± 0.49 0.19 ± 0.06

February 0.34 ± 0.15 6.42 ± 4.01 2.57 ± 1.57 0.06 ± 0.02

March 0.39 ± 0.17 10.20 ± 4.83 0.74 ± 0.29 0.10 ± 0.05

April 0.81 ± 0.63 21.73 ± 15.69 4.11 ± 3.68 0.83 ± 0.48

May 0.96 ± 0.53 13.73 ± 6.71 3.34 ± 1.59 0.36 ± 0.18

June 0.32 ± 0.07 10.18 ± 4.06 1.44 ± 0.36 0.35 ± 0.20

July 0.41 ± 0.11 6.28 ± 1.89 3.39 ± 0.98 0.27 ± 0.08

August 0.78 ± 0.30 7.35 ± 2.89 2.35 ± 0.88 0.43 ± 0.21

September 0.34 ± 0.15 3.88 ± 1.33 1.67 ± 0.86 0.11 ± 0.03

October 0.39 ± 0.09 4.46 ± 1.22 0.64 ± 0.17 0.11 ± 0.02

November 0.34 ± 0.09 8.18 ± 2.81 0.98 ± 0.45 0.12 ± 0.03

December 0.31 ± 0.15 7.88 ± 3.92 0.66 ± 0.36 0.03 ± 0.01

annual production 710 ± 162 93.28 ± 2.10

1997, Newell 2001). Likewise, Meyer (1988) and Marxsen (1999) have

assessed annual bacterial production in the sediments of river systems.

Suberkropp (1997) determined annual production of fungi on an areal

basis in a small woodland stream based on production rates determined

in naturally submerged leaf litter at monthly intervals. Fungal biomass

(45-88 mg C g-1 Corg) and daily fungal production rates (0.6 – 3 mg C g-1

Corg d-1) were very similar to the values found in the present study, in

spite of the different types ecosystem. Annual fungal production per

square meter of littoral zone in Lake Hallwil (93 g C m-2 y-1), in contrast,

was about six times higher in the present study than in the woodland

stream studied by Suberkropp (1997) (15 g C m-2 y-1). This difference is a
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consequence of the much higher amounts of CPOM in the present study.

The CPOM in Lake Hallwil varied much more between sampling areas

than the leaf material in the stream. As a consequence the occurrence of

fungi was patchier in Lake Hallwil.

Newell (2001b) also determined seasonal changes in fungal biomass

and production on naturally decaying cordgrass (Spartina aterniflora) in a

salt marsh over three years. Contrary to the submerged CPOM in the

present study, he analyzed fungal productivity on standing emergent leaf

blades and sheaths. Nevertheless, fungal biomass of our study lies within

the range of values observed by Newell (2001b) on S. alterniflora, although

average fungal biomass was 1.8 × lower on CPOM in Lake Hallwil. The

same applies to fungal production: the mean production rate on

submerged CPOM was 1.8 times lower than on standing dead S.

alterniflora leaves, resulting in a 2.5 times higher annual fungal

production on a square meter basis (230 g C m-2 y-1) in the salt marsh

compared to the littoral reed stand of the present study (93 g C m-2 y-1).

This difference is caused by both higher amounts of decaying organic

matter and higher fungal production rates per g of organic matter in the

salt marsh system. At least two reasons may account for the lower fungal

production rates on CPOM observed in Lake Hallwil: first, the CPOM in

our study consisted mainly of culm material, which is more resistant to

microbial degradation (e.g. Komínková et al. 2001) than the leaf and

sheath material considered by Newell (2001b). Secondly, fungi have been

repeatedly shown to be very active in the standing dead phase of decaying

shoot material (Newell 1993, Newell et al. 1995, Kuehn & Suberkropp

1998, Kuehn et al. 1999), whereas prolonged rain events or submergence

of the plant material, appear to reduce fungal activity (Newell et al. 1996,

Kuehn et al. 2000, M.O. Gessner pers. comm.).

Litter bag studies that have directly compared fungal and bacterial

biomass and production within the same habitat have consistently

reported a dominance of fungi (e.g. Findlay and Arsuffi 1989, Findlay et
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al. 1990, Baldy et al. 1995, Weyers & Suberkropp 1996, Komínková et al.

2000). Fungi associated with decaying litter have been found to account

for more than 90% of the total microbial biomass (Findlay & Arsuffi 1989,

Findlay et al. 1990, Baldy et al. 1995, Komínková et al. 2000). The same

observation was made in the present study where fungal biomass

accounted for 92% of the total microbial biomass on CPOM. In terms of

production, Sinsabaugh & Findlay (1995) found that fungal production

(inferred from temporal changes in biomass) on CPOM (particles >1 mm)

in surface sediments of the Hudson River estuary exceeded bacterial rates

(thymidine method) by factors of 1.4 to 627. Weyers & Suberkropp (1996)

obtained similar ratios (0.9–35 and 2–108) of fungal and bacterial

production associated with yellow poplar leaves in two streams. Newell et

al. (1995) found that fungi dominated heterotrophic microbial production

rates on leaves of the emergent macrophyte, Carex walteriana, in a

freshwater wetland with the ratio of fungi to bacteria ranging from 3 to 5.

In striking contrast to the findings of all the above studies, bacterial

production exceeded fungal production about 8-fold in the present study.

Two reasons may be responsible for this contrasting result: first, the

microbial assemblage on submerged decaying P. australis litter in a lake

littoral zone may differ greatly from that on S. alterniflora in salt marshes,

Liriodendron tulipifera in streams and C. walteriana in wetlands. Second,

the bacterial production estimates from the present study probably differ

from other studies with respect to greater extraction efficiencies of labeled

protein, resulting in higher production estimates.

Because of their higher surface/volume ratio prokaryotes are

expected to exhibit significantly higher growth rates than eukaryotes,

including fungi (Madigan et al. 2002). In accordance with this idea,

growth rates of 1.6 to 8.6 day-1 for bacteria compared to only 0.009 to

0.066 day-1 for fungi were found in the present study. The observed

fungal growth rates were similar to those observed in other ecosystems

receiving different kinds of litter (Sinsabaugh & Findlay 1995,
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Suberkropp 1997, Newell 2001). In contrast, bacterial growth rates in the

present study were 8 and or even 30 times higher compared to the rates

determined by Weyers & Suberkropp (1996) and Sinsabaugh & Findlay

(1995), respectively, although Findlay & Arsuffi (1989) reported similar

bacterial growth rates as observed in the present study. The bacterial

assemblage associated with CPOM in the littoral reed stand of Lake

Hallwil thus appeared to be much more active than the fungal

assemblage throughout the year.

Growth efficiencies between 30 and 66 % were estimated from

microbial respiration and production measurements in the present study.

These values can be compared with data published on bacteria if one

assumes that bacteria and fungi had the same growth efficiency (note

that substantial deviation from this assumption would result in

unreasonably high growth efficiencies for either bacteria or fungi). Growth

efficiencies in this range are at the high end of values, determined in a

variety of aquatic systems, most of them pelagic (del Giorgio & Cole

1998). However, for lignocellulose-degrading bacteria in freshwaters,

growth efficiencies of ~30% (Moran & Hodson 1989b, Benner et al. 1986)

and for bacteria growing on macrophytes leachates about 50% have been

reported (Findlay et al. 1986). Thus, the relatively high values determined

in the present study are consistent with growth efficiencies of bacteria

associated with organic matter in benthic aquatic environments.

Nonetheless, the values appear high, especially for microbes degrading

detrital material characterized by high C:N ratios (on average 44 in the

present study). If a C:N ratio in bacterial biomass of 5 is assumed (Simon

& Azam 1989) the theoretical maximum growth efficiency on CPOM in the

present study would be only 9% (Fenchel & Blackburn 1979, Linley &

Newell 1984) if CPOM were the only C and N sources. However, bacterial

nitrogen demands may be met by external sources (Benner et al. 1988), a

plausible assumption especially in systems such as Lake Hallwil with

average NO3- concentrations of >140 µg l-1 throughout most of the year
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(average 330 µg l-1, Table 1). Another factor affecting growth efficiency is

temperature (Fig. 7). The negative relationship results from a steeper

increase of microbial respiration with temperature compared to microbial

production and suggests that relatively more carbon is channeled into

catabolic processes at higher temperatures.

In summary, although net primary production of CPOM originating

from Phragmites (608 g C m-2 y-1) exceeds the primary production of the

pelagic trophogenic layer (320 g C m-2 y-1) about twofold, it is hardly

sufficient to sustain the observed secondary gross production of bacteria

(710 g C m-2 y-1) and fungi (93 g C m-2 y-1) and the measured community

respiration of 874 g C m-2 y-1. This discrepancy is even more pronounced

if one considers (1) the growth and respiration of protozoa,

micrometazoans, macroinvertebrates and large animals such as

waterfowl, muskrats, fish and birds in the reed stand that is also

sustained by organic carbon, and (2) both particulate and dissolved

organic carbon may be lost by horizontal transport from the littoral to the

pelagic zone (Bloesch & Uehlinger 1986, Wetzel 1990). Thus, additional

organic carbon has to be transported to the reed stands in order to

sustain their heterotrophic metabolism.

In conclusion, this study demonstrated that

i) based on respiration (874 g C m-2 y-1) and annual microbial production

(800 g C m-2 y-1), the CPOM layer of the littoral zone is inhabited by an

extremely active microbial assemblage;

ii) bacteria are the most important organisms recycling organic matter

within the littoral reed stand, in spite of their low biomass.

iii) fungi contributed about 7 to 8 times less to secondary microbial

production than bacteria regardless of their 19-fold greater biomass.

iv) more than the total annual above-ground primary production of P.

australis would be needed to sustain the observed carbon demand for

microbial production,

v) apart from the elevated autochthonous primary production within the
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Phragmites stand, additional sources of carbon are necessary to sustain

the observed heterotrophic productivity, especially in view of the

abundance of detritivorous animals (e.g. Asellus sp.; pers. obs.) and the

potential export of particulate and dissolved organic matter from the

littoral zone (Wetzel 1990).

vi) thus, littoral reed stands appear to be net sinks for organic carbon.

References
Bååth E, Pettersson M, Söderberg KH (2001) Adaptation of a rapid an economical

microcentrifugation method to measure thymidine and leucine incorporation by

soil baceria. Soil Biol Biochem 33:1571-1574

Baldy V, Gessner MO, Chauvet E (1995) Bacteria, fungi and the breakdown of leaf litter

in a large river. Oikos 74:93-102

Baldy V, Gessner MO (1997) Towards a budget of leaf litter decomposition in a first-

order woodland stream. Ecology 320:747-758

Benner R, Moran MA, Hodson RE (1986) Biogeochemical cycling of lignocellulosic carbon

in marine and freshwater ecosystems: Relative contributions of procaryotes and

eucaryotes. Limnol Oceanogr 31:89-100

Bloesch J, Uehlinger U (1986) Horizontal sedimentation differences in a eutrophic Swiss

lake. Limnol Oceanogr 31:1094-1109

Buesing N, Gessner MO (2002) Comparison of detachment procedures for direct counts

of bacteria associated with sediment particles, plant litter and epiphytic biofilms.

Aquat Microb Ecol 27:29-36

BUWAL (1994) Der Zustand der Seen in der Schweiz. Schriftenreihe Umwelt 237, p 159

del Giorgio PA, Cole JJ (1998) Bacterial growth efficiency in natural aquatic systems.

Ann Rev Ecol Syst 29:503-541

Fenchel T & Blackburn TH (1979) Bacteria and mineral cycling. Academic Press,

London, p 225

Findlay S, Carlough L, Crocker MT, Gill HK, Meyer JL, Smith PhJ (1986) Bacterial

growth on macrophyte leachate and fate of bacterial production. Limnol Oceanogr

31:1335-1341

Findlay SEG, Arsuffi TL (1989) Microbial growth and detritus transformations during

decomposition of leaf litter in streams. Freshwat Biol 21:261-269

Findlay S, Howe K, Austin HK (1990) Comparison of detritus dynamics in two tidal

freshwater wetlands. Ecology 71:288-295

Fry JC (1988) Determination of Biomass. In: Austin B (ed) Methods in Aquatic



Chapter 4                                   Fungal and bacterial production on CPOM

83

Bacteriology. JohnWiley & Sons Ltd, p 27-72

Gessner MO, Schieferstein B, Müller U, Barkmann S, Lenfers UA (1996) A partial budget

of primary organic carbon flows in the littoral zone of a hardwater lake. Aquatic

Botany 55:93-105

Gessner MO, Schmitt AL (1996) Use of solid-phase extraction to determine ergosterol

concentrations in plant tissue colonized by fungi. Appl Environ Microbiol 62:415-

419

Gessner MO, Newell SY (2002) Biomass, growth rate, and production of filamentous

fungi in plant litter.  In: Hurst CJ, Crawford RL, Knudsen GR, McInerney MJ,

Stetzenbach LD (eds) Manual of environmental microbiology. 2nd edition, ASM

Press, Washington DC, p 390-408

Hargrave BT (1973) Coupling carbon flow through some pelagic and benthic

communities. J Fish Res Bd Can 30:1317-1326

Hurlbert SH (1984) Pseudoreplication and the design of ecological field experiments.

Ecol Monogr 54:187-211

Hürliman H (1951) Zur Lebensgeschichte des Schilfs an den Ufern der Schweizer Seen.

Beitr Geobot Landesaufn Schweiz 30:1-232

Kirchman DL, K'Nees E, Hodson R (1985) Leucine incorporation and its potential as a

measure of protein synthesis by bacteria in natural aquatic systems. Appl Environ

Microbiol 49:599-607

Kirchman DL (1993). Statistical analysis of direct counts of microbial abundance. In:

Kemp PF, Sherr BF, Sherr EB, Cole JJ (eds) Handbook of methods in aquatic

microbial ecology. Lewis Publishers, Boca Raton, p 117-119

Kirschner AKT, Velimirov B (1999) Modification of the ³H-leucine centrifugation method

for determining bacterial protein synthesis in freshwater samples. Aquat Microb

Ecol 17:201-206

Komínková D, Kuehn KA, Buesing N, Steiner D, Gessner MO (2000) Microbial biomass,

growth, and respiration associated with submerged litter of Phragmites australis

decomposing in a littoral reed stand of a lake. Aquat Microb Ecol 22:271-282

Kuehn KA, Suberkropp K (1998) Diel fluctuations in rates of CO2 evolution from

standing dead leaf litter of the emergent macrophyte Juncus effusus. Aquat Microb

Ecol 14:171-182

Kuehn KA, Gessner MO, Wetzel RG, Suberkropp K (1999) Decomposition and CO2

evolution from standing litter of the emergent macrophyte Erianthus giganteus.

Microb Ecol 38:50-57

Kuehn KA, Lemke MJ, Suberkropp K, Wetzel RG (2000) Microbial biomass and

production associated with decaying leaf litter of the emergent macrophyte Juncus

effusus. Limnol Oceanogr 45:862-870



Chapter 4                                   Fungal and bacterial production on CPOM

84

Květ J, Westlake DF (1998) Primary production in wetlands. In: Westlake DF, Květ J,

Szczepanski A (eds) The production ecology of wetlands. Cambridge University

Press, Cambridge, p 78-139

Lebaron P, Parthuisot N, Catala P (1998) Comparison of blue nucleic acid dyes for flow

cytometric enumeration of bacteria in aquatic systems. Appl Environ Microbiol

64:1725-1730

Linley EAS, Newell RC (1984) Estimates of bacterial growth yields based on plant

detritus. Bull of Mar Sci 35:409-425

Looij Q, Riemann B (1993) Measurements of bacterial production in coastal marine

environments using leucine: application of a kinetic approach to correct for isotope

dilution. Mar Ecol Prog Ser 102:97-104

Madigan MT, Martinko JM, Parker J (2002) Brock biology of microorganisms, 10th ed,

Prentice Hall, New Jersey, pp 1104

Mann KH (1988) Production and use of detritus in various freshwater, estuarine, and

coastal marine ecosystems. Limnol Oceanogr 33:910-930

Massana R, Gasol JM, Bjørnsen PK, Blackburn N, Hagström Å, Hietanen S, Hygum BH,

Kuparinen J, and Pedrós-Alió C (1997) Measurement of bacterial size via image

analysis of epifluorescence preparations: description of an inexpensive system and

solutions to some of the most common problems. Scientia Marina 61:397-407

Meyer JL (1988) Benthic bacterial biomass and production in a blackwater river. Verh

Internat Verein Limnol 23:1832-1838

Mitsch WJ, Gosselink JG (2001) Wetlands. 3rd ed. John Wiley & Sons, New York, p 920

Moran MA, Hodson RE (1989a) Bacterial secondary production on vascular plant

detritus: relationships to detritus composition and degradation rate. Appl Environ

Microbiol 55:2178-2189

Moran MA, Hodson RE (1989b) Formation and bacterial utilization of dissolved organic

carbon derived from detrital lignocellulose. Limnol Oceanogr 34:1034-1047

Newell SY (1992). Estimating fungal biomass and productivity in decomposing litter. In:

Carroll GC & Wicklow DT (eds). The fungal community: its organization and role in

the ecosystem, 2nd ed., Marcel Dekker, New York. pp 521-561

Newell SY (1993) Decomposition of shoots of a saltmarsh grass: methodology and

dynamics of microbial assemblages. Adv Microb Ecol 13:301-326

Newell SY (1996) The [14C]acetate-to-ergosterol method: factors for conversion from

acetate incorporated to organic fungal mass synthesized. Soil Biol Biochem

28:681-683

Newell SY (2001a) Fungal biomass and productivity. Methods Microbiol 30:357-372

Newell SY (2001b) Multiyear patterns of fungal biomass dynamics and productivity

within naturally decaying smooth cordgrass shoots. Limnol Oceanogr 46:573-583



Chapter 4                                   Fungal and bacterial production on CPOM

85

Newell SY, Fallon RD (1991) Toward a method for measuring instantaneous fungal

growth rates in field samples. Ecology 72:1547-59

Newell SY, Moran MA, Wicks R, Hodson RE (1995) Productivities of microbial

decomposers during early stages of decomposition of leaves of a freshwater sedge.

Freshwat Biol 34:135-148

Newell SY, Arsuffi TL, Palm LA (1996) Misting and nitrogen fertilization of shoots of a

saltmarsh grass: Effects upon fungal decay of leaf blades. Oecologia 108:495-502

Noble RT, Fuhrman JA (1998) Use of SYBR Green I for rapid epifluorescence counts of

marine viruses and bacteria. Aquat Microb Ecol 14:113-118

Norland S (1993) The relationship between biomass and volume of bacteria. In: Kemp

PF, Sherr BF, Sherr EB, Cole JJ (eds) Handbook in aquatic microbial ecology.

Lewis Publishers, Boca Raton, p 303-307

Ostendorp W (1989) »Die-back« of reeds in Europe – a critical review of literature. Aquat

Bot 35:5-26

Ostendorp W (1993) Schilf als Lebensraum. Beih Veröff Naturschutz Landschaftspflege

Bad-Württ 68: 173-280

Rai H, Krambeck HJ (1992) Instrumentation for the measurement of physiological

parameters of phytoplankton photosynthesis. Arch Hydrobiol 125:295-309

Scheidegger A, Stöckli A, Wüest A (1994) Einfluss der internen Sanierungsmassnahmen

auf den Sauerstoffhaushalt im Hallwilersee. Wasser, Energie, Luft 86:126-131

Simon M, Azam F (1989) Protein content and protein synthesis rates of planktonic

marine bacteria. Mar Ecol Prog Ser 51:201-13

Sinsabaugh RL, Findlay S (1995) Microbial production, enzyme activity, and carbon

turnover in surface sediments of the Hudson River estuary. Microb Ecol 30:127-

141.

Suberkropp K (1997) Annual production of leaf-decaying fungi in a woodland stream.

Freshwat Biol 38:169-178

Tanaka Y (1991) Microbial decomposition of reed (Phragmites communis) leaves in a

saline lake. Hydrobiologia 220:119-129

Thomaz SM, Esteves FA (1997) Secondary productivity (3H-leucine and 3H-thymidine

incorporation), abundance and biomass of the epiphytic bacteria attached to

detritus of Typha domingensis pers. in a tropical coastal lagoon. Hydrobiologia

357:17-26

Weinbauer MG, Beckmann C, Höfle MG (1998) Utility of green fluorescent nucleic acid

dyes and aluminum oxide membrane filters for rapid epifluorescence enumeration

of soil and sediment bacteria. Appl Environ Microbiol 64:5000-5003

Wetzel RG (1990) Land-water interfaces: metabolic and limnological regulators. Verh

Internat Verein Limnol 24:6-24



Chapter 4                                   Fungal and bacterial production on CPOM

86

Wetzel RG (1995) Death, detritus, and energy flow in aquatic ecosystems. Freshwat Biol

33:83-9

Wetzel RG (2001) Limnology, lake and river ecosystems. Third edition. Academic Press,

San Diego, p 1006

Weyers HS and Suberkropp K (1996) Fungal and bacterial production during the

breakdown of yellow poplar leaves in 2 streams. J N Am Benthol Soc 15:408-420



Chapter 5                                Bacterial production in four compartments

87

5. Bacterial secondary production
in four compartments of a
littoral freshwater wetland

Abstract

The role of bacteria in the carbon flow of a macrophyte dominated

freshwater wetland was studied in four compartments: the littoral water

column, the epiphyton attached to Phragmites australis culms,

submerged coarse-particulate organic matter (CPOM), and the aerobic

surficial sediment layer. Bacterial biomass, production and growth rate

in all four compartments was estimated at monthly intervals during an

annual cycle and related to autotrophic production. Bacterial biomass

was highest in the CPOM and the sediment layer (0.31–0.96 and 0.28–

1.4 g C m-2, respectively), whereas in the littoral water column and in the

epiphytic biofilm bacterial biomass was an order of magnitude lower

(0.02–0.08 and 0.02–0.04 g C m-2, respectively). Bacterial production was

also high in the CPOM (0.2–6.3 g C m-2 d-1) and the aerobic sediment

(0.6–4.1 g C m-2 d-1), whereas in the littoral water column production

rates ranged from 0.5 to 43 mg C m-2 d-1 only and in the epiphytic biofilm

from 0.29 to 36 mg C m-2 d-1. Annual bacterial production of all four

compartments (1.5 kg C m-2) was higher than primary production of

above-ground reed (0.61 kg C m-2) and estimated epiphytic primary

production (0.16 kg C m-2), suggesting that additional carbon sources are

needed to sustain bacterial production. The results of this study indicate

that the littoral zone of lakes dominated by emergent vegetation is a

characterized by intense carbon transformation with a P/R ratio <1.
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Introduction

Interest in the biological productivity of the littoral zone of lakes has

generally been restricted to the primary production of aquatic

macrophytes (Hocking 1989) and epiphytic algae (Cattaneo & Kalff 1980,

Burkholder & Wetzel 1989, Müller 1995). Secondary production, which is

the biomass production of heterotrophic organisms such as animals,

protists, fungi and bacteria, is far less well studied. Furthermore, the few

estimates of secondary production currently available for littoral zones of

lakes concern macroinvertebrates and fish (e.g. Plante & Downing 1989,

Randall et al. 1997, Dvorak & Imhof 1998), whereas comprehensive data

sets for microorganisms are lacking. This bias is at variance with the

general contention that only a very low percentage of carbon deriving

from vascular emergent macrophyte stands is flowing through the

metazoan food web (Mann 1988), with most organic carbon serving as a

nutritional base for heterotrophic microorganisms such as bacteria and

fungi (Wetzel 1990).

Although, the biomass of microorganisms may not approach that of

larger organisms, their potentially higher metabolic rates may result in a

greater impact on material transformation and energy flow.

Consequently, it is critical to assess microbial production (and activities)

in order to determine the role of microbes in carbon flow. Dissolved and

particulate organic matter appear indeed to support high microbial

biomass production in littoral zones of lakes (Wetzel, 1990). At present,

however, estimates of littoral microbial production are available only for

single compartments such as the periphyton (Neely & Wetzel, 1997), the

sediment (Güde 1990, Starink et al. 1996) and plant litter (Thomaz &

Esteves, 1997).

Therefore, the present study aims at

1. quantifying bacterial biomass and production in four compartments

of a littoral reed stand, including (a) the water column, (b) epiphyton
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on submerged reed culms, (c) coarse particulate organic carbon

(CPOM) deposited on the sediment surface, and (d) the aerobic

surficial sediment;

2. estimating the annual secondary production of bacteria in the four

compartments;

3. relating total bacterial production in the four compartments to the

primary production of the reed stand so as to elucidate the relative

importance of bacteria in the carbon flow

Methods

Study site

The present study was carried out in a reed stand dominated by

Phragmites australis (Cav.) Trin ex Steud. The stand extended 850 m

along the eastern shore of Lake Hallwil (Fig. 1), a eutrophic, meromictic

lake on the Swiss plateau  (47°17‘ N, 8°14‘ E). Meromixis is favored by

the hills extending along the east and west side of the basin, protecting

the lake surface from circulation-inducing winds (Scheidegger et al.

1994). The lake has been artificially oxygenated since 1985. Pure oxygen

is injected into the hypolimnion during summer stratification, whereas in

winter the lake is bubbled with compressed air to enhance circulation

(Stöckli & Schmid 1987, Scheidegger et al. 1994).

Experimental design

Six sampling areas (each 2.8 × 1.3 m) were chosen within the reed

stand according to a stratified random sampling design (Hurlbert, 1984).

As shown in Fig. 1, two sampling areas were situated at the lakeward

side (A), two in the center (B), and two landward (C), in the sequence

ABCBAC, which are referred to as ‘positions’ hereafter. Within each

sampling area, plots 30 cm in diameter were chosen randomly at each

sampling occasion. Each plot was sampled only once during the study.
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Sample collection

Four different aerobic compartments were sampled in each plot: i)

the water column, ii) the epiphyton on submerged reed culms, iii) the

benthic coarse particulate organic matter (CPOM) deposited on the

sediment surface, and iv) the aerobic top sediment layer.

Depth-integrated water samples taken with an acid-washed PVC

tube were filled in 1-liter glass bottles. Epiphyton was collected from

submerged culms of P. australis. One culm in each sampling plot was

Fig.1: Schematic presentation of the littoral sampling site at Lake Hallwil,

Switzerland. Letters indicate sampling areas situated at the lakeward side (A), in

the center stand (B) and landward side (C) of the reed.
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clipped off just above the sediment surface and cut in three 10-cm

sections, which were inserted in sterile centrifuge tubes containing lake

water. Sediment samples were collected with a hand-held corer modified

after Davis & Steinman (1998) with a diameter of 6.5 cm. The extension

of the aerobic sediment layer was determined in the field with a

calibrated oxygen microelectrode (Model O2NAD-1, Toepffer Lab Systems,

Göppingen, Germany) and the aerobic sediment was subsequently

sampled to that depth (2-29 mm) and transferred into autoclaved glass

vials. CPOM was collected with a box sampler consisting of a plastic

cylinder (30 cm diameter, 70 cm height) equipped with a hinge that

allowed opening it into two half-cylinders and thus enclosing the

sampling plot without destroying shoots. The material enclosed by the

cylinder was pumped over a 1-mm mesh screen, rinsed with lake water,

and placed in plastic boxes. Samples from all compartments were stored

in cool boxes and processed immediately upon arrival at the laboratory.

Sample processing

For the determination of the bacterial biomass suspended in the

littoral water, 20 ml was pipetted into 20-ml glass scintillation vials and

preserved with formalin (2% final concentration) buffered with 0.1%

sodium pyrophosphate to facilitate detachment of bacteria from seston.

The samples were stored at 4 °C in the dark. An additional 3 ml of water

was transferred to scintillation vials for estimating bacterial production.

Volumes between 250-500 ml (depending on particle concentration) were

filtered through precombusted (450°C, 4 hours) fiberglass filters (GF/F,

Whatman, Maidstone, U.K.) for C, N, P- and chlorophyll determinaton.

Filters for C, N and P analyses were frozen and freeze-dried before

analysis. Filters for chlorophyll analysis were transferred into glass

tubes, 8 ml of 90% ethanol was added, and the tubes were stored

overnight at 4°C.
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For DOC analysis, 20 ml of water was filtered through

precombusted GF/F filters (nominal pore rating: 0.7 µm, 25 mm

diameter). The filtrate was collected in a precombusted (550°C, 4 hours)

glass tube with a Teflon lined-screw cap, acidified with 200 µl of 1 M HCl,

and stored at 4°C.

Submerged culm sections with attached epiphytic biofilms were cut

into three 1-cm pieces and placed into 50-ml centrifuge tubes containing

3 ml of 0.2 µm filtered lake water. These samples were used for

determining bacterial production. The epiphytic biofilm on the remaining

culm sections was carefully scraped off with a scalpel and collected in a

graduated 50-ml centrifuge tube. The volume was made up to 50 ml with

filtered lake water and the tube vortexed before a 5-ml aliquot was taken

with a reversed glass pipette in order to obtain a representative

subsample that included larger aggregates. The slurry was transferred

into 20-ml glass vials and preserved with 5 ml of buffered formalin (2%

final concentration) for bacterial biomass determination. For C, N, P- and

chlorophyll analyses, 5-ml aliquots of the slurry were filtered onto

precombusted GF/F filters and frozen.

Two 0.5-ml aliquots of the aerobic sediment were transferred with a

sterile 1-ml plastic syringe with the Luer end cut off into 20-ml glass

vials. One aliquot was preserved with 10 ml buffered formalin for the

determination of the bacterial biomass. The other aliquot was made up to

1 ml with filtered (0.2 µm) lake water and used for the measurement of

bacterial production. The remaining sediment was frozen, freeze-dried,

weighed and manually ground with an agate mortar and pestle. The

resulting powder was used for C, N and P analyses.

Representative CPOM subsamples were cut into smaller pieces with

a razor blade. Subsamples of 500 mg (wet weight) were preserved in 10

ml buffered formalin for later bacterial biomass determination.

Subsamples of 80 mg (wet weight) were placed into glass vials containing

1 ml of 0.2 µm filtered lake water. They were used for determining
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bacterial production. The remaining CPOM was frozen, freeze-dried,

weighed, and ground with a centrifugal mill (model 7M1, Retsch KG,

Haan, Germany) to pass a 0.5-mm mesh screen. The resulting powder

was used for C, N and P analyses.

Bacterial biomass and frequency of dividing cells

Bacterial cells were detached from epiphyton, sediment and CPOM

with an ultrasonic probe treatment (Buesing & Gessner 2002). Samples

were placed on ice, treated for 1 min and vortexed. Aliquots of 10-350 µl

were taken 10 s after vortexing stopped 5 mm below the surface and

filtered onto aluminum oxide filters (Anodisc, Whatman, 0.02 µm pore

size) supported by a backing filter (Millipore HAWP, 0.45 µm pore size).

The Anodisc filter was placed on a drop of the fluorescent stain SYBR

Green II (Molecular Probes, Eugene, USA; stock solution diluted 400

fold), dried carefully with a cleansing tissue and transferred to a slide

(Noble & Fuhrman 1998). A 30-µl drop of antifade mounting solution

(50% glycerol, 0.1% p-phenylenediamine, 50% PBS: 120 mM NaCl,

10 mM NaH2PO4) was added and a cover slip placed on top.

Bacteria were counted with a Zeiss Axioskop 2 epifluorescence

microscope equipped with a 100 W high-pressure bulb and a Chroma

light filter set no. 41001 for SYBR Green II (excitation filter 480 nm,

beam splitter 505 nm, emission filter 530 nm). Cell numbers and

biovolumes were determined in 10-20 microscopic fields (typically >400

cells; Kirchman 1993) with an image analysis system (Visitron Systems,

Puchheim, Germany). Digital images were captured with a 12-bit cooled

slow scan charge coupled device (CCD) camera (Photometrics SenSys®

0400, Roper Scientific, Trenton, USA) controlled by MetaMorph Imaging

Software (Universal Imaging Corp.™, Downingtown, USA), which was

also used for analyzing the acquired images. Fluorescence images were

corrected for shading, resulting from uneven illumination (low pass

filter), by background subtraction. Cell edges were sharpened by applying
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the “Mexican Hat” function. The optimal threshold-level for detecting

cells from background was set manually. The resulting binary picture

was then edited in an overlay mode with the original gray image. Green

fluorescing bacteria-shaped particles with a diameter of >0.3 µm were

considered to be bacteria. Cells were counted and the area and perimeter

of each cell was determined to derive cell length (l) and width (w). This

indirect procedure to determine l and w was necessary, because the

imaging software overestimated real cell dimensions severely, especially

for curved bacteria (Massana et al. 1997). Cell volumes (V) of individual

cells were calculated under the assumption that cells were cylinders with

hemispherical ends (Fry 1988) using the formula,

V= w2/4 · (l-w) · π + w3/6 · π (1).

Cellular carbon (C in pg) was derived from cell volumes (in µm3)

according to the allometric relation,

C = 0.12  · V0.07 (Norland 1993). (2)

Bacterial production

Bacterial production was estimated by two independent methods: i)

by determination of the frequency of dividing cells (FDC) according to

Hagström (1979) and ii) by measuring rates of [3H]leucine incorporation

into protein (Kirchman et al. 1985). The FDC was determined by

counting bacterial cells with a visible invagination (Hagström 1979) and

expressed as percentage of total number of bacteria. Growth rates (µ)

were calculated from FDC according to the equation proposed by Newell

& Christian (1981):

µ = e0.299 FDC – 4.961 (3)
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For the determination of bacterial protein production from leucine

incorporation a modified protein extraction protocol similar to the

protocols recently published by Kirschner & Velimirov (1999a) and Bååth

et al. (2001) was used. Basic assumptions underlying the method, such

as linearity of leucine incorporation, substrate saturation, and isotope

dilution were initially checked for each substrate. Kinetics were linear for

60 min. The specific activities, saturation levels and incubation volumes

used in the present experiments are reported in Table 1.

Samples were incubated in [3H]leucine solutions prepared with

filtered (pore size 0.2 µm) lake water. Leucine incorporation was stopped

after 30 min by adding trichloroacetic acid (TCA) to a final concentration

of 5%. Samples were placed on ice for 20 min to precipitate

macromolecules, then treated for 1 min with an ultrasonic probe as

described above and centrifuged (10 min; 14,000 g). The supernatant

was filtered on a polycarbonate filter (0.2 µm pore size), and both the

pellet and the filter were rinsed once with 40 mM unlabeled leucine,

twice with cold TCA, once with 80% ethanol and once with nanopure

water (Barnstead/Thermolyne Model 04742 Nanopure, Dubuque, USA)

Table 1: Conditions used for [3H]leucine incubations to determine bacterial

production in four littoral compartments.

Compartment Incubation volume

(ml)

Total concentration

(µM)

Specific activity

(Bq mmol-1)

Water 3 0.15 5.8 – 7.8 · 1011

Epiphyton 3 0.3 3.1 – 4.4 · 1011

Sediment 1 50 6.1 – 7.8 · 109

CPOM 1 50 6.9 – 7.8 · 109



Chapter 5                                Bacterial production in four compartments

96

each time alternating with a 10-min centrifugation step. Filter and pellet

were combined in 1.7 ml screw-cap vials and macromolecules were

dissolved in 1 ml alkaline solution containing 0.5 M NaOH, 25 mM EDTA

and 0.1% SDS at 90 °C. After cooling, vials were centrifuged at 14,000 g.

A 100 µl-aliquot of the supernatants was mixed with 10 ml scintillation

cocktail with a high uptake-capacity for alkaline solutions and an

effective inhibition of chemiluminescence (HIONIC-FLUOR, Packard

Bioscience, Meriden, USA). Radioactivity was measured with a PACKARD

TRI-CARB 1600CA liquid scintillation counter. To compensate for

quenching, especially for color quenching, the transformed Spectral

Index of External Standard (tSIE) technique was applied (Chapter 4).

Separate quench curves were established for the different substrata.

The conversion factor of Simon & Azam (1989) was used to calculate

bacterial secondary production (BSP) from measured leucine

incorporation rates (leuinc):

IDcb
a

leuBSP inc ⋅⋅⋅⋅=
100  (4)

where a = 7.3 mol% of leucine in protein, b = the molecular weight of

leucine (131.2 g/mol), c = weight fraction of cellular carbon in protein

(0.86), and ID the isotope dilution.

Temperature measurements

Temperature in the water column and at the sediment surface was

recorded every 30 minutes throughout the investigation period (Fig. 2)

with 8-bit temperature loggers (Minilog-TR, Vemco, Nova Scotia,

Canada). Readings were taken at one of the sampling areas in the center

of the reed stand. Measurements made on each sampling date showed

that temperature did not deviate greatly among sampling areas.
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Chemical analyses

Total carbon content of solids suspended in water, of epiphyton on

submerged reed culms, and of sediment and plant litter was determined

with a CHN analyzer (Vario EL elemental analyzer, Elementar, Hanau,

Germany). The filters from water samples were weighed and placed into

tin capsules (0.15 ml; Brechbühler, Schlieren, Switzerland). Epiphyton

(~4 mg), sediment (~8 mg) and CPOM (~4 mg) were analyzed in tin boats

(0.12 ml). Acetanilid was used as a routine standard for the CHN-

analyzer. The accuracy of the system was 99.18% as determined with a

certified sediment standard (Nr. 8704, NIST, Gaithersburg, USA).

Total inorganic carbon of sediment samples was determined with a

carbon coulometer (model 5011, Coulometrics, Joliet, USA) following acid

digestion. Dry sediment (~30 mg) was acidified with 6 ml of 2 M HCl in a

heated vial. Carbon-free air carries the evolving CO2 to the coulometric

cell, where CO2 is trapped by monoethanolamine that then is titrated to a

photometrically detected equivalence point. Sodium carbonate was used

for calibration. Total organic carbon (TOC) was subsequently calculated

as the difference between total carbon (TC) and inorganic carbon (TIC).

DOC of the littoral water column was analyzed by high temperature

catalytic oxidation with a TOC analyzer (TOC-5000A, Shimadzu, Kyoto,

Japan). Samples were acidified with 1 M HCl, and subsequently sparged

for 7 min to remove the inorganic carbon. A 100-µl aliquot of the sample

was injected on top of the catalyst (0.5% Pt, 680°C) and carried over the

catalyst with high-purity oxygen as carrier gas. Reported DOC values are

averages of three replicate injections from each sample. The system was

calibrated with freshly prepared potassium hydrogen phtalate (C8H5KO4)

standards (100–1000 µM).

Nitrogen and phosphorus concentrations of all substrata (analogous

subsamples as for the CHN-analysis) were determined simultaneously

after peroxodisulfate oxidation (Ebina et al. 1983). Ortho-phosphate was

determined by the molybdenum blue method and total nitrogen was
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quantified as nitrite after reduction of the nitrate with hydrazine, using

the Griess color reaction (Downes 1978, Stöckli 1985).

Chlorophyll was extracted in 90% ethanol by heating for 10 min in a

water bath at 80°C and subsequent treatment in an ultrasonic bath

(EC3, Elgasonic, Biel, Switzerland) for another 10 min. Fifty µl were

injected on a computer-controlled Jasco HPLC system (Tokyo, Japan)

consisting of a pump (PU-980), an autosampler (AS-950), a LiChrospher®

100 RP-18 column (Merck, Darmstadt, Germany) protected by a C18

guard column, and a Jasco UV detector (UV-970). Chlorophyll a and b

were separated isocratically using 49.5% methanol, 45% ethylacetate and

5.5% water (v/v/v) as the mobile phase (Murray et al. 1986). Peaks of

chlorophyll a and b eluted after 5 and 4 min, respectively, and were

detected and quantified at 430 and 460 nm.

Data analysis

Bacterial biomass and production in sediment and water were

expressed in volumetric units to avoid spurious correlations (Bird &

Duarte 1989) and to facilitate comparison with published values. Data

from epiphyton were expressed on an areal substrate base (µg bacterial C

cm-2 culm surface) and data related to CPOM were normalized with the

CPOM carbon content (e.g.: µg bacterial C g-1 CPOM-C). In addition,

biomass and production rates were expressed on an areal basis (i.e. g

bacterial C m-2 littoral zone), which allowed a comparison of all four

compartments. Annual production per m2 was calculated by linearly

interpolating observed daily production rates under the assumption that

measurements were representative for half of the time between both the

preceding and the following sampling date.

To detect temporal and spatial effects on bacterial biomass and

production in all four compartments, repeated-measures analyses of

variation (ANOVA) were used with time and sampling position (landward,

center of the reed stand, lakeward) as the within-subject factor. Huyn-
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Feldt adjusted p-values are given to account for the fact that data did not

meet the circularity condition (von Ende 1993). These adjusted

probabilities represent a more conservative measure than standard

p-values.

The effect of time and position on bacterial biomass and production

was analyzed for each compartment separately with carbon, nitrogen and

phosphorus content as covariates (ANCOVA). Because time and

temperature contain similar information, only time was included in the

model. All data were logarithmically transformed before analyses, which

resulted in a normal distribution of the residuals as checked by means of

QQ-Plots. Pearson correlation coefficients (r) were used to examine the

relationships between bacterial production estimated from leucine

incorporation and the FDC method. Statistical analyses were made with

SYSTAT 10 (SPSS Inc., Chicago, USA).

Results

Temperature

Average daily temperature at the sediment surface and the littoral

water column were similar throughout the year (Fig. 2). Lowest daily

temperature occurred in January 2000 with 1.3°C in the water column

and 4.7°C in the sediments. Temperature decreased temporarily in July,

because of a period of overcast weather accompanied by heavy rain.

Maxm water temperatures were recorded in June (up to 25.4°C) and

highest sediment temperature in August (24.7°C). Variation of

temperature was slightly higher in the water column compared to the

sediment, both on a daily (CV = 53.0% versus 48.0%) and a seasonal

basis (CV = 53.2% versus 47.9%).



Chapter 5                                Bacterial production in four compartments

100

Fig 2: Temperature in the water column (gray line) and at the sediment surface

(black line) recorded every 30 min from January to December 2000 in a littoral

reed stand of Lake Hallwil

Carbon pools

DOC concentrations ranged from 0.92–22.26 mg l-1 (0.28–6.68 g m-2)

with an annual average of 7.2 mg l-1 (2.15 g m-2) without a clear seasonal

pattern (Fig. 3a). The maximum in July coincided with a major rain

event, suggesting terrestrial inputs of DOC to the littoral reed stand. Fine

particulate organic carbon (FPOC) suspended in the water column varied

less (Fig. 3b), with values ranging from 0.8–3.5 mg l-1 (corresponding to

0.25 - 1.06 g m-2). The annual average of 1.6 mg l-1 was about 5 times

lower than average concentrations of DOC. As with DOC, no clear

seasonal pattern of suspended FPOC was apparent.

Organic carbon of epiphyton was highest in April with 1.3 mg C cm-2

culm surface area (15 g C m–2 littoral zone), when water temperature

started to increase, but shading from reed shoots was still minimal (Fig.

3c). The annual average was 0.5 mg C cm-2 culm surface area (4 g C m–2

littoral zone).
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Fig. 3: Carbon pools in a littoral reed stand. Values are given in g C m-2 ± SE
unless listed otherwise, (a) DOC in the water column and on the secondary y-
axis cumulative precipitation (mm) over five days preceding the sampling date,
(b) FPOC in the water column, (c) organic carbon of epiphyton, (d) organic carbon
in the aerobic sediment layer, (e) organic carbon of CPOM deposited on the
sediment surface. Values are means ± SE.
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Organic carbon in sediments varied between 2.3 mg C cm-3 in

October and 7.5 mg C cm-3 in July, with an annual average of 4.8 mg C

cm-3. On an areal basis carbon peaks were observed in March (51 g C

m-2) and October (48 g C m-2); lowest values occurred in August with 14 g

C m-2 (Fig. 3d). Dynamics on an areal basis were different from

volumetric units due to seasonal changes in the depths of the aerobic

sediment layer (Fig. 8c). Amounts of coarse particulate organic carbon

(CPOC) also remained relatively constant throughout the year (Fig. 3e).

Chlorophyll

Chlorophyll a in the littoral water column (Fig. 4 a) was lowest from

May to August  (0.5 – 2.8 µg L-1), whereas high values were observed in

April (14.0 µg L-1) and from September to December (11.5-18.6 µg L-1),

indicating that shading of the canopy of P. australis during summer had

an significant effect on the abundance of algae. Also for epiphytic algae

(Fig. 4b) two distinct maxima of chlorophyll a were observed in April

(4.6 µg cm2) and September (5.8 µg cm2). Throughout the rest of the year

epiphytic chlorophyll a ranged between 0.4 and 2.5 µg cm2.

The ratio of chlorophyll a and chlorophyll b was much higher in the

water column (average of 93) than in the epiphyton (average of 7),

indicating that in the epiphyton more Chlorophyceae containing

chlorophyll b were likely present. Seasonal variations of this ratio were

large in the water column (2.6-455) with lowest values in summer, again

indicating that the abundance of greenalgae increased during summer.

If chlorophyll data are used for estimating algal carbon by assuming

that chlorophyll accounts for 5% of cell carbon (Reynolds 1984), only 9.1

% of total FPOC in the water column and only 14 % of total epiphytic

carbon is explained by algal carbon.
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Fig. 4: Chlorophyll in the littoral water column (a), black circles indicate

chlorophyll a and open circles chlorophyll b; (b) chlorophyll in the epiphyton on

submerged standing reed culms, black circles indicate chlorophyll a and open

circles chlorophyll b. Values are means ± SE.

Bacterial cell volumes

Bacterial cell volumes remained very constant (CV between 13.5% in

sediments and 30% in the water column) during the year, but differed

among the four investigated compartments: in the epiphytic biofilm

bacterial cells were the largest (on average 0.164 µm3), followed by

bacteria in the aerobic sediment layer (0.159 µm3), on the CPOM

(0.131 µm3) and in the littoral water column (0.020 µm3).
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Fig. 5: Bacterial biomass in the water column (a), epiphyton on reed culms (b),

aerobic top sediment layer (c), and CPOM (d) of a littoral reed stand in Lake

Hallwil. Values are means ± SE.
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Bacterial biomass

Bacterial biomass fluctuated over time in all compartments with

maxima observed in different months (Fig. 5). Bacterial biomass in the

littoral water column increased continuously from 92 µg C l-1 in February

to a peak in June with 319 µg C l-1 and then decreased gradually until

November with 114 µg C l-1. Average bacterial biomass in the water

column was 165 µg C l-1. Biomass of epiphytic bacteria was highest in

March and April with 20 and 18 µg C cm-2, respectively, and remained

relatively constant throughout the rest of the year with values of ~4 µg C

cm-2. The annual average was 8 µg C cm-2. In the aerobic sediment layer,

the lowest bacterial biomass was observed in February with 52 µg C cm-3.

The maximum occurred in May with 131 µg C cm-3. Seasonal changes

were small, although a significantly (p<0.05) lower biomass was observed

in January and February compared to the rest of the year. Bacterial

biomass associated with CPOM was close to 1 mg C g-1 CPOC throughout

the year apart from July to October when biomass ranged from 1.9-

2.7 mg C g-1 CPOC. The average bacterial biomass on CPOM was

1.5 mg C g-1 CPOC.

On an areal basis, > 90% of the bacterial biomass was associated

with CPOM and the aerobic sediment layer (Fig. 6), with monthly values

ranging from 0.31–0.96 g C m-2 and 0.28–1.40 g C m-2, respectively.

Bacterial biomass in the littoral water column and in the epiphyton was

an order of magnitude lower (0.02 – 0.08 and 0.02 – 0.04 g C m-2 littoral

zone, respectively). Repeated-measures ANOVA revealed a significant

interaction between time and compartment (Table 2), indicating that

time-effects differed among the four compartments. The sampling

position (landward, center, lakeward) had no significant effect when all

compartments were combined in a single analysis. The polynomial

contrasts for the within factor time were significant for a second-degree

(F = 23.6, p = 0.000) and third-degree polynom (F = 17.7, p = 0.001), the

quadratic relationship describing the shape of the curves of bacterial

biomass in the epiphytic biofilm and the water column, and the cubic

relationship reflecting the two seasonal biomass peaks in the sediment

and CPOM layer.
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Fig. 6: Bacterial biomass per m2 of littoral reed stand: in the water column (a), the

epiphyton (b), the sediment (c), and the CPOM (d). The second x-axis (c)

represents the sampled sediment depth. Values are means ± SE.
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Separate ANCOVAs for bacterial biomass per square meter in the

four compartments with amounts of organic carbon, nitrogen and

phosphorus as covariates (Table 3) showed that most of the variation in

bacterial biomass associated with CPOM and sediment could be

explained by sampling position (landward, center or lakeward). In the

littoral water column and the epiphyton time mainly explained the

variation in bacterial biomass. None of the compartments exhibited

significant spatio-temporal interactions.

Bacterial production and frequency of dividing cells

Bacterial production estimated from rates of leucine incorporation

varied over three orders of magnitude in the littoral water column

(Fig. 7). The lowest rate was observed in January (1.1 µg l-1 d-1) and the

highest rate in August (116 µg l-1 d-1). The annual average was

27 µg l-1 d-1. In the epiphytic biofilm, bacterial production followed a

similar temporal trend with lowest rates in January (and 0.04 µg C cm-2

culm surface area d-1) and the highest rate in July (4.6 µg C cm-2 culm

Table 3: F-values of separate ANCOVAs for bacterial biomass per m2 of littoral reed

stand in four different compartments including C, N and P as covariates. * p < 0.05

Compartments

Source CPOM Epiphyton Sediment Water

Time 1.70  4.22* 1.31  2.77*

Position(sampling area)  4.09* 0.72  3.30* 0.27

Time × position(sampling area) 1.17 0.95 1.35 0.60

Organic Carbon 0.00  6.86*  6.97* 1.34

Nitrogen 0.05 0.29  6.43* 0.01

Phosphorus 0.44 4.65 0.05 0.46

r2 0.98 0.94 0.95 0.89
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Fig. 7: Bacterial production in the water column (a), epiphyton on reed culms

(b), aerobic top sediment layer (c), and CPOM (d) of a littoral reed stand in Lake

Hallwil. Values are means ± SE.
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surface area d-1). The average bacterial production in the epiphytic

biofilm was 0.7 µg C cm-2 d-1. Bacterial production in the aerobic

sediment layer was ~20 µg C cm-3 d-1 from March to August and dropped

to 4.8 µg C cm-3 d-1 in September. The annual average was 12 µg C cm-3

d-1. Production rates associated with CPOM varied from 2.6 mg C g-1

CPOC d-1 in January to a pronounced peak in July of 18.8 mg C g-1

CPOC d-1, average daily production was 5.7 mg C g CPOC-1 d-1.

On an areal basis, the sediment and CPOM layers were by far the

most productive compartments (Fig. 8) Bacterial production rates in the

sediment and CPOM layers ranged from 0.2–6.3 g C m-2 d-1 (average: 2.1

g C m-2 d-1) and from 0.6–4.1 g C m-2 d-1 (average: 1.9 g C m-2 d-1),

respectively, and thus were 2–3 orders of magnitude higher than in the

epiphyton (range: 0.29–36 mg m-2 d-1, average: 6.6 mg m-2 d-1) and the

littoral water column (0.5-43 mg m-2 d-1, average: 12.2 mg m-2 d-1).

Bacterial production increased in all compartments, except the CPOM

layer, with increasing temperature and decreased during the colder

months. This pattern is also evident from the polynomial contrasts of the

time effect (within subject): the second-degree polynom was by far the

most important one (repeated measures ANOVA, f = 264.0, p <0.001).

However, peaks of bacterial production were observed in different month

in different compartments, as indicated by the highly significant

interaction term of compartment and time (Table 2).

When effects of sampling position and time on bacterial production

were analyzed separately for each compartment and amounts of C, N and

P were included as covariates, time had a significant effect on bacterial

production in all compartments (Table 4). Covariates were generally of

minor importance, except in the sediment, where carbon and nitrogen

accounted for a significant part of variation in sedimentary bacterial

production. In sediment samples also the sampling position had a

significant effect.
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Fig. 8: Bacterial production per m2 of littoral reed stand: in the water column
(a), the epiphyton (b), the sediment (c), and the CPOM (d). Values are means ±
SE.
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Table 4: F-values of separate ANCOVAs for bacterial production per m2 of littoral reed

stand in four different compartments including C, N and P as covariates.

Compartments

Source CPOM Epiphyton Sediment Water

Time 3.56* 5.62** 10.91** 15.05***

Position(sampling area) 3.56 1.38 3.58**   0.93

Time × position(sampling area) 0.86 1.28 1.12**   0.81

Organic Carbon 0.15 0.21 4.98**   0.50

Nitrogen 0.09 0.02 11.28**   0.22

Phosphorus 0.64 0.00 1.75**   0.49

r2 0.96 0.96 0.97**   0.97
***p<0.05
***p<0.01
***p<0.001

Average and seasonal dynamics of bacterial growth rates (P/B

ratios) estimated from leucine incorporation rates differed among the four

investigated compartments (Fig. 9): Growth rates in the sediment and

CPOM were high (average of 2.7 and 3.6 d-1, respectively) as a result of

high production rates and low biomass. The littoral water column and

the epiphyton growth rates were 20-30 × lower (average of 0.14 and 0.12

d-1, respectively). Seasonal variations were caused primarily by temporal

variations in production rates.

Frequency of dividing cells ranged between 0.3 % and 7% (average:

2.3%) in the epiphytic biofilm, 0.3% and 4.6% (average: 1.4%) in the

CPOM, 0.1% and 3.4% (average: 1.8%) in the sediment and 0.1% to 4%

(average: 0.8%) in water samples. FDC was significantly, although not

strongly, correlated to bacterial production determined from leucine

incorporation in water (r = 0.59, p<0.001), sediment (r = 0.58, p<0.001)
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Fig. 9: Bacterial growth rates (d-1) estimated from leucine incorporation rates

(open diamonds) and from the frequency of dividing cells (black squares) in four

benthic compartments of a littoral reed stand in Lake Hallwil: water column (a),

epiphyton (b), sediment (c), and CPOM (d). Values are means ± SE.
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and CPOM (r = 0.41, p<0.001), whereas an only marginally significant

relationship was found in epiphytic biofilms (r = 0.15, p = 0.07). Average

FDC translate to growth rates of 0.33 d-1 in the epiphytic biofilm, 0.26 d-1

in the CPOM, 0.27 d-1 in the sediments and 0.23 d-1 in the water column,

based on the equation (3).

A comparison of growth rates derived with both production methods

showed that for particle associated bacteria growth rates were much

lower (only 10%) when estimated from FDC than when derived from

leucine incorporation rates. In contrast, for water and epiphyton growth

rates of FDC were 2-3 times higher than growth rates from leucine

incorporation rates (Fig. 9).

Annual production

Annual bacterial production per m2 of littoral zone estimated from

rates of leucine incorporation was lowest for the epiphytic biofilm on reed

culms (1.32 g C m-2 y-1), greater for the littoral water column (4.1 g C m-2

y-1) and much higher in the aerobic sediment layer and the above lying

CPOM (780 and 710 g C m-2 y-1, respectively).

Estimates of annual bacterial production derived from growth rates

based on the frequency of dividing cells gave values of 4.3 g C m-2 y-1 in

the epiphytic biofilm, 3.7 g C m-2 y-1 in the littoral water column, 79.7 g

C m-2 y-1 in the sediment and 48.3 g C m-2 y-1 in the CPOM layer.

Discussion

Bacterial dynamics in four littoral compartments

Bacterial production rates in the littoral water column of the present

study are well within the range of bacterial production rates reported for

pelagic freshwater systems, which range from 0.02 to 6.25 µg C l-1 h-

1 (Cole et al. 1988), and were typically closer to values observed in

eutrophic (Jørgensen 1992) than in oligotrophic waters (Tulonen 1993,
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Petit et al. 1999). In comparison to the few studies that have actually

measured bacterial production in lake littorals dominated by

macrophytes, production rates of the present study are similar to those

in oligo- to eutrophic lakes (0.2-2.9 µg C l-1 h-1; Furtado et al. 2001), but

are lower than estimates from highly eutrophic littoral zones (Gajewski &

Chrost 1995, Reitner et al. 1999). The distinct seasonal dynamics of

bacterial production in the water column in the present study is

markedly more pronounced than in other studies (Gajewski & Chrost

1995, Reitner et al. 1999).

In the epiphytic biofilm, bacterial production of the present study

spanned over two orders of magnitude. Similar seasonal changes were

reported from bacteria growing on Zostera marina leaves (Törnblom &

Søndergaard 1999). Average production rates of the present study

compare well to rates of epiphytic biofilms on Sagittaria sagittifolia,

Sparganium emersum and Potamogeton pectinatus in a sixth-order

lowland river (0.75 µg cm-2 d-1, Fischer & Pusch 2001). However, average

production rates were lower than values reported for epiphytic biofilms

on Juncus effusus (0.93-1.85 µg cm-2 d-1, Thomaz & Wetzel 1995) or

Typha domingiensis (2.76 µg cm-2 d-1; Thomaz & Esteves 1997). The lower

bacterial production rates in the present study could be related to poor

light conditions beneath the dense canopy of the P. australis stand, which

can lead to reduced development of epiphytic algae even in eutrophic

environments (McCormick et al. 1998). Epiphyton attached to reed culms

was indeed invariably thin throughout the year (mostly <2 mm with

<2 µg chlorophyll a cm-2). That epiphytic algae were light-limited

particularly during most of the growing season is also indicated by the

higher chlorophyll values during spring and autumn (Fig. 3h). Wind-

induced turbulence regularly increased turbidity in the water column

and thus reduced light intensities further. Thirdly, top-down effects of

grazers such as snails and caddisfly larvae can markedly reduce

epiphytic growth on the reed culms (Hunter 1980, Feminella et al. 1989).
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The epiphytic bacteria in the present study were therefore probably not

well supplied with carbon from the algae as has been described for many

other epiphytic biofilms (e.g. Burkholder 1996). Algal growth in the

epiphyton depends on light availability with higher biomass during

spring and autumn (Fig. 2), whereas bacterial growth is strongly

influenced by temperature, with higher biomass and production

associated with increasing temperature in summer.

Bacterial production rates in the aerobic sediment of the present

study are comparable to estimates of Hudson et al. (1992) made during

summer in second- and third order streams (18–140 mg C m-2 h-1), which

together with estimates by Alongi (1988) in mangrove sediments (8.3–213

mg C m-2 h-1) range among the highest values found in the literature.

Bacterial production rates in the present study were 5-30 times higher

than the annual average of recent estimates in aerobic freshwater

sediments (Kirschner & Velimirov 1999b, Marxsen 2001),

Bacteria associated with CPOM exhibited production rates almost as

high as sedimentary bacteria. Other studies investigating bacterial

production on decaying plant litter found production rates that were 2-3

orders of magnitude lower (Newell et al. 1995, Suberkropp & Weyers

1996, Kuehn et al. 2000). There are at least two explanations for this

discrepancy. First, different extraction procedures were used following

incorporation of leucine into bacterial protein: Suberkropp & Weyers

(1996) and Kuehn et al. (2000) precipitated radiolabeled protein with TCA

without subsequently extraction in alkaline solution as proposed by

Kirschner & Velimirov (1999a) and Bååth et al. (2001). The extraction

procedure used by Newell et al. (1995) also results in significantly lower

incorporation rates than the technique used in the present study.

Secondly, all three mentioned studies used a litter bag approach,

whereas the plant litter in the present study represents a heterogeneous

mixture of decaying organic matter exposed for different time periods to

the decomposition process.
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On an areal basis (i.e. per m2 littoral zone) the relative importance of

bacterial production in the water column and the epiphyton were

negligible compared to the production associated with CPOM and the

aerobic sediment, the latter two compartments probably extremely well

supplied by nutrients from decaying organic material. Kaplan & Bott

(1983) showed that leaf leachates can have a strong impact on benthic

bacterial production, sustaining a production of up to 4.6 g C m-2 d-1,

equivalent to the average of bacterial production in the sediments plus

CPOM in the present study. Similarly, Fischer & Pusch (2001) found that

epiphytic and pelagic bacterial production was minor compared to that of

sedimentary bacterial production in a macrophyte dominated lowland

river.

The four investigated compartments also differed with respect to

bacterial growth rates (Fig. 9). Growth rates of bacteria in the aerobic

sediment correspond well with those reported by Fischer & Pusch (2001),

whereas growth rates on decaying plant litter are 2-3 times higher than

those reported on decaying Juncus effusus (Kuehn et al. 2000). Rates in

the sediments and on CPOM indicate rapid growth, when carbon is

readily available. In contrast, growth rates in the epiphyton and the

water column of Lake Hallwil were lower than reported in other studies

(Kirchman et al. 1984, Thomaz & Wetzel 1995; water: Fischer & Pusch

2001). The large differences in bacterial growth rates between

compartments indicate a high activity of sediment and CPOM bacteria,

whereas a large portion of the epiphytic and the water-column bacteria

may have been in an inactive stage.

Growth rates derived with the FDC method were an order of

magnitude lower in sediment and CPOM, compared with the P/B ratios

derived from the leucine method. Difficulties in calibrating the FDC

method with radiochemical methods in sediments have been reported by

Fallon et al. (1983). They found that respiration measurements confirmed

the production estimates of radiochemical method. Similarly, respiration



Chapter 5                                Bacterial production in four compartments

118

measurements on CPOM suggest that microbial production rates

estimated with the leucine method yielded more reliable results in the

present study (Chapter 4). In epiphyton samples, growth rates of FDC

were much higher compared to the growth rates estimated by the
3[H]leucine method, which could be due to the difficulty of distinguishing

truely dividing cells from cells with lateral indentations although the

bacteria are not in a diving stage. This problem has been encountered by

Newell (1981) with epiphytic bacteria on eelgrass and by Fallon & Boylen

(1990) for sedimentary bacteria. Our data suggest that the FDC method

is not a good tool to estimate bacterial production on the substrata of the

present study.

Carbon flow in the littoral zone of a lake

The annual bacterial production, all four benthic compartments

combined, is equivalent to a heterotrophic carbon production of

1.5 kg m-2, 99% of which is produced in the aerobic sediment and litter

layer. Given a bacterial growth efficiency of 50% typical for eutrophic

environments (del Giorgio & Cole 1998) and close to the growth

efficiencies measured on CPOM in the present study (Chapter 4), a

bacterial carbon demand of 3 kg m-2 y-1 results. Can this high demand be

met by the available resources?

Carbon deriving from primary production include algal production of

the littoral water column and the epiphytic biofilm on submerged

standing reed culms and the above-ground reed production of P.

australis. The average of above-ground reed production was 0.61 ± 0.2 kg

C m-2 y-1 (Chapter 4). An additional 10% of the above-ground reed

production (0.061 kg C m-2 y-1) may be leached from the roots into the

sediment, as described in pot experiments by Richert et al. (2000).

Because roots in the investigated reed stand concentrated at the

sediment surface, the leachate is probably available to the aerobic

surficial sediment.
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Algal primary production in the littoral water column is probably a

negligible carbon source, because of light limitation. For example, in a

lake littoral dominated with P. australis values of 0.71 ± 1.4 g C m-2 y-1

have been reported (Reitner et al. 1999). Rough estimates of epiphytic

primary production on reed culms can be derived from monthly

chlorophyll measurements during the present study: with a specific

productivity of 2 mg C mg-1 Chl a h-1 (derived from littoral epilithic algae:

Moss 1969, Hickman 1971) an epiphytic primary production of 0.16 kg C

m-2 y-1 is assumed. A similar epiphytic primary production (0.12 kg C m-2

y-1) was reported for P. australis culms in a eutrophic lake (Müller 1995).

In summary, primary carbon sources account for 0.83 kg C m-2 or only

34% of the carbon required for sustaining the measured bacterial

production (Table 5, Fig. 10).

These primary carbon sources can, however, be used multiple

times (Strayer 1988). In fact, according to the geometric progression
nn

i
∑
=









0 2
1 , all available carbon entering the littoral zone can be recycled two

times by bacteria if the assumed growth efficiency is 50%. Consequently,

the sum of all carbon deriving from primary production (0.83 kg C m-2

y-1) may account for 1.7 kg C m-2 y-1 of the bacterial carbon demand,

leaving a deficit of 1.3 kg C m-2 y-1.

Table 5: Carbon budget for the littoral reed stand of Lake Hallwil.

Bacterial secondary production (kg C m-2 y-1) 1.5
Bacterial growth efficiency (%) 48
Bacterial carbon demand (kg C m-2 y-1) 3.0a

Above-ground reed production (kg C m-2 y-1) 0.61 (±0.2)
Root exudates from P. australis (kg C m-2 y-1) 0.061
Epiphytic primary production (kg C m-2 y-1) 0.16
Carbon recycling (times) 2.0
Deficit 1.3

a assuming a 50% growth efficiency
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Therefore, provided that the above estimates of carbon flows are

correct, the investigated littoral reed stand of Lake Hallwil must receive

additional carbon sources from either the terrestrial environment or the

pelagic zone of the lake, or both. One possible source of imported carbon

could be the drift and settlement of pelagic plankton into the littoral reed

stand. The investigated littoral zone lays exactly in the downwind

direction of the prevailing wind blowing from southwest. Wind events

induce surface water currents with velocities of about 30 cm s-1 on

average every 3-4 days (recorded by means of an Acoustic Doppler

Current Profiler, A. Lorke, pers. comm.). The resulting horizontal

movement of the surface water parcel could conceivably transport

substantial amounts of carbon of pelagic origin towards the shore. The

water surface area in the wind direction (1.5 km2, calculated as a

parallelogram) exceeds the surface area of the reed stand (850 × 20 m)

about 90fold. Pelagic primary production in the epilimnion (0-13m)

measured earlier in Lake Hallwil from 1982-1987 (Schumpelick-Deuschel

1995, A. Stöckli pers. comm.) ranged between 0.3 and 0.5 kg C m-2 y-1

(average: 0.4 kg C m-2 y-1). An accumulation of algal carbon from an

average phytoplankton primary production in the uppermost meter of 32

g C m-2 y-1 (0-1m) would result in 2.9 kg C m-2 at the shore and thus be

sufficient to sustain the observed bacterial production. Algal blooms,

dominated by Planktothrix rubescences, occur during spring and autumn,

corresponding to the organic carbon pool maxima in the littoral sediment

during spring and autumn (Fig.1). Thus, plankton from the pelagic zone

could indeed be one of the most important carbon sources sustaining

bacterial production in the littoral reed stand.
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Another potential source of organic carbon could be DOC from the

terrestrial environment since higher concentrations occurred in the reed

stand after rain events (Fig.1). If this DOC entered the littoral zone

primarily via subsurface pathways (upwelling), the high bacterial

production in the aerobic sediment layer could be explained. However,

short-term piezometric measurements at the six sampling areas did not

indicate strong upwelling of groundwater (marginally positive hydraulic

head), suggesting that terrestrial carbon may not be a major component

of carbon flow within the reed stand.

In the above described carbon budget not all carbon deriving from

primary production was included; in fact, also below-ground biomass of

P.australis could also be an indirect energy source for bacterial

production in the aerobic sediment. Dead roots and rhizomes can be

decomposed by anaerobic bacteria (Wrubelski et al. 1997) and products

of anaeobic decomposition (H2S, CH4, NH4+, N2O) could fuel

chemosynthesis in the aerobic sediment layer above.

In conclusion, annual bacterial production estimates of the present

study provide for the first time quantitative information about microbial

carbon transformation in the littoral zone of a lake. The results indicate a

high potential of the microbial community to mineralize great amounts of

organic carbon, regardless of whether the origin is autochthonous,

terrestrial or pelagic. As a consequence, intact littoral zones with an

extended surface for bacteria associated with mineral, detrital or living

surfaces can help to improve water quality of the water body. The ability

of microbes to transform large amounts of carbon in wetlands has been

recognized in the wastewater industry and constructed wetlands are

used for water quality improvement (Brix 1993).
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6. Synopsis and outlook

Freshwater wetlands dominated by emergent macrophytes, belong to

the most productive ecosystems worldwide (Wetzel 1990, Mitsch and

Gosselink 2000, Ostendorp 1993, Junk & Piedade 1997, Kvĕt and

Westlake 1998). The vascular plant matter produced within these

systems will eventually enter the detrital carbon pool and hence fuel

secondary production. Microbial secondary production constitutes

probably the largest fraction of total secondary production in littoral

zones (Wetzel 2001). Thus, only a very low percentage of carbon deriving

from the plant material is actually flowing through the metazoan food

web, but serves primarily as a nutritional base for heterotrophic

microorganisms such as bacteria and fungi (Mann 1988). However, a

quantitative assessment of the annual development of bacterial and

fungal biomass and production in lake littoral zones had not been

conducted previously.

Methodology

A reason for the scarcity of data might be methodological

constraints. Thus, one focus of the present study was the evaluation and

development of appropriate methods. Efficient detachment of bacteria

attached to mineral or organic surfaces is crucial for assessing bacterial

biomass. Because different procedures to detach bacteria from their

substrate may lead to conflicting results (Epstein & Rossèl 1995), the

efficiency of four different procedures in detaching bacteria from three

benthic substrata (epiphyton, sediment and leaf litter) was tested

(Chapter 2).

The applicability of the 3[H]leucine method (Kirchman et al. 1985) to

estimate bacterial production in epiphyton (Thomaz & Wetzel 1995),



Chapter 6                                                                    Synopsis and outlook

130

sediments (Fischer & Pusch 1999, Kirschner & Velimirov 1999) and leaf

litter (Weyers & Suberkropp 1996) was tested and the procedure modified

to measure bacterial production in the littoral water column, the

epiphyton, the aerobic sediment and the overlying coarse particulate

organic matter (CPOM) in a lake littoral zone (Chapter 3).

Carbon flow in the reed stand

The role of bacteria and fungi in carbon transformation in the CPOM

layer of the littoral zone was assessed (Chapter 4). A comparison of

bacterial and fungal production rates on plant litter revealed that bacteria

are the main actors in carbon transformation in spite of the much higher

fungal biomass. Annual microbial production and respiration estimates

on CPOM were 800 and 870 g C m-2 y-1, respectively, which exceeded

estimated primary production within the littoral zone (Chapter 4). The

imbalance between heterotrophic microbial carbon demand and primary

production of carbon was even more pronounced if the littoral water

column, the epiphyton and the aerobic sediment are also taken into

account. Therefore, I hypothesize that additional inputs of organic carbon

into the littoral zone are necessary to sustain microbial production.

Fig. 6.1 shows a simplified diagram of carbon flows the investigated reed

stand. Macrophytes and epiphyton are the most important suppliers of

organic carbon. Since their primary production was not sufficient to

sustain bacterial organic carbon production pelagic plankton transported

to the shore by wind-induced currents may be one important source of

organic carbon. Allochthonous carbon from the terrestrial environment

may be another source, although short-term piezometric measurements

indicated that upwelling groundwater is probably of minor importance.

Additional energy sources from anaerobic metabolism, such as H2S, CH4,

NH4+ and N2O may diffuse upwards into the aerobic sediment layer,

where chemosynthesis of aerobic bacteria causes fixation of inorganic
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Fig. 6.1: Simplified schematic of carbon flow in the aerobic aquatic

compartments of the littoral zone of a lake. The size of the arrows indicates

production. The presented pathways shown by black arrows have been

quantified in this thesis, those shown in gray arrows have been estimated

partially from data of the present study and from published studies and the

pathways shown by white arrows have not been quantified.
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carbon. Compared to bacteria, fungi and likely other heterotrophic

organisms are less important in the overall carbon flow. Most of the

organic carbon produced within or transported to the littoral zone is

oxidized by aerobic bacteria and released as CO2. Thus, this study

identifies the littoral zone as an important sink for organic carbon. In

other words, the littoral zone represents a hotspot of carbon

transformation with a P/R ratio <1.

Practical relevance

Intact littoral zones dominated by emergent macrophytes provide an

extended mineral, detrital or living surface area for microorganisms.

Because bacteria are able to transform large amounts of carbon within

the littoral zone, as shown here, littoral zones and constructed wetlands

are used for wastewater treatment and water quality improvement (Brix &

Schierup 1989, Brix 1993).

Outlook

Conversion factors

The applicability of the leucine method to estimate bacterial

production with different substrates was tested in preliminary

experiments prior to its application in routine measurements (Chapter 3).

However, conversion factors from pelagic marine bacteria (Simon & Azam

1989) were used to convert incorporation rates of radio-labeled leucine

into bacterial carbon production. Although proteins represent a high and

rather constant percentage of bacterial dry weight and carbon, the

fraction of leucine per protein may vary to some extent in bacteria present

in different environmental conditions. Thus, there is a need to establish

these conversion factors for pelagic and particle-associated freshwater

bacteria.
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Specificity of radiotracers

The specificity of radiotracer incorporation into bacterial protein was

tested in antibiotic experiments in Chapter 3. Obtained results indicate

that fungi are not competing substantially for leucine during incubation.

However, it will be necessary to isolate and culture freshwater fungi and

bacteria from the different natural substrata to obtain unequivocal

results. Similar antibiotic experiments on sterilized substrata with

bacteria and fungi will allow testing for the specificity of the incorporation

of the radiotracer into either microbial group.

Carbon sources for bacterial production

In Chapter 4 and 5 I hypothesize that wind-induced transport of

pelagic organic carbon to the lake shore may be an important source of

organic carbon for the littoral zone. However, monitoring horizontal

particle transport will be necessary to quantify carbon exchange

dynamics between the littoral and the pelagic zone. The most common

phytoplankton species forming intense blooms in Lake Hallwil is

Planktothrix rubescens. Measuring the accumulation of P. rubescens in

sediments by quantifying oscialltoriaxanthin and myxoxanthophyll,

tracers specific to P. rubescens (Züllig 1982), along a transect from the

pelagic to the littoral zone could be another way of assessing whether

pelagic phytoplankton is transported to the littoral zone.

Controlling factors of bacterial growth

Turnover rates of bacteria in the water column, the sediments and

on plant litter were generally very high during the present study

(Chapters 4 and 5), indicating that the bulk of bacteria is short-lived,

serving or as nutritional base for various invertebrates in the reed stand

or is dying as a result of viral cell lysis. The latter process releases

dissolved organic carbon that is readily available for successive

generations of bacteria. The prominent role of viruses in controlling
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bacterial growth has recently been acknowledged in aquatic systems

(Suttle 1994, Hennes & Simon 1995, Weinbauer & Höfle 1998, Fuhrman

1999, Fischer & Velimirov 2002). Although most of the published studies

focused on bacteriophages in pelagic systems, it is very probable that

viruses may also control bacterial growth significantly in benthic systems

(Maranger & Bird 1996, Drake et al. 1998).

From the “black-box” to functional groups

In the present study, a “black-box” approach was used to estimate

microbial production and respiration. Thus, it is not known which

microbial taxa participated in carbon transformation. The application of

methods of molecular ecology such as whole-cell or in-situ cell

hybridization with rRNA-targeting oligo-nucleotide probes (Amann et al.

1990, 1995, Stahl 1997) or DGGE/TGGE techniques combined with DNA

sequencing (Muyzer & Smalla 1998) could fill this gap. It may then be

tested whether shifts in the bacterial community structure may account

for seasonal variations in bacterial production and respiratory activity

observed in the present study.
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