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"Now the number of mice is largely dependent,
as everyone knows, on the number of cats"

Charles Darwin (1859)
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STELUNGEN
1. Het tellen van protozoen in grond met behulp van de Most Probable Number
techniek levert meer werk dan resultaten op.
2. Alle bodem organische stof is in chemische zin gemakkelijk afbreekbaar en
alleen de chemische organisatie en de distributie ten opzichte van
bodemorganismen voorkomt dat dit plaatsvindt.
Duxburyet al. (1989). Biogeochemistry(inpress)
3. Microörganismen en protozoen zijn samen verantwoordelijk voor ruim90%
van de mineralisatie van stikstof in grond.
4. Het oplossen van problemen in de bodembiologie met behulp van een
chemostat getuigt van eenzelfde naïviteit als het oplossen van het
wereldvoedselprobleem door te stellen dat de aarde voor 40 tot 50 X 109
mensen voedsel kan produceren.
Stout,JD (1973). Amer. Zool. 13: 193-201
5. Om het functioneren van bodem-oecosystemen via introductie van genetisch
gemodificeerde microörganismen succesvol te beïnvloeden, moet men ook de
bodem manipuleren.
6. Water beweging in de bodem, mits voldoende begrepen, is het meest
effectieve instrument om de verdeling van microorganismen na introductie in
grond te reguleren.
ParkeJL et al. 1986. Soil Biol Biochem 18: 583-588
7. Theoretische inzichten worden niet verkregen door 'goodness of fit' sec, maar
uitsluitend door de afwijkingen in de uitkomsten van modellen, die volgen op
de manipulatie van parameterwaarden, teverklaren.
8. Een combinatie van technieken uit de microbiele oecologie en de moleculaire
biologie biedt veel potentiële mogelijkheden om inzicht te verkrijgen in de
oecologie van microörganismen.
9. Het grootste deel van natuurlijke grond issteriel.
10. Protozoen zijn predatoren die uitsluitend planten eten.
11. Het belang van een weinig selectieve werking van chemische
bestrijdingsmiddelen, toegepast in de bodem, wordt onderschat.
12. De indeling van de biologie in de klassieke subdisciplines microbiologie en
zoologie belemmert het onderzoek naar voedselrelaties in grond tot op de
dag vanvandaag.
13. Het ontbreken van de zegswijze 'je kunt hier van de grond eten' als
uitgangspunt in het Nationaal Milieu Beleidsplan is niet een van de zorgen
voor morgen maar een zorg voor vandaag.

Stellingen behorende bij het proefschrift 'Mineralization of nitrogen by protozoan
activity in soil' van Peter Kuikman.
Wageningen, 17januari 1990.
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ERRATA

Chapter 3, on page34:
in Figure 3 and 4 the graphs do not correspond to the legends. The graph
presented in Figure 3 should be placed in Figure 4 while the graph presented in
Figure 4 should be placed in Figure 3, respectively.

Chapter 4, on page 53and54:
in figure 4 and 5 the graphs do not correspond to the legends. The graph
presented in Figure 4 on page 53 should be placed in Figure 5 on page 54 while
the graph presented in Figure 5 on page 54 should be placed in Figure 4 on page
53, respectively.

Chapter 5, on page71:
in the legend to Figure 5, replace "Recovery of bacterial 15N in plant nitrogen as
percentage of inoculated amount of 15N" by "Recovery of bacterial 15N in plant
nitrogen as mg 15N per microcosm."

Chapter 6, on page 84 and85:
in Figure 1 and 2, the symbols used refer to: (+) no protozoa, (x) 1:10 diluted
protozoan inoculum and (*) non diluted protozoan inoculum.
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CHAPTER 1

INTRODUCTION

Nitrogen isessentialfor plantgrowth. Manysoilsdo nothavesufficient nitrogen
in available forms to support the levels of crop production that man requires for
sufficient food and fibre production. Therefor, nitrogen is often applied to arable
soils as a fertilizer (Newbould 1989). However, the application of nitrogen fertilizer
causes environmental problems such as leaching of nitrate into groundwater which
is used as drinking water and ammonia volatilization into the atmosphere. This
ammonia is deposited on the surface of the earth. Nitrification then results in
acidification of soils and damage to plants.
To improve efficient use of nitrogen in agriculture, more precise knowledge is
needed of the dynamics of nitrogen turnover in soils and the internal cycle of
nitrogen in the soil (Newbould 1989). Plants, even in heavily fertilized conditions
that are found in modern agriculture, obtain part of their nitrogen requirements
through microbial mineralization from various organic sources in soil (Schnurer and
Rosswall 1987) including microbial biomass (Lethbridge and Davidson 1983). The
releaseof nitrogen andother nutrients from soil organic matter or microbial biomass
for plant uptake is determined primarily by the balance between mineralization and
immobilization processes. Insoil, microbial activity isthe 'motor' driving soil nutrient
cycles (VanVeenetal.1989). Acontinuous turnover of nitrogen occurs as a result
of cell lysis, the formation of new microbial biomass and the turnover of other
nitrogenous cell compounds (Woldendorp 1981). Microorganisms and the organic
detritus decomposer pathway account for a majority ofthe energy flow and nutrient
turnover in most ecosystems (Wiegert and Owen 1971). Apart from their activity,
microorganisms insoil are also important through their potential to act as a source
and sink for nutrients.
Indecomposition studies,the activities ofthesoil microflora are rarely separated
from the activities of micro- and mesofauna elements. Therefore, the specific role
of soil animals in soil nutrient transformations is often not considered (Coleman ef

al. 1983). However, evidence is accumulating that interactions between microflora
and fauna, in particular protozoa, are responsible for a significant portion of the
mineralization of nitrogen in soil.
Protozoa
Protozoa are unicellular, eukaryote organisms, which were first surveyed and
described by Anthonie van Leeuwenhoek (1632-1723) who developed a primitive
microscope andcalledthemanimaliculesor 'little animals' (VanLeeuwenhoek 1677).
These microorganisms arethe smallest but most numerous of all animals. Several
tenthousands of species have been described although the taxonomy of the
protozoa still is subjectto debate. Their size may rangefrom 2»m (nanoflagellates)
to over 6000^m (some sarcodina species). Free-living heterotrophic protozoa are
to be found in virtually all ecosystems in the world. Corliss (1973) attributes their
wide geographical distribution to their tremendous range of adaptability to
environmental conditions. With respect to temperature, pH and osmotic pressure
as found in soils, no clear limits to protozoan life have been described in literature
other than a wide tolerance by protozoa. For example, protozoa are found to be
active at a range of temperatures from 0°C up to 50°C. Water though, is anabsolute requirement for protozoan life. Most soil protozoa havethe ability to form cysts
to survive dry conditions (Bryant ef a/. 1982).
The protozoa that are generally found in arable soils include flagellates, naked
amoebae, and ciliates. Heterotrophic free-living flagellates and naked amoebae are
the most numerous inarable soils (Stout and Heal, 1972) and populations of 103 to
108x g" 1 dry soil are commonly found (Singh, 1946, 1949;Singhand Crump 1953).
In arable soil, Darbyshire and (1967) reported approximately 6 x 104 flagellates g" 1
dry soil and this is about an order of magnitude lower than the numbers of small
amoebae found by Clarholm (1981). The average sizes for the three main
taxonomical groups of protozoa in soil, i.e. flagellates, amoebae and ciliates, are
reported to be 50 urn3, 400 ^m 3 and 3000 ^m3 (Stout and Heal 1972). These
figures suggest that, based on their numbers and sizes, amoebae are the most
important group within the protozoan population. The protozoan biomass is
estimated to be only about 2g x rrf2 (Stout and Heal 1967) which is approximately
5-10 ng C x g" 1 dry soil. This figure should then be compared with estimates of
total microbial biomass inagricultural soils, rangingfrom 300-500^g Cx g" 1dry soil
(Schnurer etal. 1986). Eventhough protozoa constitute arelatively insignificant part
of the total microbial biomass (Stout 1973), the importance of protozoa in soil
nutrient economy should not be overlooked simply because of their small size or
biomass. The importancy is related to the rate of biomass production and not to
the biomass itself (Gray and Williams 1971). The protozoan biomass is of asimilar
order as the biomass estimated for earthworms under arable fields. Together,

protozoa and earthworms make up approximately 90%of the total animal standing
crop in soils (Golebiowska and Ryskowski 1977).
Enumeration of protozoa
The methods to count protozoan numbers in soil available to date are:
(1) direct observation which is useful for testate amoebae but is considered inappropriate for ciliates, naked amoebae or flagellates because of their small size
and intimité association with soil particles (Foissner 1987). Direct observation
rarely provides any indication of protozoan activity for the population is often
encysted (Stout and Heal 1972) ;
(2) extraction which is confined to mostly testacea (Stout and Heal 1972) where
remains such as the tests can be collected and ciliates (Wagener et al. 1986)
which migrate in an electric field;
(3) indirect enumeration using culturetechniques which essentially is a modification
of the dilution method used in soil bacteriology.
The latter method is based on the most probable number (MPN) technique and is
the one most extensively used. A series of replicated dilutions of a soil suspension
is incubated during a period of approximately 4 weeks. Bacteria are added and
serve as the food source for protozoa. At regular time intervals, the presence or
absence of protozoa in a series of successive dilutions until extinction, is recorded.
The method was started by-Killer (1913) and Cutler (1920), and further refined by
Singh (1946), Darbyshire (1967), Darbyshire (1974) and Clarholm (1981). This
method provides an estimate of the total number of protozoa, both active and
inactive forms, in a soil suspension. Several prerequisites should be met: i)
protozoa must be easily recognizable inthe medium upon multiplication, ii) a single
organism must be able to grow and multiply without interference or inhibition
(Cunningham 1915) by other organisms including protozoa and iii) the protozoa
should be randomly distributed in the soil suspension and upon dilution follow a
Poisson distribution (Cochran 1950).
Although the MPN method is the most often used method, it has several
disadvantages: i) the MPN estimates have a low order of precision (De Man 1975),
ii) at regular time intervals, a large number of samples must be checked for
presence or absence of protozoa which makes the method very time consuming
and iii) the method does not descriminate between active and inactive (cystic)
protozoans. Whencalculations andassumptions relatingto protozoan numbers and
biomass are made, it is essential to consider that protozoa in soil are, in general,
found as resting and inactive, cystic stages (Singh and Crump 1953). Cutler (1920)
developed a method to assessthe number of active protozoa. Upon killing the active protozoa by exposure of soilto 2%HCl,the number of active protozoa iscalculated as the difference between total number in untreated soil and the number of

cystic protozoa in soiltreated with 2% HCltreated. The precision of this method is
subject to debate since also a part of the cysts might die.
However, numbers of protozoa in soil are necessary for comparison with other
groups of organisms. Numbers of protozoa provide the basic information to
estimate biomass and assess their role in element cycling. Until now, no major
breakthrough has been achieved in counting the numbers of protozoa in soil. The
methods used are basically the same asthe ones used by Cutler and others inthe
twenties and Singh and co-workers inthefourties. Improved microcopes and other
machinery have enabled protozoologist to examine more samples more precisely.
Protozoa andtheirfood
The most important food source for free living heterotrophic protozoa are
bacteria (Fenchel 1987). Inaddition they consume algae,yeasts,fungi,nematodes,
other protozoa and possibly detritus (Heal and Felton 1970). Protozoa feed by
phagocytosis. This way of feeding consists of the enclosure of a food particle ina
vacuole where digestion takes place. The remains are excreted into the
environment. Amoebae and flagellates probably differ with respect to whether they
feed on attached or on suspended bacteria and also on the basis of the size of the
food particles (Fenchel 1987).
Extensive studies of the relationship between soil protozoa and bacteria (Singh
1941, 1942, Casida 1989) revealed that soil protozoa can feed on a wide range of
bacteria but that they also show food preferences and select bacteria from mixed
populations. Especially Pseudomonasaeruginosa and Pseudomonasfluorescens
have been recorded toxic to soil protozoa probably because of a high content of
pigments (Groscop and Brent 1964).
Fenchel (1982) estimated that flagellates can ingest (and digest) atotal volume
of particles per hour that equals their own cell volume. This is consistent with
minimum doubling times of suchflagellates of about three hours. Fromthe data by
Cutler eral. (1922), Stout and Heal (1972) calculated the standing crop and annual
production of protozoa and estimated that the generation time was from 1 to 3
days. They concluded thatthe annualturnover was 50-300timesthe standing crop
of protozoa. Elliott and Coleman (1977) calculated a mean generation time for
amoebae of 2.4 days. Theyield, reportedfor amoebae andflagellates, rangesfrom
40% to 50% (Calow 1977, Coleman et al. 1978).
Initially, the views regarding the protozoan control of bacteria in soil remained
rather conflicting. Russelland Hutchinson (1909) called attentiontothe protozoaas
afactor prejudicial to the productivity of soil by grazing on beneficial microflora. An
increased formation of ammonia was observed, coinciding with an increased
number of bacteria immediately following the killing of the protozoa by partial
sterilization of the soil. They concludedthat the bacterial numbers decreased when
conditions become favorable for protozoan development. However, Waksman

(1916) did not observe any influence of protozoaonthe ammonificationby bacteria.
He concluded that either the bacteria destroyed did not take any active part in the
ammonification or that the protozoa, destroying some bacteria, influenced
beneficially the decomposition of organic matter. Culture solutions containing
protozoa had a more pleasant odor than those containing bacteria alone; it
appeared as if the protozoa either destroyed the decomposition products or the
putrefactive organisms. These observations leadWaksman (1916) to the question;
"Are not the protozoa natural and necessary factors in the fertility of the soil?"
A close inter-relationship between populations of amoebae and bacteria in
nature was first established by Cutler ef al. (1922), who enumerated protozoa and
bacteria on 365 successive days. They found that the numbers of active amoebae
were inversely related to those of bacteria on 86%of the days. This was attributed
to protozoan prédation on the bacteria. Cutler (1923) found that Dimastigramoeba
gruben multiplied within fifteen days from 25000 to 230000 organisms per gram of
soil. This result aswell as similar results by other authors (Martin and Lewin 1915),
proved that amoebae are active in soil. At end ofthe twenties,there was no doubt
that their main food is represented by (soil) bacteria (Severtzova, 1928).
In 1953, Singh and Crump reported that, although partial steam sterilization of
soils is generally followed by increasing numbers of bacteria, it is also followed by
a marked increase in the size of the protozoan population. In a review on soil
protozoa, Russell and Russell (1962) stated: "There must presumably be a relation
between the numbers of protozoa and bacteria present in the soil since certain
species of bacteria are the principal source of food for the protozoa". They considered the results of the older work unreliable as the techniques used for counting
were inadequate. "Hence no reliable estimates canyet be made of the numbers of
bacteria that are consumed daily by the soil protozoan population".
Soilfroma protozoan point ofview
Although high numbers of protozoa are found in soil, they still are aquatic
organisms. Hence their mobility, feeding and growth in terrestrial ecosystems will
depend upon their ability to cope withfluctuating moisture conditions (Nikitin 1973).
Ecologically succesfull species must posses a wide tolerance to moisture
fluctuations. However, Cutler ef al. (1922) found no relation between soil moisture
content and numbers of active amoebae.
In soil, protozoa and their bacterial prey inhabit the capillary water in pores
between and within the mineral particle aggregates that make up the soil system
(Bamforth and Bennett 1985). Hattori (1988) studied the distribution of
microorganisms and their behaviour in relation to aggregate structure. He
distinguished microbial cells living atthe outer part of water stable aggregates form
those livingatthe inner part by using awashing-sonication method asdescribed by
Hattori (1967). Itwas concluded that the majority of bacteria were found inside the

aggregates whereas the protozoa inhabited the outer parts of the aggregates.
Vargas and Hattori (1986) showed that the increase in numbers of predators (the
ciliate Colpoda sp.) was proportional to the initial prey densities in the outer zone
of the aggregates. Thus, protozoan prédation was restricted to the outer zone.
The critical size of the pore neck, that divides pores into outer and inner parts of
soil aggregates, was estimated to be 2.5/im and equals a pore diameter of 3 - 6
ßm. These data confirmed observations on the activity of protozoa by Darbyshire
and Greaves (1967), Darbyshire (1976) and Alabouvette ef al. (1981). They
described that insoilswhere pores with sizes larger than 6^m are devoid of water,
protozoan activity is halted.
Postma ef al. (1989) showed that by introducing microorganisms into dryer
soils,thedistribution ofthose microorganims could bemanipulated. The introduced
bacteria tended to be safer from predators when they were inoculated into dryer
soils and were expected to reach smaller pores (Postma 1989). She assumed that
pores < 3/im are not accessible to protozoa. Hence, only part of the habitable
pore space for bacteria in soil (pores with pore-necks > 0.8A»m) offers protection
from protozoan prédation. The habitable and protective pore space was shown
certainly notto be a limitingfactor for the survival of bacterial cells. Lessthan 0.5%
of this habitable and protective pore space was occupied by bacteria. However,
one cannot exclude that locally, the available space and not the availability of
substrates limits bacterial growth (Postma and Altemuller 1989, Foster 1988).
Reports onthe migrationof protozoa underwelldefinedsoilmoisture conditions
are scarce. It has been shown that protozoa do move centimeters per day if
adequate water is present (Biczok 1959, Losina-Losinsky and Martinov 1930).
However,Vargas and Hattori (1986) hypothesizedthatthe outer zone of aggregates
is divided into compartments. The absence of waterfilms connecting these
compartments was shown to limit protozoan migration. This facilitates prey
persistence in the outer zone which is closely related to the moisture condition of
the soil. Since not allofthe soil pore space is accessibleto protozoa,soil structure
is expected to strongly influence the interactions between protozoa and their food.
The activity of protozoa inthe soil matrix is limitedto conditions with a sufficient
soil moisture content as shown for ciliates (Darbyshire 1976, Vargas and Hattori
1986) and amoebae (Bryant ef al. 1982). Protozoa can endure dry conditions by
the formation of cysts (Bryant ef al. 1982) and so survive for decades. The
estimated generation times for protozoa (2to 48 hours) indicate that protozoa can
potentially reactveryfastandimmediatetofavourable conditions insoil (Alabouvette
ef al. 1981). Protozoan populations have been shown to respond markedly to the
addition of water to dry soils with an increase in total numbers as well as in
numbers of active,trophic individuals (Elliott and Coleman 1977; Hunt ef al. 1989).
By using 15Nand 14C labelled bacterial cells,VanVeenefal. (1985) havefoundthat
the turnover of bacterial biomass is significantly affected by soil moisture

fluctuations. Remoistening of dried soils caused a temporary (4 days) flush in
carbon and nitrogen mineralization rates. However, no data exist on the specific
interactions between bacteria and protozoa and the turnover of bacterial biomass
in relation to soil moisture regimes.
Soilfurnishes awide variety of stress factors on protozoan life. Apparently, the
most important factors are soil structure and soil moisture limiting the ability of
protozoa to meet prey. Thus, the ecology of protozoa seems to be characterized
bytwo important features: the activity isconfined to small spaces and consequently
small populations and activity is restricted to brief periods when moisture conditions
are favourable (Stout, 1973).
Function of protozoa insoil
Since prédation by protozoa removes bacteria, one might expect adecrease in
bacterial activity and consequently in the decomposition of organic matter and
mineralization of nutrients. However, the opposite has been observed many times.
Astimulating effect of protozoan grazing on bacterial metabolismwas demonstrated
for ciliates in marine habitats (Johannes 1965) andfor flagellates infreshwater habitats (Barsdate ef al. 1974). Hunt et al. (1977) have developed a simulation model
for the effect of protozoan prédation on bacteria in continuous culture. The results
of the model suggested that upon prédation by protozoa, the growth rate of
bacteria increased,eventhough the bacterial biomass was reduced. Bacteriawere
thought to respond to a higher level of available carbon, nitrogen and phosphorus
upon prédation. Sofar, a relationship between protozoan grazing on bacteria and
nutrient mineralization was established.
However,to establish such a relationship insoils proved to befar more difficult.
Insand culture,amoebae decreased the numbers of bacteria but increasedthe rate
of ammonium and carbon dioxide production (Meiklejohn 1930, Telegdy-Kovats
1932). Coleman and co-workers expanded the ideas from observations in marine
and freshwater habitats to soil and carried out a series of soil microcosm
experiments. The addition of bacteria to sterilized soil microcosms resulted in an
initial immobilization of ammonium nitrogen. The introduction of amoebae
(flcanthamoeba polyphaga) always reduced bacterial numbers (Anderson ef al.
1978), increased respiration (Coleman ef al. 1978) and increased nitrogen
mineralization (Woods ef al. 1982). Griffiths (1986) showed an increased nitrogen
mineralization inthe presence of aciliate. These results also indicated that nitrogen
mineralization interrestrial systems is not strictly microfloral. Bacterial grazers, such
asamoebae, are necessary for mineralization of microbially immobilized nutrients as
was shown earlier for aquatic ecosystems by Johannes (1965). By using
radiocarbon-labelled glucose,Andersonefal.(1981)foundthat microbial grazing by
nematodes increased substrate utilization and mineralization of nitrogen. They
hypothesized that, as a result of the grazing activity of microfauna, excretion of

ammonium nitrogen in the soil solution maintained a high metabolic activity in
decomposing organisms. Thus,despite reduced numbers of microorganisms,their
total activity increased.
Information on the impact of protozoan grazing on bacteria cells and nutrient
transformations in planted soils is limited (Stout 1980). Elliott et al. (1979) have
presented results that indicated a significant role of soil protozoa at the soil-root
interface by accelerating the mineralization of microbially immobilized nutrients. In
the presence of protozoa moremineralnitrogenwasfound insoil. Also,plant shoot
nitrogen concentration was higher as compared with soils without protozoa. They
hypothesized that the effect of protozoa on the mineralization of nitrogen would be
greatest under the most N limiting conditions, i.e. without the addition of mineral N
fertilizer (Elliott 1978). However, only in case mineral N was added, protozoa
acceleratedthe mineralization of microbially immobilized nitrogen. Clarholm(1985a)
presented results that indicated that bacteria can mineralize nitrogen from soil
organic matter. Inthe presence of protozoa, more nitrogen was made available to
plants. Based on her experiments in planted microcosms, Clarholm (1985b)
suggestedthat bacteria utilized nitrogenfrom soil organic matterwhensuppliedwith
a suitable source of energy, i.e. root exudates. The nitrogen immobilized in microbial cells would then become available to plants when predators such as protozoa
consumed these microorganisms and excreted excess ammonium nitrogen.
The rhizosphere is a zone of intense microbiological activity as judged from
higher numbers of microorganisms in the vicinity of roots (Katznelson et al. 1948;
Rovira 1965) presumably caused by the rhizo-deposition of carbon at the root tip
(Trofymow ef a/. 1987). Katznelson (1946), Biczok (1956), Geltzer (1963) and
Darbyshire and Greaves (1967, 1973) had already shown that amoebae are more
numerous inrhizosphere soilwhere anactivedevelopment of bacteria isfound,than
in non rhizosphere soil. Ritz and Griffiths (1987) tested the hypothesis of Clarholm
(1985) by adding both glucose and nitrate to soils. They suggested that the addition of glucose wouldfacilitate the immobilization of nitrate in microbial biomass and
reduce the leaching of nitrate from soil. The re-mineralization of nitrogen and
uptake by plants was stimulated by protozoan activity as indicated by an increased
number of amoebae. In unplanted soils, the nitrogen that was mineralized by
predator activity was rapidly immobilized again, presumably by microorganisms.
The effect of protozoa, when they are predating on bacteria in soil, could then
be threefold:
(1) by grazing bacteria, protozoa do excrete excess ammonium nitrogen (Stout
1973, Fenchel 1986) which is available for plant uptake or
(2) by grazing bacteria, waste products such as cell wall material and other
nutrients are deposited which may enhance microbial activity (Hunt ef al.1977)
and by stimulating bacterial flocculation (Bamforth 1973) or
8

(3) whilst moving through the soil matrix searching for food particles, protozoa
might (re)inoculate (new) substrates with bacteria that adhere to their cell
surface or by bacteria that are not digestable andtherefore egested (Finlay and
Fenchel 1989).
Objectives and approaches
The turnover of nitrogen through the microbial biomass is the key process in
nitrogen cycling in soil. Turnover is the process of uptake, transformation and
mineralization. Quantitative relations have been established for uptake and
intracellular transformation of nutrients such as nitrogen in microbial cells. However,
data on the mechanisms of the release of nitrogen from microbial cells, which
closes the cycle of the turnover process, are scarce. Nitrogen is essential for plant
growth and other processes in soil. The main objective of this study was to determinethe impact of protozoan prédation of bacteria onthe mineralization of nitrogen
from bacterial cells in soil.
The relative importance of specific microbial populations in nutrient cycling is
difficult to ascertain under field circumstances because of the myriad of interactions
among organisms. Inorder to study the specific interactions between bacteria and
protozoa, a system with limited relational complexity was used (Figure 1). The
system comprised soil organic nitrogen, microbial nitrogen, mineral nitrogen and
plant nitrogen. Thus, a limited number of transformations of nitrogen was studied.
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!
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Figure 1 Relational diagram

Throughout the experiments, soil was sterilized by radiation and subsequently
specific microorganisms were introduced. The gnotobiotic (presence of kwown
organisms) soil microcosms were planted to wheat. The plants served as a
nitrogensink where information ontheturnover of nitrogen insoilwasaccumulated.
No mineral nitrogen was added as to ascertain that nitrogen was the factor limiting
plant growth and to maximize the sink function of plants, as shown by previous
experiments. To determine the role of protozoa in nitrogen transformations, soils
were incubated both in the absence and in the presence of protozoa. Representatives of the most abundant taxonomical groups of protozoa in soil,flagellates and
amoebae,were used. Inall experiments, a loamy sand soilwas used as described
in chapter 2.
It is well established that soil furnishes a wide variety of constraints on the
inhabiting biota. The particular structure of soil makes that the distribution of both
protozoa andtheir prey ispatchy (Foster 1988, Postmaetal.1989). Protozoa need
a surrounding waterfilmfor activity and movement. Sincethe availability of water is
highly variable, water most likely is the factor that regulates protozoan activity by
determining the mobility andthe chances to meet prey organisms inthe soil matrix.
The transpiration of water by plants could be used to define soil moisture regimes.
Itis clearthat the laboratory microcosm approach has obvious limitations when one
aims at relating results to field conditions in nature. However, the microcosm
approach does allow to manipulate and measure factors that are difficult to control
under field conditions: i) maintaining a specific gnotobiotic composition of the
microbial community and ii) the use of (radio)isotopes such as 15N and 14Cto trace
specific nitrogen and carbon transformations and to follow the fate of specific
components such as bacterial nitrogen or carbon or soil organic material (Jansson
1958).
Outline ofthisthesis
The prédation by protozoa on bacteria and the mineralization of bacterial
nitrogen was studied in soils containing the basic food chain with bacteria and
protozoa. Additionally, the impact of protozoa was studied in relationtothe size of
the bacterial population (chapter 2). The influence of the distribution and migration
of protozoa on the turnover of specific bacterial populations and the transfer of
genetic material between bacteriawas examined inchapter 3. Theinoculum density
of protozoa was varied and spatial separation between predator and prey
organisms was established in soil microcosms. In chapter 4 and 5, the impact of
the soil moisture regime on protozoan prédation of bacteria and on the mineralization of nitrogen was investigated both in the presence and in the absence of
plants. Stable soil moisture regimes versus fluctuating soil moisture regimes were
imposed on soilswith bacterial-protozoan communities asto monitor the reactionof
protozoa to moisture stresses. Finally, the grazing activity of protozoa and the
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impact on the turnover of soil organic carbon and the uptake of nitrogen from soil
organic material was studied. The continuous monitoring of carbon dioxide
production andthesoil moisturefluctuations created by growing plants,enabledthe
study of bacterial-protozoan interactions in more detail (Chapter 6).
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CHAPTER 2

THE IMPACT OF PROTOZOA ON THE AVAILABILITY OF
BACTERIAL NITROGEN TO PLANTS 1

Abstract
Microbial Nfrom 15N-labelledbacterial biomasswas investigated ina microcosm
experiment, in order to determine its availability to wheat plants. Sterilized soilwas
inoculated with either bacteria (Pseudomonasaeruginosa alone or with a suspension of a natural bacterial population from the soil) or bacteria and protozoa to
examine the impact of protozoa. Plant biomass, plant N, soil inorganic N and
bacterial and protozoan numbers were determined after 14and 35 days of incubation. The protozoa reduced bacterial numbers in soil by a factor of 8, and higher
contents of soil inorganic N insoil were found intheir presence. Plant uptake of N
increased by 20% in the presence of protozoa. Even though the total plant
biomass production was not affected, the shootroot ratios increased in the
presence of protozoa, which is considered to indicate an improved plant nutrient
supply. The presence of protozoa resulted in a 65%increase in mineralization and
uptake of bacterial 15N by plants. This effect was more pronounced than the
protozoan effect on Nderived from soil organic matter. Itis concluded that grazing
by protozoa strongly stimulates the mineralization andturnover of bacterial N. The
mineralization of soil organic Nwas also shown to be promoted by protozoa.

PJ Kuikman and JA Van Veen, Biology Fertility of Soils (1989) 8: 13-18
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Introduction
Prédationby protozoa and nematodes strongly determines the size and activity
of microbial populations in soils and other ecosystems (Darbyshire and Greaves
1967, Ingham ef al. 1985). Since microbial activity is a key factor in nutrient cycling
in soil and the microbial biomass is an important sink and source of nutrients, the
grazing activity of protozoa and nematodes may have an essential impact on the
nutrient availability to plants (Duxbury ef a/. 1989). Coleman and co-workers
(Coleman ef a/. 1978, Bryant ef al. 1982, Elliott ef a/. 1979) studied the effect of
prédation by protozoa on N mineralization. They observed a significant
enhancement ofammonium-N mineralization andsubsequent uptake by plantswhen
protozoa were added to microcosms with sterilized soil inoculated with bacteria.
Data from Clarholm (1985) gave further evidence for the role of protozoa in N
mineralization and uptake by plants. Prédation by protozoa stimulated Nmineralization. Protozoa excrete bacterial N as ammonium (Stout 1973) when grazing
bacteria (Woods ef al. 1982).
The activity of protozoa also increased the plant N concentration and uptake
as well as the growth of crops (Elliott ef al. 1979). Shoot:root ratios increased in
the presence of protozoa (Clarholm 1985)which indicated an improved Nsupply to
plants (Davidson 1969).
The present study was designed to gainfurther insight intothe role of protozoa
inthe availability of microbial Nto plants using 15N-bacteria. We also examinedthe
hypothesis that protozoan prédation increases the mineralization of non-microbial
soil organic N. We added a soil suspension containing several species of bacteria
in order to immobilize more N in the soil microbial biomass and provide more
serious competition for plant available mineralized N in the soil. We hypothesized
that protozoa exert a more pronounced effect in soils with higher numbers of
microorganisms, in terms of N mineralization and subsequent N uptake by plants.

Materials and methods
Soils
The soil used was a loamy sand and was collected from a A-horizon on arable
land near Ede (NL) in 1983 (Table 1). The soil had not been fertilized for 2 years
before this experiment. Two weeks before the start of the incubation the soil was
sampled and air-dried untilthe moisture content was approximately 60%of thefield
capacity (12% v/w, pF approximately 2.8). The soil was then sieved (4 mm) and
1840g (1645gdry soil) samples wereweighed into plastic bags. Thesoilwassterilized by exposion to a 60Co-7-radiation source, receiving 4 Mrad in 29 h, 2 days
before the incubation was started. The sterility of the soil was tested by preparing
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a dilution series of suspended soil and checking for bacterial growth on 1:2
Tryptone Soya Agar (Oxoid, U.K.) plates; no bacteria were found. These soil
samples contained 28.6 mg (17.4 ppm) inorganic N at the start of the incubation;
no fertilizer was added.

Table 1. Physical and chemical properties of the soil.

Origin
Texture class
Particle size distribution (%)
Clay < 2 fitn
Silt 2-50y.m
Sand > 50 pm
Cation exchange capacity (meq x
Organic C (%)
Total N (%)
CaC0 3 (%)
pH (KCl)

Ede, Netherlands
loamy sand

100 g"1)

3
12
85
9
2.0
0.13
0.10
6.2

Experimental design
Four treatments were established: (1) Inoculation of 15N-labelledPseudomonas
aeruginosa; (2) 15NPseudomonasinoculation plus inoculation of a soil suspension
containing a mixed, undefined bacterial population from the soil; (3) 15N
Pseudomonas inoculation plus inoculation of protozoa; and (4) 15NPseudomonas
inoculation plus bacterial suspension plus protozoa inoculation. The Pseudomonas
aeruginosainoculum was prepared by growingthe bacterium on a mineral medium
containing glucose-C as a C source and 15NH4CI as the sole Nsource at 29°C for
30 h. Before itwas added to the microcosms,the 15N-labelled bacterial suspension
was centrifuged down (10000rpm, 10min) andwashedtwice in0.1% Na-pyrophosphate. The soil suspension was prepared by blending 20g fresh soil with 200 ml
0.1% Na-pyrophosphate and filtering this suspension twice through a 1.2 ^m
Millipore filter in order to exclude protozoa and larger organisms. The filtrate was
grown in 1:10 Tryptone Soya Broth (29°C) and checked over 48 hfor contamination
by protozoa, and none were detected. Before the inoculation, the soil suspension
was washed in 0.1% Na-pyrophosphate. Several species of ciliates,flagellates and
amoebae originating from the soil investigated were incubated and fed with
Pseudomonasaeruginosafor 6 weeks in Neff's Amoeba Saline (Page 1967).
Wheatseeds (Triticum aestivum cvSicco) weresurfacesterilized using 1.5% Nahypochlorite and sterile deionized water. They were placed individually on 1:6
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Tryptone SoyaAgar insterile test tubes in order to detect any contamination (0 2.2
cm,20 cm long),and incubated at room temperature for 9daysto germinate. Only
sterile seeds were used.
Incubation
The experimental unit consisted of a sterile PVC (polyvinyl chloride) plastic
container (0 15 cm, height 9.5 cm),which was closed with a air-tight lid enclosing
five tubes (0 1.6 cm, length 5 cm, two sides open). Sterilized soil was amended
with a 15N-labelled bacterial suspension of Pseudomonas aeruginosa, soil
suspension and/or protozoa and thoroughly mixed. The soil core in the microcosms was brought to a bulk-density of 1.3g cm"3. In the tubes five wheat
seedlings were placed on top of the soil. The size of the inoculum was 7.4 x 107
colonyforming units ofPseudomonas aeruginosa,0.9x 107colony forming unitsfor
the soilsuspension, and5.0 x 103protozoa, respectively, per gram of dry soil. With
the inoculation of the soil,the soil moisture content was raisedfrom 12% upto 15%
(v/w).
The incubation was carried out under controlled conditions in a climate room
(relative humidity 60%, day/night temperature 21/16°C and a light period of 16
hours). Additional openings were provided to add water and to allow air circulation. Soilwater losses due to evapo-transpiration were determined by weighing the
microcosms and estimating plant production. Moisture content was kept at 15%
(v/w) or pF 2.2 by daily additions on top of the soil with sterile deionized water.
The microcosms were aerated by flushing filtered (0.22 Mm) air through the
microcosms for 15 min at 2 h intervals.
Samplingprocedure andtechniques
On the sampling days, 14 and 35 days after the start of the incubation, the
shoots were clipped at the base of the stems. Duplicate subsamples were taken
fromthe soil corefor analyses of Ncontent,soil moisture content, and bacterial and
protozoan numbers. The roots were sampled by washing the remaining soil on a
sieve. The plant material was dried at 70°C for 48 h and weighed. Total plant N
was determined in ground samples (0.5 mm) which were analysed according to a
Kjeldahl procedure (Bremner 1965). After awet oxidation-digestion procedure, the
digest was distilled with 50% NaOH into boric acid and titrated to a pH of5.1.
The soil moisture content was determined by loss of weight after drying the soil
at 105°C for 24 h. Inorganic N, i.e. ammonium and nitrate, was determined by
autoanalyser (van Ginkel andSinnaeve 1980) inextracts of 10gfresh soilwith 50ml
0.5 M «2S04 (1 h, 150 rpm on a rotary shaker),filtered over aWhatman glass-fiber
(GF/C) filter. Total N in these extracts was determined by a Kjeldahl digestion
method. Soluble organic Nwas calculated as the difference between total organic
and inorganic N in the extracts. Samples that were to be analysed for 15N content
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were acidified to pH 3 after steam distillation and concentrated by evaporation of
excess water at 60°C. Samples were stored in 0.1 N HCL. The 15N content was
determined bymassspectrometry (Finnegan MAT25mass-spectrometer) according
to Bremner (1965) using hypobromite oxidation.
Bacterial numbers were determined inextracts of 10gfresh soil in95 ml of 0.1%
Na-pyrophosphate with 10gof gravel after 1h on a rotary shaker. A dilution series
was prepared and 0.1 ml of adequate dilutions were plated (in triplicate) on 1:2
Tryptone Soya Agar. The plates were incubated for 48 hours at 29°C. Protozoan
numbers were determined by a most probable number method (Darbyshire etal.
1974) as modified by Clarholm (1985) using Pseudomonasaeruginosa as a food
source. Microtiter plates were incubated at 12-15°C and scanned for protozoa, i.e.
flagellates, amoebae and ciliates after approximately 1 and 4 weeks.
Statistics
The experiment was carried out in a completely randomized design which
allowed analysis of variance between two factors, the addition of protozoa and of
a soil suspension. Since no significant (P<0.05) interaction was found between
these two experimentalfactors, only the maineffect of either addition of protozoaor
addition of a soil suspension or both effects are reported where significant at
P<0.05. Only averaged values for the main effects are reported in the text
{Pseudomonas inoculation and Pseudomonas with soil suspension versus
Pseudomonaswithprotozoa andthe combination of allthree additions forthe effect
of protozoa, or Pseudomonas and Pseudomonas with protozoa versus
Pseudomonaswithsoilsuspensionandthecombinationofallthreeadditionsforthe
effect of the soil suspension.
Alltreatments consisted offive replicated microcosms. Two andthree replicated
microcosms were destructively sampled after 14and 35days of incubation,respectively.

Results
Microbial population and soil N
After 14days of incubation,thesize of the bacterial population was 5to 10times
larger (P<0.05) insoils amended with a soil suspension,compared to soils without
the soil suspension. With respect to protozoan populations, only amoebae showed
slightly higher numbers after the addition of the soil suspension to soils (table 2).
The bacterial populations continued to grow upto 14and35 days of incubation,
particularly insoilswithout protozoa. The number of bacteriawas approximately 20
times higher (P<0.05) in the treatments Pseudomonasand Pseudomonaswith soil
suspensiontreatment after 35days comparedto 14dayswhile inthe Pseudomonas
with protozoa and the combination of all three additions, the increase was only a
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factor of 2 (Table 2). Also, flagellate and amoebal populations increased between
day 14 and day 35 in both treatments with protozoa (Table 2). After 35 days of
incubation, both protozoa and a soil suspension significantly affected (P<0.05) the
number of bacteria in soil. The presence of protozoa reduced the bacterial
populations by a factor of 8 (protozoan treatments versus those without) while the
amendment of soil with asoil suspension resulted in an eight times larger bacterial
population (soil suspension treatments versus those without) (Table 2).

Table2. Numbers ofbacteria and protozoa (flagellates,amoebae, andciliates) pergramofdrysoil
after 14 and 35 days (mean values of two and three replicates, respectively).

treatment8

B
BP
BS
BSP
LSDC0

05

Ciliatesb
(x 104)

Bacteria
(x 10s)

Flagellâtesb
(x 104)

Amoebaeb
(x 104)

14 d

35 d

14 d

35 d

14 d

35 d

14 d

35 d

0.24
0.46
2.40
2.40

4.70
0.62
38.0
5.20

ND
1.50
ND
2.00

ND
5.80
ND
6.20

ND
3.90
ND
6.60

ND
8.60
ND
10.6

ND
0.10
ND
0.20

ND
ND
ND
ND

1.86

18.35

0.74

2.70

0.35

2.78

-

-
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a) B,
N- Pseudomonas aeruginosa;
BP,
as B with protozoa;
BS,
as B with soil suspension;
BSP,
as B with protozoa and soil suspension
b) ND, not detectable
c) Least Significant Differences (LSD), at significance level P=0.05, are given for comparison of
main effects, i.e. addition of a soil suspension or of protozoa.

After 14 days of incubation the presence of protozoa had raised (P<0.01) the
inorganic N level by 37% [difference based on main effect; average for PseudomonasandPseudomonaswithsoilsuspension (32.2mg N) comparedwith average
for Pseudomonaswith protozoa and all three additions (44.2 mg N)], both in soils
amended with a soil suspension and in soils not amended with a soil suspension;
90% of this inorganic N was in the ammonium form. The amount of total
extractable N (inorganic and organic) in the r^SC^ extracts, however, showed no
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significant differences between any of the treatments (Table 3). At the end of the
incubation, no I^SC^ extractable inorganic Ncould be detected in any of the soils
(Table 3).

Table 3. Inorganic andtotal 0.5 M KjSO^ extractable N insoilafter 14 and 35 days (mean values
of two and three replicates, respectively).

b

Inorganic N
Od
14 d

N (mg N x microcosm"1)
Total N d
35 d
O d 14 d

35 d

treatment 3 '
B
BP
BS
BS
LSDn
a,b,c
d

30.6
30.6
30.6
30.6

34.4
41.5
30.0
46.9

ND
ND
ND
ND

3.30

90.4
89.4
81.3
91.4

50.7
46.6
51.8
58.0

3.2

4.9

See notes to Table 2
* = not determined

Plantbiomass and N
After 14 days of incubation, the amount of plant biomass production (Table 4)
and the fraction of 15N, originally inoculated as bacterial N, recovered as plant N
(Table 5) were similar for allfour treatments. Both shoot and root N concentrations
were affected (P<0.05) by the presence of protozoa: the N concentration was
higher inthe shoots but lower inthe roots and this effect was most pronounced in
soils amended with a soil suspension (Table 4).
After 35 days, the total plant biomass production was significantly (P<0.01)
reduced by 25%from 5.42 to 4.04 g dry weight microcosm"1 [main effect, average
of Pseudomonas (5.64) and Pseudomonas with protozoa (5.19) versus
Pseudomonaswith soil suspension treatment (4.08) and all three additions (4.00)]
by the addition of a soil suspension (Table 4). In particular a reduction in root
growth contributed to these differences. Both the addition of protozoa and the
addition of the soil suspension reduced root biomass production by 22% (P<0.05)
and 44% (P<0.01), respectively, compared to soils without protozoa or soil
suspension. Also,shoot biomass production was reduced (P<0.01) bythe addition
of the soil suspension,while inthe presence of protozoa shoot biomass production
was elevated (P<0.01) from 2.60 to 2.84 g dry weight microcosm"1. Inthose soils
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where protozoa were added, the N concentration in both shoots and roots was
higher (P<0.05) than inthe shoots andthe roots grown without protozoa (Table4).

Table 4. Plant mass and N concentration after 14 and 35 days (mean values of two and three
replicates, respectively).

1
Plant mass (g dry wt x microcosm"
Total
Shoot
Root

percentage N (%N)
Root
Shoot

14 d

35 d

14 d

35 d

14 d

35 d

14 d

35 d

14 d

35 d

B
BP
BS
BSP

0.45
0.45
0.46
0.47

2.65
3.04
2.54
2.63

0.13
0.12
0.13
0.15

2.99
2.15
1.53
1.37

0.59
0.58
0.59
0.62

5.64
5.19
4.08
4.00

3.93
4.04
3.68
4.31

1.92
2.02
1.82
2.14

1.55
1.47
1.67
1.32

0.69
0.89
0.82
0.98

LSDY05

0.05

0.17

0.05

0.49

0.10

0.53

0.23

0.20

0.18

0.15

treatment">

See notes to Table 2

Table 5. N uptake by plants, concentration of excess 15 N in total plant N and the fraction of
inoculated 15 N recovered in total plant N at 14 and 35 days after the start of incubation (values
are means of 2 and 3 replicates, respectively).
15

15

Plant N
uptake
(mg N . microcosm"1)
14 d
35 d

N concentration in plant
N uptake (%)

N in plants
as percentage of
inoculated 15N

14 d

35 d

15.6
15.9
15.0
18.2

66.5
76.2
54.7
65.3

0.95
0.88
0.91
1.00

0.86
1.25
0.88
1.17

7.39
7.03
6.83
9.10

28.60
47.95
24.06
38.25

4.7

0.26

0.06

2.35

3.33

(%)
14 d

35 d

treatment"0
B
BP
BS
BSP
LSD„
a,c
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2.70

See notes to Table 2

The total plant N uptake was significantly enhanced (P<0.01) by 17% by the
presence of protozoa, while it was significantly reduced (P<0.01) by 16%after the
addition of asoil suspension (Table5). Inthe presence of protozoathe plants took
up 65% more (P<0.01) bacterial 15N, while the addition of a soil suspension
significantly reduced (P<0.01) the recovery of 15N by 19% as compared to soils
that were not amended with protozoa or those not amended with the soil
suspension, respectively (Table 5).

Discussion
A strong reduction in the size of the bacterial population in soils with protozoa
coincided with protozoan growth in the second half of this experiment. These
results are in agreement with those of Elliott et al. (1979), Clarholm (1981), and
Heynenetal.(1988),who havealso reported areduction inbacterial numberswhen
grazed by protozoa. Fromthe differences betweenthe numbers of bacteria in soils
with and soils without protozoa after 35 days of incubation, the average
consumption of bacterial cells for each protozoan produced can be calculated. In
soils with only Pseudomonasaeruginosaapproximately 4000 bacteria were consumedfor each protozoan. Thisfigure corresponds wellwiththe 3000-4000 bacteria
calculated by Clarholm (1981). However, whenthe soil suspension was added,the
apparent consumption was approximately 10 times higher, comparing the
differences between Pseudomonas - Pseudomonas with protozoa and the two
treatments withthe soil suspension. This is hard to explain, in particular when one
assumes that some of the bacterial species in the soil suspension are less edible
for the inoculated protozoa, which were precultured on Pseudomonasaeruginosa.
During the first 14 days no reduction in bacterial numbers due to protozoan
growth was observed. Yet, significantly more organic Nwas mineralized when the
protozoa were active in the soil, suggesting that the prédation by protozoa
stimulates Nturnover through the bacterial population. This may well be caused by
improved conditions for bacterial activity,for instance by an enhanced availability of
substrate through spreading of bacteria through the soil by protozoa when they
move and eat.
The present findings also confirm earlier results reported by Elliott et al. (1979)
and Clarholm (1985) on the stimulation by protozoa of shoot biomass production,
N concentration inplants andtotal Nuptake inplants. However,the present results
do not confirm their observations of an increased total plant biomass production in
the presence of protozoa. The present observed shift from root biomass to shoot
biomass, indicated by a higher (P<0.01) shoot:root ratio as observed upon the
addition of protozoa to soil, reflects the improved plant Navailability. According to
Davidson (1969) root growth is inversely related to N availability. The shoot:root
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ratio was higher (P<0.01) in soils where the soil suspension was added but inthis
case, no positive effect on N uptake was observed. It is possible that among the
microorganisms added with the soil suspension, some restricted root growth.
Net mineralization of soil organic N can be calculated from the difference
between the initial inorganic N (30.6 mg N on day 0) and the sum of total plant N
uptake and inorganic N at the end of our experiment. In all soils, whether
inoculated with bacteria only or inoculated with both bacteria and protozoa, net
mineralization of soil organic Nwas observed. Inthe presence of protozoa approximately 34%moresoilorganic Nwas mineralized,comparing protozoan treatments
versus Pseudomonas and Pseudomonas with soil suspension treatments.
Protozoan grazing stimulated net mineralization by 26%inthe absence and44%
inthe presence of the soil suspension.Thesefigures correspond with the 75%and
the 50-100% increase in plant uptake of N, reported by Clarholm (1985) and Elliott
ef a/. (1979), assuming that increased plant N uptake is due only to increased
mineralization of soil organic N. The present experimental design allowed discrimination between the indirect effect of protozoan grazing on N availability to
plants by stimulation of turnover processes and the direct effect by release of
bacterially immobilized N. Protozoan grazing does not affect all bacteria present in
the soil, since net N mineralization was reduced by 25% when sterilized soil was
amended with a soil suspension compared to soil not amended with a soil
suspension. This must be caused by the better immobilizing capacity of a larger
soil microbial population.
Prédation by protozoa indeed increases the release of bacterial N as shown by
the data on the 15N recovery (Table 5). This confirms the concepts presented by
Clarholm (1985). The data show that 15N from bacterial cells accounted for 0.881.00%of the Ntaken up by plants (Table 5) during the first 14days. No effect of
the presence of protozoa or asoil suspension was detected. However, during the
second part of the incubation period of 21 days, the 15N released from bacteria
contributed significantly (P<0.01) moretothetotal Nuptake insoilswhere protozoa
were present than in soils without protozoa: 1.25% and 1.17% for bacteria with
protozoa and bacteria-protozoa-soil suspension versus 0.86% and 0.88% for
bacteria and bacteria with soil suspension, respectively (Table 5). These data illustratethe close relationship between bacteria and protozoa with regard to Nmineralization.
The delay in the release of 15N from bacterial cells due to grazing by protozoa
might be explained if, initially, internalcycling withinthe introduced bacterial population occurred to a larger extent than in the second phase of the incubation. This
is supported by the observation that grazing by protozoa in the presence of a soil
suspension resulted ina lower (P<0.05) concentration of 15Nsince part of the 15 N
was immobilized more strongly as the result of 15N cycling within the enlarged
bacterial population.
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These results and calculations show that grazing by protozoa brings about an
improved availability of bacterial Nto plants through a higher Nturnover, both the
N directly released from bacterial cells and the N mineralized from the soil organic
matter pool. The magnitude of the protozoan grazing effect on the plant availability of organically tied Nsupports the conceptthatfoodweb interactions, ratherthan
microbial activity alone, are responsible for N mineralization in soil (Hendrix ef al.
1986).
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