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Abstract. Bacteria, protozoa and nematodes interact closely in soil ecosystems. Protozoa and nematodes eat bacteria (and occasionally each
other), while bacteria defend themselves using chemical substances, resistant cell walls, irregular shapes and motility. Protozoa and nema-
todes are very different types of organisms, and hence apply very different feeding mechanisms; thus many protozoa can pick and choose
individual bacterial cells, whereas nematodes ingest bacterial patches more uncritically. Protozoa and nematodes are both aquatic organisms
whose activity depends on available soil water, but differences in size, motility, resting stages and reproductive strategies mean that the
soil physico-chemical environment influences the activity of protozoa and nematodes differently. For example, the relative importance of
protozoa compared to nematodes may shift towards protozoa in very clay-rich soils. The interactions between the three organism groups
have major ecological consequences such as modification of the bacterial communities and increased nitrogen mineralisation, both of which
affect plant growth. Increased nitrogen mineralisation will usually be beneficial for plant growth, whereas the grazing-induced changes in
the bacterial communities can be both beneficial and detrimental to plants. Selective protozoan grazing can favour plant inhibiting bacteria.
This may be a problem in clay rich soils where protozoa have better life conditions than nematodes.
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1. INTRODUCTION pathway that is the bacteria, their grazers and the preda-
tors on the bacterial grazers (Fig. 1). These organisms
shape the bacterial communities, and hence, stimulate,
(and occasionally impede), bacterial processes. The
most important bacterial grazers in soil are the proto-
zoa and the nematodes (Fig. 2). These two groups differ
in a number of ways; hence their ways of exploiting the
bacterial food resource, and their impact on the bac-
terial communities, differ. Most of the differences be-
tween the two groups stem from the fact that protozoa
and nematodes are very different organisms. Protozoa
Address for correspondence: Flemming Ekelund, University of Co- are unicellular protists (~ 2 pm to more than 50 pm),

penhagen, Department of Biology, Universtetsparken 15, DK-2100, whereas the nematodes (~ 30 pm to mm size range) are
Denmark; Tel.: +45 35 32 21 59; E-mail: fekelund@bio.ku.dk multi-cellular metazoans.

The organisms belowground play equally signifi-
cant roles in the terrestrial ecosystems as the organ-
isms that live aboveground. First and foremost, these
organisms degrade and mineralize dead organic matter,
so plants can reclaim the nutrients. The soil food web
includes two major degradation pathways (Moore et
al. 2005); the fungal pathway and the bacterial path-
way (Fig. 1). Here, we will only focus on the bacterial
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Fig. 1. Diagram of a simplified soil food web showing important trophic links. The diagram is combined and modified from several sources
(see e.g. Holtkamp 2008, Hunt ef al. 1987).
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Fig. 2. A diagram illustrating the interactions between bacteria, protozoa and nematodes, which are treated in this paper. Numbers in circles
refer to the section of the paper in which the particular interaction is discussed.



In a taxonomic sense, the nematodes make up a well-
-defined, monophyletic group of metazoans. Repre-
sentatives of the group can be found in very different
environments. Some are parasitic, and some are free-
living freshwater, marine or soil organisms. Ecologists
often use a functional approach to categorize soil living
nematodes, i.e. fungal feeding, plant feeding, bacte-
rivorous, predatory and omnivorous nematodes. Here,
we only discuss the three latter groups as we only are
concerned with the bacterial pathway. The term “pro-
tozoa” refers to a ragbag of unicellular organisms of
non-monophyletic origin (Hausman et al. 2003). Here,
we are only concerned with free-living (non-parasitic)
phagotrophic forms. A few free-living forms feed on
fungi (Ekelund 1998) and other substrates (Ekelund
and Renn 1994), but most free-living forms are bacteri-
al feeders. Free-living protozoa in soil are often divided
into four groups for practical purposes: naked and tes-
tate amoebae, flagellates and ciliates. Only the ciliates
are monophyletic.

Nematodes are usually larger than protozoa (al-
though there is some size overlap), and hence generally
have longer generation-times. Nematodes have a much
better ability to move around in the soil than protozoa,
and are therefore more mobile than protozoa. The “pro-
tozoan individual” is much smaller than the nematodal
individual, hence with the same biomass, protozoa are
represented with many more individuals; for statistical
reasons this makes a particular protozoan strain much
less susceptible to become extinct.

2. FEEDING ON BACTERIA

Protozoa and nematodes use fundamentally differ-
ent mechanisms for feeding. We discuss these mecha-
nisms below in some detail, as they form a necessary
background for understanding the function of the two
organism groups in the soil ecosystem.

2.1. Protozoan ingestion of bacteria

Protozoa take up food particles by phagocytosis,
which means that individual food particles are enclosed
by an invagination of the cell membrane thereby form-
ing a food vacuole (Hausmann et al. 2003). Inside the
food vacuole enzymatic degradation facilitates the di-
gestion. All protozoa ultimately take up food particles
by phagocytosis but the mechanisms they employ for
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apprehending and concentrating food particles from the
environment before the food is enclosed in a food vac-
uole are very different. The different mechanisms for
food uptake can be categorised in different ways and
different authors use different terminology; therefore
we attempt to clarify the subject.

Basically, protozoa can take up bacteria in free
suspension or bacteria attached to surfaces. Although
feeding on attached bacteria is very important in the
environment, most studies on protozoan feeding ecol-
ogy have focused on suspension feeders. This focus is
probably somewhat misleading. Especially in soil, most
bacteria are associated with surfaces and a major part
of the protozoa either crawl, wobble, swim along, or
are attached to surfaces. Parameters as e.g. growth rates
have often been determined as a function of cell densi-
ty; i.e. cells/ml (Ekelund 1996). However, the volume/
surface-ratio of a container in which such experiments
are performed will increase with the power of 3/2 when
size increases; i.e. its volume will increase more than
its surface. Because most bacteria and protozoa are sur-
face-associated, the inner surfaces of relatively larger
containers of the same geometry will have higher den-
sities of bacteria and protozoa. Protozoan growth rates
increase with bacterial density; therefore a relatively
larger container with the same bacterial concentration
will seemingly yield higher growth rates than smaller
containers with the same geometry and the same bacte-
rial concentration.

Fenchel (1987) divided protozoan feeding into three
different types: (1) feeding by direct interception,
(2) filter-feeding and (3) diffusion feeding. We recom-
mend the scheme of Boenigk and Arndt (2002) using
the three terms proposed by Fenchel only for suspen-
sion feeding protozoa and to use the term (4) rapto-
rial feeding for mobile protozoa that actively search
and engulf individual food particles and (5) grasping
for the feeding process where protozoa ingest attached
bacteria.

(1) Direct interception in Fenchels (1987) termi-
nology means that the protozoa intercept and engulf
individual food particles (bacterial cells). In line with
Boenigk and Arndt (2000) we suggest a more narrow
definition of interception feeding and restrict its use to
describe the feeding process where protozoa, in par-
ticular flagellates, create a water current and directly
intercept individual food particles in free suspension
transported with this current, in soil Spumella and Bodo
saltans use this method.
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(2) Filter-feeders actively create a water current and
food particles are gathered and concentrated by a fil-
ter and transported to the cell surface. Filter-feeding is
particularly common among bacterial-feeding ciliates
which retain bacterial prey on a ciliary filter (Fenchel
1980). In soil, water is mostly found as water-films and
in small soil pores, and although filter-feeding protozoa
do occur in soil, e.g. ciliates (Foissner 1987), choano-
flagellates (Ekelund and Patterson 1997) and Phalans-
terium solitarium (Ekelund 2002), their numbers are
small (Ekelund ef al. 2001) as is their importance.

(3) Diffusion feeding: The last mechanism for feed-
ing on suspended bacteria, diffusion feeding, relies on
the motility of the prey and not the predator. Prey items
get entangled in pseudopodial networks or excreted
mucus (Hausman et al. 2003). Diffusion feeding is
mainly found among foraminiferans and “organisms
with heliozoan morphology” and is rare in soil, though
“organisms with heliozoan morphology” occasionally
are seen in soil though in low numbers (Sandon 1927,
Ekelund et al. 2001).

(4) Raptorial feeding refers to mobile protozoa
that actively search for food particles often along sur-
faces (Boenigk and Arndt 2000). Various bodonids (e.g.
Rhyncomonas nasuta, Neobodo designis) and Hete-
romita globosa would be classified as raptorial feeders.

(5) Grasping (feeding on attached bacteria, e.g.
in biofilms). Most bacteria in soil are associated with
surfaces of soil particles or decomposing organic mate-
rial. Hence, feeding on attached bacteria is widespread
among soil protozoa and is usually found among naked
amoebae, testate amoebae and surface-gliding flagel-
lates, in particular many cercomonads.

Quantitative accounts of protozoan diversity in soil
are rare; hence the significance of the different feed-
ing types is difficult to estimate. We used data from
Ekelund et al. (2001) to calculate that three samples
from a clay-loam soil (Griffiths et al. 2000) contained
0.3-12% interception feeders, 0.2-2% filter-feeders,
0.01-0.3% diffusion-feeders, 63—69% raptorial feed-
ers, and 21-30% grasping feeders. These numbers
(and many hours in front of the microscope) allow us
to conclude that the most important protozoan feeding
mechanisms in soil are raptorial feeding (i.e. direct ac-
tive capture of suspended bacteria) and grasping. There
is no sharp distinction between these two strategies as
can be observed in cultures of surface-gliding flagel-
lates which sometimes feed on surface-associated bac-
teria and sometimes feed on individual free bacteria
just above the surface.

2.2. Nematodal ingestion of bacteria

With some exceptions, the food source of free-living
nematodes can be determined based on the morphology
of the stoma or mouth cavity. Plant- and fungal feed-
ing nematodes are equipped with a needle-like structure
used for puncturing and emptying plant cells or fungal
hyphae. Most predatory nematodes have large barrel
shaped mouth cavities that may carry teeth for retaining
prey. The bacterial feeders have a mouth cavity lined by
five sclerotized plates, which form either a narrow tu-
bular mouth cavity or a wider and barrel shaped mouth
cavity; they are never equipped with tooth structures.

In contrast to protozoa, bacterial-feeding nema-
todes do not ingest individual food items. Instead,
they take up bacterial cells present in the environment
through a pumping action of the muscular pharynx. The
food particles are sucked in by the pumping action, the
food particles are retained and excess liquid is expelled
through the mouth opening. The pumping action gener-
ates a pressure that forces food into the intestine (Av-
ery and Shtonda 2003, Woombs and Laybourn-Parry
1984). Hence, nematode feeding is essentially to be
considered as filter-feeding (Avery and Shtonda 2003),
and the width of the stoma determines the maximum
size of particles ingested.

Many bacterial feeding nematodes have a terminal
bulb, a muscular bundle at the posterior end of the pha-
rynx, equipped with sclerotized cuticula, which is used
for grinding food particles (Munn and Munn 2002). The
grinding action of the terminal bulb means that nema-
todes have some possibility for physical disruption of
bacterial aggregates and bacterial cell walls, whereas
soil protozoa rely completely on enzymatic digestion.
This has been suggested as an explanation that gram
positive bacteria (with thick cell walls) appeared to
be a better food source for the nematode Caenorhabdi-
tis elegans than they did for the flagellate Cercomonas
(Bjernlund et al. 2006).

2.3. Selective feeding on bacteria by protozoa and
nematodes

Bacteria are not equally susceptible to predation by
protozoa and nematodes; hence presence of protozoa
(Kreuzer et al. 2006, Rosenberg et al. 2009, Renn et
al. 2002) and nematodes (Djigal et al. 2004, Griffiths
et al. 1999) changes the composition of bacterial com-
munities. Selective feeding on bacteria can result from
simple physical constraints of the feeding apparatus.
For example, size-selective feeding is typical for fil-



ter-feeding ciliates and filter- and interception-feeding
flagellates, which feed most efficiently on intermediate-
sized bacteria (Hahn and Hofle 2001, Jiirgens and Giide
1994, Jirgens and Matz 2002), whereas many surface-
associated amoebae and flagellates, which engulf their
prey by simple phagocytosis, are less constrained by
prey size and may be able to ingest very large prey
(Ekelund and Renn 1994).

Other factors such as high bacterial motility can
also reduce protozoan feeding efficiency (Boenigk et
al. 2001, Matz and Jirgens 2003, Matz and Kjelle-
berg 2005, Matz et al. 2002). The ability of bacteria to
form dense micro-colonies through excretion of poly-
saccharides (Klinge 1958, Matz and Kjelleberg 2005)
or form biofilms (Matz et al. 2004) also reduce their
chance of being consumed by grazers. These selec-
tion mechanisms can be regarded as passive mecha-
nisms since only simple physical interactions are
needed to explain the selection process. However, it
appears that protozoa are also able to select actively
among equally-sized food particles in a mixture (Jiir-
gens and DeMott 1995, Thurman et al. 2010). These
active selection mechanisms are probably related to
surface-properties of the bacterial cell (Wildschutte et
al. 2004, Wootton et al. 2007) and presumably depend
on the cell to cell contact that occurs before and dur-
ing the phagocytotic feeding process. Boenigk et al.
(2001) demonstrated that flagellates were able to egest
cyanobacterial cells within a few minutes after inges-
tion, whereas other bacteria were processed further in
the food vacuole.

Some bacteria produce toxic compounds that inhibit
or kill protozoan cells (Jousset et al. 2006, 2008; Matz
et al. 2004; Pedersen et al. 2010, 2011) and hence it is
highly advantageous for protozoa to be able to avoid
feeding on these bacterial cells. Bacteria also vary in
their nutritional value and protozoan growth rates de-
pend strongly on the type of bacterial food they are of-
fered (Bjernlund ef al. 2006, Renn et al. 2001a, Week-
ers et al. 1993). However, it is less clear to what extent
protozoa are able to select bacteria solely on the basis
of their nutritional value (Lekfeldt and Renn 2008).

Bacterivorous nematodes, on the other hand, are not
in close contact with their prey prior to ingestion and
hence do not have the same possibilities for active se-
lection of specific prey bacteria as protozoa do. How-
ever, since they are functionally filter-feeders some of
the passive selection mechanisms also apply to nema-
tode feeding. Hence, feeding by Caenorhabditis el-
egans is size-selective with relatively small cells being
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ingested more efficiently than larger ones (Avery and
Shtonda 2003). Furthermore, nematodes do respond to
chemical cues and laboratory studies have shown that
they are attracted to patches with certain bacteria (Sali-
nas et al. 2007). In addition to such chemotactic behav-
iour, Shtonda and Avery (2006) demonstrated that the
food seeking behaviour of C. elegans depended on the
food quality of the bacteria in its immediate surround-
ings so that the time spent feeding on high-quality food
bacteria was optimised. Hence, if different patches in
soil are colonised by different bacteria, it is possible
that nematodes actively seek up and preferentially feed
on certain patches and avoid others.

3. NEMATODES FEEDING ON PROTOZOA

Predatory and omnivorous nematodes may feed on
protozoa (Small 1987, Yeates et al. 1993), but the quan-
titative importance of this trophic interaction is not well
understood. It is generally difficult to quantify trophic
transfers in soil food webs. This is partly due to the ob-
vious difficulties of direct observing organism interac-
tions in the soil environment, and partly because organ-
isms of the soil decomposer food web are generally not
specialists (Giller 1991). Even if predatory nematodes
do not feed specifically on protozoa, they are likely to
ingest protozoa as a by-catch when feeding on e.g. oth-
er nematodes. Similarly, predatory nematodes can not
avoid taking up bacteria during feeding and part of their
diet will consist of bacterial cells and other microorgan-
isms. Hence, there is probably not any clear distinction
between the predatory and bacterial-feeding mode of
life for the nematodes.

Feeding strategy of predatory nematodes also de-
pends on developmental stage. Initial stages of some
nematodes from the families Diplogasteridae and
Mononchidae are mainly bacterial feeders whereas
later stages are predatory on nematodes and protozoa
(Yeates 1987). The same is true for bacterial-feeding
nematodes. Bacterial-feeding nematodes feed most
voraciously in micro-sites with high bacterial density.
These sites usually also harbour high protozoan densi-
ties and small flagellates and amoebae will be ingested
along with the bacteria. Bjernlund and Renn (2008) re-
ported that individuals of the bacterial-feeding nema-
tode Caenorhabditis elegans that had reached the third
larval stage were large enough to feed on a flagellate
belonging to the genus Cercomonas.
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Nematodes feeding on protozoa can have important
implications for the trophic transfer through the decom-
poser food webs. Elliott ef al. (1980) demonstrated that
the nematode Mesodiplogaster grew better in the pres-
ence of amoebae than when only bacteria were present.
The stimulatory effect of amoebae was largest in fine-
textured soils indicating that the amoebae made food
available to the nematodes by feeding in small pores
inaccessible to the nematodes. Recently, Bjornlund et
al. (2009) reported a similar phenomenon from a study
of interactions between the bacterial strain, Pseudomo-
nas DSS73, a flagellate (Cercomonas sp.) and a nema-
tode (C. elegans). This bacterium produces an exo-
product, amphisin, which provides the bacterium with
antibiotic properties. The nematodes were not able to
reproduce in cultures where this bacterial strain was the
only available food source. The flagellates were less
sensitive to the bacterial exoproducts and were able to
multiply using this bacterium as food. In cultures where
bacteria, flagellates and nematodes all were present, the
nematodes were able to reproduce using the flagellate
as food. This illustrates the important role the interac-
tion between protozoa and nematodes may have for the
transfer of bacterial biomass to higher trophic levels in
the food web.

4. THE FOOD CHAIN REVERSED -
PROTOZOAN FEEDING ON NEMATODES

Although the majority of soil protozoa feed mainly
on bacteria, the protozoa as a group feed on a very wide
spectrum of food items (Ekelund and Renn 1994). Sev-
eral large amoebae in Vampyrellidae (Hess et al. 2012)
are able to feed on nematodes. Hence, the large amoeba
Theratromyxa weberi engulfs nematodes and forms di-
gestive cysts (Sayre 1973, Sayre and Wergin 1989, We-
ber et al. 1952, Winslow and Williams 1957) and other
giant amoebae generally considered to be mycophagous
have also been reported to feed on nematodes (Ander-
son and Patrick 1978; Old and Darbyshire 1978, 1980).
These organisms were mainly studied in laboratory
cultures due to their potential role as biological control
agents of plant pathogenic fungi and/or nematodes but
their ecological significance in the soil environment is
virtually unknown. Some testate amoebae are also able
to ingest and feed on nematodes (Yeates and Foissner
1995). The nematodes are mainly attacked from the
tail end. Again, it is not known how important this tro-

phic interaction is in the environment, but the authors
note that many extracted nematodes from the studied
soil appeared to have tail damages resembling those in-
flicted by the testate amoebae. This suggests that this
interaction could be of significance in sites with high
abundance of testate amoebae (e.g. moist forest litter
or bogs).

5. COMPETITION VS. DIRECT TROPHIC
INTERACTION

Since bacterial-feeding nematodes and protozoa uti-
lize the same food resource, they can affect each other
negatively through resource competition. However, the
interaction is more complicated since they also feed on
each other as discussed above. Georgieva et al. (2005)
found a negative correlation between abundance of
flagellates and nematodes belonging to the family Neo-
diplogasteridae and suggested that this was due to intra-
guild predation. The complexity of possible interactions
between different protozoa and nematodes means that it
can be difficult to predict the outcome of their mutual
interaction. Interestingly, it has also been observed that
bacterial-feeding nematodes can have a stimulatory ef-
fect on protozoan abundance — possibly due to a stimu-
lation of bacterial production (Renn et al. 2001b).

Protozoa and nematodes can also affect each other
through non-trophic interaction and these interactions
can significantly affect the relative success of each of
the two groups. Recently, Bjernlund and Renn (2008)
discovered that a small flagellate belonging to the ge-
nus Cercomonas is able to attack and kill larvae of
Caenorhabditis elegans. Since amoebae can feed on
nematodes (see above) and small marine planktonic
flagellates can feed on much larger diatoms (Kiihn
et al. 2004, Schnepf and Kiithn 2000), it would seem
reasonable that the flagellates killed the nematodes to
feed on them. However, so far no evidence has been
found that the flagellates utilize the nematodes as a food
resource (Bjernlund and Renn 2008, Bjernlund et al.
2009). The mechanism behind this process is not clear
but it is evident that the flagellate will benefit from this
since C. elegans is both a competitor for bacterial food
as well as a potential predator (see above). In line with
this, Neidig et al. (2010) demonstrated that the amoeba
Acanthamoebae castellanii excretes substances that are
inhibitory and repellent towards C. elegans and that the
nematode on the other hand excretes substances that in-



hibit the amoeba. The full implications of these intrigu-
ing interactions still need to be unravelled.

6. INTERACTIONS WITH THE PHYSICO-
CHEMICAL ENVIRONMENT

The organisms that we deal with here are funda-
mentally aquatic creatures visiting a terrestrial world;
hence the environment presents some serious chal-
lenges, which primarily relate to the complex soil
matrix with its physical constraints and the inevitable
risk of drought. Soil structure and water accessibility
are closely interrelated quantities. The essential mea-
sure for soil-water accessibility is the water potential,
which depends on both soil texture and structure and
water content. The water potential must be determined
empirically for the particular soil in question. When
the water potential is known, the pore neck diameter
of largest water-filled pores can be determined theoreti-
cally by the Kelvin equation, which in a simplified ver-
sion states that: D = 300/P, where D is the pore neck
diameter of largest water-filled pores (um), and P is the
water potential (kPa) (Carson et al. 2010).

Water drains more freely through large pores than
through small pores and when soils dry, the largest
pores empty first. The drier the soil, the smaller the larg-
est water-filled pores will be and since small flagellates
and naked amoebae have access to smaller pores than
nematodes they should theoretically be able to main-
tain activity at lower water potential than nematodes.
We notice, though, that our current understanding of the
relationship between water potential, water-filled soil
pores and activity of particular organisms is too sim-
plistic. Several studies have documented nematode ac-
tivity and/or population growth at water potentials that
would theoretically only leave water in pores too small
to accommodate nematodes (Freckman et al. 1987,
Griffiths et al. 1995, Yeates et al. 2002).

6.1. Soil texture

Soils differ in a number of parameters, which cre-
ates different life-conditions for the organisms that in-
habit them. One major parameter is the particle size dis-
tribution; the so-called soil texture. Soils with different
textures have different distribution of soil pore sizes.
Fine-textured soil with high content of small clay par-
ticles has a relatively higher proportion of small pores
than soils with more coarse-grained sand particles.
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Protozoa and nematodes are too small to physically
move soil particles; hence they can only reach bacte-
ria in soil pores with openings so large that they can
enter them. Consequently, small flagellates and na-
ked amoebae can access bacteria in water-filled pores
with openings down to 2—3 pm (Kuikman et al. 1991,
Rutherford and Juma 1992), whereas even the small-
est nematodes are restricted from bacteria in soil pores
smaller than approximately 30 um (Jones and Thom-
asson 1976). Hence, protozoa have a competitive ad-
vantage over nematodes in fine-textured soils. In ac-
cordance with this, Renn et al. (1995) found relatively
higher nematode population growth in coarse-textured
soils, whereas growth of naked amoebae was higher in
fine-textured soils (Fig. 3). Likewise, in a subsequent
experiment, with sterilized soil of varying clay content
re-inoculated with non-sterilized soil, protozoa, but not
nematodes responded positively to increasing clay con-
tent (Renn et al. 2001b).

6.2. Soil moisture

Even severe drought will not eradicate protozoan
populations, as they can survive prolonged drought as
inactive cysts. Apparently, protozoa currently put some
proportion of their production into a “cyst bank™ to pre-
pare for drought periods; this proportion increases with
cell density. Hence, formation of cysts is not primarily
induced by water stress, but rather by internal regula-
tion within protozoan populations. This is a necessary
adaptation, since drying of individual soil pores occur
very fast without leaving time for encystment (Ekelund
et al. 2002).

Drought sensitivity varies between nematode taxa;
some are very sensitive to prolonged drought whereas
others can survive desiccation. For example, the ju-
veniles of the bacterial feeding family Rhabditidae
form an inactive stage, termed “dauer larva” primarily
as a response to nutritional stress. The cuticle of dauer
larvae has reduced permeability and therefore also pro-
tects the inactive juvenile from water loss. Anhydro-
biosis is an extreme mechanism of drought survival,
where the nematode stops metabolizing, but regains
activity remarkably fast after rehydration. For instance,
Filenchus polyhypnus survived 39 years in an anhy-
drobiotic state in a dry herbarium (Steiner and Albin
1946). Further, desiccation tolerance varies between
nematode taxa, and generally bacterial feeding Cepha-
lobidae remain active at lower water availability than
Rhabditidae (Bouwman and Zwart 1994, Griffiths et al.
1995, Yeates et al. 2002). Bouwman and Zwart (1994)
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Fig. 3. Effect of soil texture on protozoa and nematodes. The graph
shows the abundance of amoebae (a), flagellates (b), and nematodes
(¢) in soils with varying clay content. The soils were amended with
glucose and incubated for two weeks before enumeration of organ-
isms. Data from Renn ef al. (1995).

likewise observed different sensitivity to desiccation
between protozoan taxa with higher drought tolerance
for Cercomonas sp. than for Spumella sp.

6.3. Migration and colonisation

Protozoan cysts have a high dispersal potential, and
can easily be spread even with the wind (Altenburger
et al. 2010). Therefore, protozoa can colonize new
substrates very fast by relatively rapid excystment and
resumed binary fission, beginning from very few indi-
viduals, whereas nematodes are slower colonisers that
have to migrate through the soil matrix to colonize new
patches (Griffiths and Caul 1993).

Chemical gradients from decomposing organic mat-
ter, plant roots, bacteria etc. attract nematodes; in par-
ticular CO, gradients and gradients of other metabolic
waste products (Anderson et al. 1997, Croll 1970, Gre-
wal and Wright 1992, Griffiths and Caul 1993, Moens
et al. 1999). The architecture of soil pore networks
affects chemotactic attraction of nematodes; thus the
diffusion pathway of volatile cues may be blocked by
solid particles (Young et al. 1998). Protozoan migration
in soil is much less significant (Griffiths and Caul 1993)
amounting to maximum a few cm day ' (Adl 2007).

Soil moisture also affects nematode migration abil-
ity in the soil matrix. When the water potential decreas-
es, water will only be present in gradually smaller pore
volumes, and the hydraulic connectivity between water
filled pores will decrease. This leaves nematode popula-
tions in individual moist pores isolated from each other.
Young et al. (1998) demonstrated that the migration of
nematodes in sand towards the food bacterium Esche-
richia coli decreased with decreasing water potential of
the sand. Likewise, migration of bacterial-feeding nem-
atodes into decaying barley leaves was higher at a wa-
ter potential of —10 kPa (corresponding to water-filled
pores with pore-necks smaller than 30 pm) than at —1,
=500 and —1,000 kPa (Griffiths et al. 1995). Further,
diffusion rates of gaseous attractants, e.g. CO,, depend
on soil water content, and nematode migration towards
hotspots of high microbial activity may be restricted at
high moisture levels, simply because the diffusion rates
of gaseous attractants through water are orders of mag-
nitude slower than through air.

The differences in migration potential of protozoa
and nematodes have consequences for the colonization
of freshly added organic substrates. Vestergaard et al.
(2001) found that the relative importance of protozoa
and nematodes depended on particle size of the decom-
posing plant material. Protozoa were relatively more
important in soils with finely ground plant material
whereas nematodes benefited when plant material was
added as larger particles. When finely ground organic



resources are evenly distributed in the soil the small,
numerous, fast-growing protozoa are able to resume
activity right away. On the other hand, when the mate-
rial is more heterogeneously distributed as large par-
ticles, the nematodes benefit from the larger food con-
centration and their ability to move toward the resource
(Vestergaard et al. 2001).

7. ECOLOGICAL CONSEQUENCES OF
INTERACTIONS

Grazing affects bacterial populations. There is plenty
of evidence that protozoan grazing significantly reduc-
es bacterial abundance in systems with high microbial
activity (Ekelund ef al. 2009, Rosenberg et al. 2009,
Renn et al. 2002). Thirup et al. (2000) even showed
that regular fluctuations in bacterial numbers were fol-
lowed by regular but delayed fluctuations in protozoan
numbers. Similarly, several microcosm experiments
have demonstrated reduced bacterial abundance or mi-
crobial biomass in the presence of bacterial-feeding
nematodes (Bouwman et al. 1994, Djigal et al. 2004,
Xiao et al. 2010). Grazing-induced reduction of bacte-
rial abundance is often accompanied by increased bac-
terial activity (Ekelund and Renn 1994); in particular
nitrification is also often stimulated by grazing (Bouw-
man et al. 1994, Griffiths 1989, Verhagen et al. 1993,
Xiao et al. 2010).

7.1. Why does grazing stimulate bacterial activity?

Protozoan and nematode carbon (C) to nitrogen (N)
ratios are comparable to C to N ratios in the bacterial
biomass (Zwart et al. 1994, Griffiths 1994). Hence, due
to respiratory carbon loss the grazers ingest excess ni-
trogen when they ingest bacteria, which they excrete
as ammonia (NH,). Therefore, part of the grazing-in-
duced stimulation of bacterial activity can be explained
simply by N in excess from the grazers. Additionally,
it has been suggested that bacterial populations that
are grazed will be more metabolically active, because
senescent cells are removed from the population and
because fast-growing bacterial strains have a selective
advantage over slower-growing strains. Finally, proto-
zoan production of bacterial-stimulating metabolites
may likewise stimulate bacterial activity (Ekelund and
Renn 1994).
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7.2. Changes in the composition of bacterial com-
munities

Grazing also alters the composition of bacterial com-
munities as evidenced by DNA-based profiling of both
ammonia-oxidizing bacterial communities (Xiao et al.
2010) and soil bacterial communities inoculated either
with or without protozoan and/or nematode grazers
(Djigal et al. 1994, De Mesel ef al. 2004, Ekelund et al.
2009, Griffiths et al. 1999, Rosenberg et al. 2009, Renn
et al. 2002). Generally, Actinobacteria are favoured by
protozoan grazing (Ekelund ef al. 2009, Renn et al.
2002). Grazing-induced shifts in bacterial community
composition can be explained by direct effects of selec-
tive feeding on certain bacterial types (see above) or by
changes in the competitive balance between different
bacterial populations as a result of the general effect of
grazing on the environmental conditions (e.g. increased
availability of nitrogen, phosphorus etc.).

Bacterial feeding nematodes are unable to discrimi-
nate between individual bacterial cells as many pro-
tozoa can; hence, the two groups will affect bacterial
populations differently. Pedersen et al. (2009) showed
that in the presence of the flagellate Cercomonas, the
bacterium Pseudomonas fluorescens CHAOQ increased
its abundance as compared to two other Pseudomonas
strains, which were both eaten by the flagellate. In con-
trast, the number of P. fluorescens CHAOQ declined rela-
tively when the system was subjected to nematode pre-
dation pressure. Bjornlund et al. (2012) further showed
that Arthrobacter sp. (an Actinobacterium) thrived
better when grazed by protozoa than when grazed by
nematodes. As the bacterium is harmful to plants, this
caused reduced plant performance in the experimental
systems.

7.3. Nitrogen mineralisation and plant growth

Protozoan presence usually increases nitrogen min-
eralization and plant N uptake (Alphei et al. 1996;
Bouwman et al. 1994; Clarholm 1985; Ekelund et al.
2009; Griffiths 1986; Ingham et al. 1985; Kuikman et
al. 1990, 1991; Renn et al. 2002). For instance, Velvet
Grass (Holcus lanatus) grown with a mixture of bac-
terial and protozoan species attained almost twice the
biomass as plants grown with bacteria only, most likely
the result of the increased mineralization of soil nitro-
gen sources and subsequent increased plant nitrogen
uptake (Ekelund et al. 2009). Similarly, Mosquito Grass
(Bouteloua gracilis) grown with Pseudomonas strains
and the bacterial feeding nematodes Pelodera sp. and
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Acrobeloides sp. reached more than twice the biomass
of plants grown with the bacterial strains alone. In this
case, nitrogen mineralization as well as plant N and P
uptake were also stimulated by the presence of the bac-
terial grazer (Ingham et al. 1985).

7.4. Why does grazing stimulate plant growth?

Apart from the increased N-mineralisation, the al-
tered bacterial community composition imposed by
grazing has been suggested as an alternative explana-
tion to the stimulation of plant growth. This concept is
derived from experiments in which protozoan stimula-
tion of plant growth was not easily explained by proto-
zoan-induced increase in nutrient availability (Alphei et
al. 1996, Jentschke et al. 1995). However, root branch-
ing of spruce seedlings was more pronounced in the
presence of protozoa, which led Jentschke ez al. (1995)
to hypothesize that growth responses to protozoan pres-
ence could be hormonal. They hypothesized that selec-
tive grazing might favour survival of less desirable prey
bacteria that produce the plant growth hormone indole-
-3-acetic acid (IAA).

This hypothesis was subsequently tested in experi-
mental systems with mixed soil bacteria growing on
agar plates. In these experiments, the amoeba Acan-
thamoeba castellani increased the proportion of [AA
producing bacteria and induced root branching in plant
seedlings (Bonkowski and Brandt 2002). In a more
recent study Acanthamoeba castellani altered internal
root auxin and cytokinin responses and root branching
patterns (Krome et al. 2010). However, other studies
found no differences between soil systems with and
without protozoa with regard to abundance of IAA pro-
ducing bacteria (Ekelund et al. 2009), nor had proto-
zoan diversity (Vestergard et al. 2007) any effect on the
relative abundance of IAA producers.

8. CONCLUSION

Bacteria, protozoa, and nematodes coexist closely
in the soil ecosystem. Mutually, the three groups af-
fect each other; both positively and negatively. Both
nematodes and protozoa stimulate nitrogen mineralisa-
tion and plant growth through their effect on the soil
bacteria, but because the two groups of organisms have
different ways of food-uptake, movement and coloni-
sation, they affect bacteria differently. This means that
they shape bacterial communities differently, and that
they also can affect plant growth differently.

Natural soils harbour many different bacteria, pro-
tozoa and nematodes, and interactions leading to both
positive and negative effects on plant growth will occur.
Still, different soil types offer different life conditions
to protozoa and nematodes and, as described above,
parameters such as e.g. soil texture (Renn et al. 1995)
and distribution of organic resources (Vestergaard et al.
2001) affect the relative importance of protozoa and
nematodes. Consequently, we anticipate that e.g. the
negative effects on plant growth of protozoan grazing
mentioned above (sect. 7.2) can potentially occur under
such environmental conditions that favour protozoan
activity.
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