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Preface

This book is about the trophic interactions among species that live in the
soil. These interactions are responsible for the decomposition of previ-
ously living cells and tissues, for pedogenesis (from a biological perspec-
tive, it is the accumulation of organic matter into the mineral soil) and for
biomineralization (making the decomposing matter available as nutrients
in the soil solution). The biological interactions between species that carry
out the decomposition of organic matter are our primary focus.

In this endeavour, we must consider the ecology of species that live
in the soil habitat. The ecology of these species must take into account
both the biological interactions among edaphic species and the abiotic
environmental parameters which affect species composition and activity
patterns. Over time, changes in the soil profile due to transformations of
the organic matter affect species composition. In turn, changes in
species composition affect the chemistry of new litter and decomposing
organic matter. These changes are reflected in the spatial heterogeneity
of the soil and in succession patterns over longer time scales.

The organisms that are mostly responsible for decomposition
include saprotrophic bacteria and fungi, soil protozoan species, symbi-
otic protozoa in saprotrophic invertebrates, fungi in symbiosis with plant
roots, Oomycetes and many specialized invertebrates (such as nema-
todes, rotifers, mites, Collembola, earthworms and enchytraeids). These
species are mostly microscopic, with the notable exception of earth-
worms and several less abundant invertebrate groups. In this respect,
the study of decomposition in the soil habitat is also the study of soil
microbial ecology in its true sense, i.e. the soil ecology of all those organ-
isms too small to see without magnification, the microbes.

Here, I recognize that phylogenetically related species are biochemi-
cally more similar to each other. This is an important consideration
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when comparing metabolism, regulation of behaviour and general biol-
ogy of the organisms. However, from an ecological perspective, the func-
tions of species in the habitat are more related in terms of what they
feed on, and their spatial and abiotic preferences. One must distinguish
between categories that group species according to evolutionary related-
ness (systematics) and categories that group species according to ecologi-
cally relevant functional groups. It is clear that taxonomic groups
implicated in decomposition each contain species that belong to differ-
ent functional categories. This distinction must be carried through into
schematic representations of food webs and ecosystem function.
Moreover, it is the amount of organic matter flux between these func-
tional categories that is more significant than the actual amount of bio-
mass in each category. Many aspects of the interactions between species
within functional groups, and of nutrient flux rates between functional
groups, are poorly quantified. In the chapters that follow, I try to pro-
vide a description of the biology of taxonomic groups, and a structure
for organizing these species into functional groups. From here, we must
try to complete our investigation of decomposition by quantifying
neglected interactions and including neglected taxa. There lies before
us an exciting period for exploration and discovery, of the dark and
cryptic reticulate matrix where decomposition completes the recycling
of nutrients.

The recycling of nutrients through decomposition is one side of the
coin in ecology, with autotrophic primary production being the other.
Photosynthesis-driven primary production drives much of the ocean
surface and above-ground ecology. From this primary production-dri-
ven ecology, litter and partially decomposed matter accumulate as soil
organic matter. The soil organisms feed on and excrete this organic mat-
ter, as well as feeding on each other by predation. In terrestrial systems,
these trophic interactions release a steady trickle of soluble nutrients in
the soil solution, which are plant root available. They also release carbon
dioxide through metabolic respiration, which provides the carbon
source for photosynthesis. Therefore, terrestrial ecosystems can be sub-
divided into two subsystems, each with a distinct set of species that are
spatially and functionally segregated. This was recognized by Peterson
(1918) who proposed the idea of a photosynthesis- and consumer-based
subsystem (which drives primary production through photosynthetic
carbon fixation), and a second decomposition-based subsystem which
decays the organic matter. The interface between these two subsystems is
tight. The links are maintained through mycorrhizae, fine-root grazing,
surface litter species, species with life cycles that bridge both subsystems,
and parasites. As Elton (1966) noted, the task of ecologists is to integrate
our understanding of both subsystems.

In this age of global climate change, with excessive pollution,
exploitation and erosion of our soil resources, we cannot afford to model
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biogeochemistry and nutrient cycles based on the dynamics of one sub-
system only. It is pertinent to understand how the soil harbours decom-
position, in enough detail to apply successful management and
remediation protocols for the future. I hope this book stimulates discus-
sion and research to fill the gaps in our understanding and to correct the
errors in my conclusions. I leave this book in your hands, with a quote
from Frangois Forel (1904) who conducted the first recorded survey of
an ecological system, at Lake Léman, to conclude ‘Ce que je vois de plus
admirable quand je contemple la nature, c’est sa simplicité. Au premier
abord tout parait compliqué; a I'étude, tout s’ordonne et s’unifie.’

Sina Adl
August 2002

Elton, C.S. (1966) The Pattern of Animal Communities. John Wiley & Sons, New
York.

Forel, FA. (1904) Le Léman. Monographie Limnologique (Lausanne).

Petersen, C.G.J. (1918) The sea-bottom and its production of fish-food. A survey
of the work done in connection with valuation of the Danish waters from
1883-1917. Reports of the Danish Biological Station 25, 1-62.
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The Saprotrophs 1

‘The extent to which progress in ecology depends upon accurate identi-
fication, and upon the existence of sound systematic groundwork for all
groups of animals, cannot be too much impressed upon the beginner in
ecology. This is the essential basis of the whole thing; without it the ecol-
ogist is helpless, and the whole of his work can be rendered useless.’
(From Elton, 1966, Animal Ecology, first published 1927.)

In order to understand the ecology of an ecosystem, it is fundamen-
tal to understand the biology of the organisms implicated. Not knowing
the biology of species is like trying to do chemistry without prior knowl-
edge of the properties of the elements in the Periodic Table. The level of
the science remains rudimentary and often unpredictable. Similarly,
without adequate background in the biology of species involved in an
ecosystem, the science remains primitive. In order to proceed beyond
natural history, whereby one simply observes and describes, towards
analytical and experimental science, it is necessary to have accumulated
the available knowledge on the species and their interactions with each
other, in the ecosystem. That is necessary in order to manipulate the
biological communities and to measure correctly the parameters under
observation. Understanding the biology is essential to interpreting the
data and postulating mechanisms for the results.

Most students will be more familiar with species associated with pri-
mary production-driven above-ground ecology, rather than those associ-
ated with decomposition. It is therefore necessary to provide an overview
of the biology of taxa implicated in decomposition. However, an ecology
book cannot be a substitute for learning the biology of the relevant taxa.
It can only be used to guide towards the relevant taxa and to provide an
idea of their biology. The dominant soil organisms involved in decompo-
sition are found in the protists (protozoa, chromista, fungi), invertebrates
(microarthropods, nematodes, earthworms) and bacteria.

© CAB International 2003. The Ecology of Soil Decomposition (S.M. AdI) 1



2 Chapter 1

Eukaryotic Cells

Eukaryotic cells are distinguished from viruses and from prokaryotes
(bacteria and archea) by their intracellular organization and genetic
complexity. Eukaryotic cells exist as protists or multicellular organisms.
The principal characteristics of a eukaryotic cell can be summarized as
follows (Fig. 1.1).

The cell membrane. The existence of cells relies on the separation
between the external environment and an internal cytoplasm which
carries out the chemistry of life. This boundary is maintained by a
membrane which provides a barrier to the solution outside the cell, and
holds the cytoplasm molecules and organelles inside. The cell
membrane provides a hydrophobic boundary, which consists of
phospholipids and sterols, embedded with proteins. The details of the
composition of cell membrane lipids and sterols vary with nutritional
state and temperature, and the specific molecules vary between taxa.
For example, a characteristic sterol in plant cell membranes is
stigmasterol, it is cholesterol in animals, tetrahymenol in ciliates and
ergosterol in fungi. The cell membrane allows free passage of gases such
as oxygen and carbon dioxide, and of small polar but uncharged
molecules such as water through the proteins. It is relatively

basal bodies

cilium )
nucleus with
chromosomes

cytoskeleton

contractile vacuole
mitochondrion with
chromosome

Golgi—dictyosome

food vacuole

Fig. 1.1. Generalized eukaryotic cell organelles.
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impermeable to all ions and most nutrients. The cell membrane
proteins regulate the interaction between the external and internal
environment. These proteins are responsible for binding molecules
outside the cell, modifying the physiological state of the cytoplasm and
responding to the external molecules. Some membrane proteins are
actively regulating ion transport into and out of the cell. This exchange
creates a potential difference across the cell membrane, with the
cytoplasm often being at about -30 mV relative to the outside solution
in a resting cell. Several responses can be stimulated through changes in
the cell membrane. This can be a directional locomotion response
(chemotaxis) towards or away from the stimulus. The response can be
ingestion of the molecules by initiating phagocytosis of particles which
are digested as food. Pinocytosis involves the ingestion of tiny vesicles of
external solution. Specific large molecules can be internalized by
binding receptor proteins in the membrane by endocytosis. Some
membrane proteins act as hydrophilic channels that selectively permit
entry of molecules, especially certain nutrients and ions. Other
membrane proteins are enzymes that digest complex molecules in the
external solution or inactivate toxins. The optimal functioning of the
cell membrane proteins depends on the external solution composition,
including pH, ion concentrations and osmotic pressure, because they
affect the potential difference across the membrane. There are also a
variety of external peripheral proteins attached to membrane proteins,
and outward-facing oligosaccharides attached to the proteins and lipids.
These oligosaccharides vary between individuals, between species and
between higher taxonomic hierarchies. They can provide a signature for
each mating type, population allele and species.

One molecule that crosses the cell membrane relatively freely is
water. The passage of water through the membrane proteins but the
selective exclusion of solutes is called osmosis. This is important for
understanding periods of organism activity and inactivity. When the soil
solution contains few solutes relative to the cytoplasm of cells, water will
flow into the cell. This tends to happen after rain, when there is more
water and the soil solution is diluted. In contrast, during soil desicca-
tion, the soil solutes become concentrated in increasingly less water. At
some point, the soil solution will be more concentrated with solutes than
the cytoplasm. This will draw water out of the cytoplasm. Different
species have different tolerances of and preferences for external solu-
tion composition. For the cytoplasm to function optimally, it requires a
constant concentration. Therefore, species have developed various
means of osmoregulation that permit adjustments and buffering of cell
water content, against changes in the external solution. Terrestrial pro-
tozoa and chromista have a contractile vacuole which removes excess
water from the cytoplasm and excretes it together with soluble nitroge-
nous wastes and other solutes (Patterson, 1980). The role of contractile
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vacuoles in osmoregulation is similar to that of nephridia and renal cells
in multicellular species. However, the cell’s ability to buffer these
changes is limited. If the external solution becomes too concentrated or
too dilute, the cell becomes inactive and shuts itself off from the envi-
ronment. If the soil is dried or diluted too rapidly, or too much, cell lysis
or death is caused as the cell membrane ruptures. Fungi do not have
contractile vacuoles and desiccate when soil is too dry. They are pro-
tected from lysis by the cell wall. The filaments become active again
when the cytoplasm absorbs soil water. Invertebrates regulate their
water content through renal cells and nephridia, which couple osmoreg-
ulation with nitrogenous waste excretion.

Food that will be used in the cell must enter through the cell mem-
brane. Food is obtained by phagocytosis and osmotrophy (pinocytosis,
receptor-mediated endocytosis and active transport through the mem-
brane). Food particles that enter by phagocytosis need to be digested in
food vacuoles with digestive enzymes from lysosomes. The enzymes
available vary between species, so that different proportions of the food
vacuole organic matter will be digested. The remaining undigested por-
tion must be excreted from the cell by exocytosis, i.e. the transport of
the vesicle to the membrane and evacuation of its contents out of the
cell. The digestion of food material releases usable nutrient molecules
and indigestible molecules. Nutrient molecules that have entered the
cytoplasm become the source of energy for metabolism, cell growth and
replication of the cell. For these processes to occur, a sufficient supply of
balanced nutrients is required.

Cellular metabolism. For a cell to grow and divide, the nutrients it
acquires must be used to provide both a source of chemical energy for
reactions and substrate molecules for these reactions. Catabolism refers
to the chemical breakdown of nutrients to provide a source of chemical
energy for cellular reactions. Anabolism refers to the cellular reactions
that use the chemical energy and the nutrients as substrate molecules to
build the more complex biological molecules and organelles. The details
of metabolism of nutrients vary between species. The amino acids,
carbohydrates, lipids, nucleic acids and mineral ions, which are obtained
from digestion and from the external solution, are the building blocks
for the rest of the cell. The energy for carrying out these synthetic (or
anabolic) reactions is obtained from the respiration pathway. The
respiration pathway varies between species depending on the presence
of mitochondria, hydrogenosomes, intracellular symbiotic bacteria or
protists, and the panoply of enzymes available to the species. Therefore,
species that have lost a mitochondrion during evolution are anaerobic,
but those with mitochondria are aerobic or facultative anaerobes.
Anaerobic species are common symbionts in the digestive tract of
multicellular  species, but free-living species also occur. The
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mitochondrion-independent pathway (glycolysis and fermentation) uses
glucose molecules which are oxidized to two molecules of pyruvate, with
a net yield of two adenosine triphosphate (ATP) molecules. Pyruvate can
be oxidized further to smaller molecules (such as acetate, lactate or
ethanol) to yield further energy. Glycolysis does not require oxygen and
does not yield CO,. The glucose and other substrates for this set of
reactions is obtained from digestion of food, from de novo synthesis from
other molecules, or transport into the cell in species where that is
possible. Normally, it is assumed that most free-living protozoa do not
transport glucose through the membrane, but acetate and other soluble
2-3 carbon molecules often are. In species with mitochondria, a further
sequence of reactions is possible which produce >30 ATP molecules
from each glucose equivalent. The mitochondrion provides the cell with
enzymes for the Krebs cycle, the electron transport chain and oxidative
phosphorylation. These respiration reactions require oxygen as a final
electron acceptor, pyruvate and acetyl-CoA as substrates from the
cytoplasm, and release CO, and H,O as end-products. The rate of these
reactions varies with the supply of oxygen. For this reason, eukaryotic
cells have a variety of oxygen-scavenging molecules such as
haemoglobin and other haem-containing molecules. For example, plant
roots produce leg-haemoglobin when the soil is water saturated and
short of oxygen, and many protozoa have haemoglobin-like proteins.
The efficiency of these oxygen scavengers at low partial pressure of
oxygen in the solution (pO,) determines tolerance to near-anaerobic
conditions (anaero-tolerance). Intermediate molecules produced during
glycolysis and mitochondrial respiration reactions are used as substrates
for the de novo synthesis of amino acids, nucleic acids, lipids,
carbohydrates and complex macromolecules, which together form the
cytoplasm and organelles. The release of chemical energy from the -
phosphate bond in ATP, to adenosine diphosphate (ADP) or adenosine
monophosphate (AMP), is used to drive the metabolic pathways to
synthesize, modify or degrade molecules in the cell. ATP is the main
energy currency of the cell. The total amount of cellular ATP can be an
assay of metabolic activity because it is short lived and unstable outside
cells, in the soil solution.

Secretion and exocytosis. One important difference from prokaryotes
(later in this chapter) is that eukaryotes are able to target large amounts of
diverse enzymes and other molecules for secretion. The endomembrane
network links the ribosomes, endoplasmic reticulum, Golgi and
dictyosome to vesicles where the molecules and enzymes targeted for
secretion accumulate. The vesicles are varied and named according to
their function. Some contain digestive enzymes (lysosomes) that will fuse
with ingested food vacuoles (or phagosomes). Others are destined to be
secreted out of the cell (secretory vesicles) for external digestion of food
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resources. These secretory vesicles often accumulate near the cell
membrane until a stimulus triggers their release en masse. For example, in
fungal cells, when a suitable substrate is detected, large numbers of
secretory vesicles with digestive enzymes fuse with the cell membrane and
release the enzymes externally (exocytosis). Secretion of individual
proteins out of the cell also occurs, but it is not as significant as exocytosis
in releasing large amounts of material from the cell. (In prokaryotes (this
chapter), secretion of small single proteins is the only means of secretion.
A single eukaryotic secretory vesicle is many times larger than a whole
prokaryotic cell.) Excretion of undigested remains of the food vacuoles
occurs by targeting the food vacuole for fusion with the cell membrane
and release of the contents outside. Often the remains of several food
vacuoles will fuse before being excreted. Exocytosis is not restricted to
vesicles with enzymes or old food vacuoles. Many species of protists and
cells of multicellular species can secrete mucopolysaccharides, or release
defensive organelles or chemicals, and pheromones (mating hormones).
The release of mucus (from mucocysts) and defensive organelles
(trichocysts) is triggered in defence against predation, and chemical or
mechanical stimuli. Gland cells in invertebrate epithelium secrete mucus
for sliding, absorbing water or providing a protective barrier.

Cytoskeleton. The shape of eukaryotic cells is determined by their
external cell wall or internal cytoskeleton. In animal cells and protists
which lack a cell wall, the shape is determined by stable microtubule
networks and associated fine filaments which support the cell membrane
and hold the nucleus and basal bodies in position. The basal bodies have
an important role in orienting and organizing the cytoskeleton. The
exact arrangement of these stable cytoskeletal networks varies between
phyla and classes. The stable microtubular networks in the cell provide a
frame with distinct anterior—posterior and left-right axes. The remaining
cytoskeletal elements are organized from this. The cilium (or ‘eukaryotic
flagellum’) is an extension of the cell membrane, supported by
microtubular and associated elements (the axoneme) that extend from
basal bodies. The cilium is responsible for pulling or pushing the cell
through liquid films and free water. Hair-like protein extensions from
the cilium are called mastigonemes and occur in certain taxa, especially
in many chromista. The cilium is anchored at its base by a basal body
which is composed of stable cytoskeletal proteins. The basal body (or
kinetosome) consists of a core of circular microtubules and several
anchoring elements extending into the cytoplasm. The basal body and its
associated anchoring cytoskeleton are called a kinetid. Basal bodies occur
in pairs in most taxa, and not all basal bodies are ciliated. In some taxa
(such as Ciliophora, Hypermastigea and Opalinea), the entire cell is
covered with cilia. The details of the kinetid structure are key to the
correct identification of families and genera of protists. The transient
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cytoskeleton is more dynamic, continually changing in distribution. It is
composed of transient microtubules, actin filaments and associated fine
filaments. It is implicated in the amoeboid locomotion and shape
changes of cells, as well as in directional transport of vesicles and
organelles in the cytoplasm. Most protists without an external cell wall
are capable of at least some amoeboid locomotion. Some taxa also have
supporting elements under the cell membrane. For example, the
euglenid species have a proteinaceous thickening (pellicle strips) that
reinforces the membrane. Some classes of Ciliophora have additional
membranes (the alveolae) and cytoskeleton which support the cell
membrane. Lastly, many soil species also have a cell wall outside the cell
membrane. In Testacealobosea, the cell wall consist of chitinous and
proteinaceous secretions. In the Difflugida (Testacealobosea), the test is
reinforced further with mineral soil particles cemented or embedded in
the wall material. In several families (such as the Paramaoebida,
Paraquadrulidae and Nebellidae) and in the Euglyphid (Filosea), the wall
is composed of mineralized secreted plates of various shapes. In the
Oomycetes and Hyphochytrea, the cell wall consists of tight fibrils of -
glucans and cellulose deposited outside the cell membrane. In the fungi,
it is composed of chitin, glucans and a variety of polysaccharides that
vary between taxa. Species with an external cell wall are less able to
change shape and squeeze through spaces. However, they are more
resistant to abrupt changes in osmotic pressure and desiccation, which
are more frequent in surface soil and litter.

Differentiation. In response to an environmental stimulus, protists can
differentiate to an alternative morphology or functional role. The
stimulus usually involves dilution or decrease of food resources,
desiccation of soil, and changes in pH, temperature or salt composition.
The differentiation response involves a dramatic replacement of the
mRNA by a new population of mRNA molecules from activated genes,
over a few minutes to hours. The result is a new set of proteins and
enzymes that are synthesized to carry out a new set of reactions. The cell
switches its function from growing and dividing into a non-feeding
sexual pathway or into a dormant cyst stage. In some taxa, there is no
known sexual pathway. For example, it is uncommon or at least
unreported in the Amoebaea but observed in many Testacealobosea and
Ciliophora. Some taxa respond to poor conditions by differentiating to a
dispersal stage. For example, the Percolozoa are normally amoeboid
cells that become ciliated dispersal cells when resources are reduced.
However, probably all soil species are capable of encystment to resist
desiccation or an unsuitable environment. Encystment involves a partial
or complete resorption of the stable cytoskeletal network and loss of cell
shape. The cell secretes a protective cell wall that is usually
proteinaceous and/or chitinous. Encystment in soil species usually
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involves a gradual excretion of water through the contractile vacuoles
that is important to confer chemical resistance by dehydration of the
cell. Desiccation of the cyst in certain species can proceed to a near
crystalline state which makes molecular manipulation and extractions
difficult. The excystment stimulus varies between species, and involves
the synthesis of new mRNA populations required for morphogenesis,
metabolic and cell growth regulation proteins.

In multicellular species, differentiation is a continuous process that
begins with egg fertilization or parthenogenesis, and through successive
cell divisions during development into the mature adult. It results in dif-
ferentiation of tissues and of cells within tissues, each with a distinct
function. In these species, cells do not separate after cell division and
remain attached, forming a multicellular organism with several tissues.
Each tissue has cells with specific functions, such as osmoregulation in
renal cells, contraction in muscles, nutrient endocytosis in the gut,
enzyme secretion in digestive glands, and so on.

Protists

The term protist is not a taxonomic designation, but groups together
species that are unicellular eukaryotes. Unicellular organisms exist in
several morphological forms. Many are single independent cells, which
may or may not be motile. However, some form filaments as in many
algae and fungi, others are held together in colonies by a secreted
sheath or a common secreted stalk, and in a few classes cells remain
attached in single or multilayered sheets or filaments. In general, all
cells remain identical, even in species that form colonies, filaments or
otherwise attached cells. In cases where cellular differentiation occurs, it
is limited to forming resistant inactive stages (such as cysts) and sexual
reproduction, so that reproductive cells can have a different morphol-
ogy as well as a different function.

As a unicellular organism, each protist cell is capable of —and as an
individual, responsible for — its own function, protection and propagation.
As individuals, each is as physiologically complete and independent as are
multicellular organisms. Each protist cell interacts directly with the exter-
nal environment, where it obtains its food and returns its waste products.
Cells must also be able to respond to the hazards of changing conditions
in their environment, such as desiccation, temperature extremes and fluc-
tuations in pH and ion concentrations. The physiological functions neces-
sary for these adaptations are motility, chemotaxis, food acquisition,
digestion—excretion, osmoregulation, encystment—excystment, cell growth
and division, and in some species cell-cell recognition and species recog-
nition. Species from three kingdoms of protists are implicated in decom-
position: the protozoa, the chromista and the fungi.
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Protozoa

The kingdom protozoa comprises eukaryotic cells that are ancestrally
phagotrophic, without cell differentiation between vegetative cells.
General reference sources for the following information and for further
descriptions of taxa and biology can be found in Grassé’s Encyclopaedia
(Grassé, 1949-1995), The Illustrated Guide to the Protozoa (Lee et al., 2001),
Haussman and Hullsmann (1996), Page (1976), Patterson (1996) and as
noted in the text. The systematic names and ranking used for the
descriptions in this chapter are according to Cavalier-Smith (1998). An
overview of phyletic relationships can also be obtained at http:/phy-
logeny.arizona.edu/tree/eukaryotes/eukaryotes.html/ More web resources
can be accessed through http:/megasun.bch.umontreal.ca/protists/
protists.html

Retortomonadea and Trepomonadea (phylum Metamonada)

These species lack mitochondria, are variably aero-tolerant and inhabit
environments with low oxygen where they feed on bacteria (Fig. 1.2).
They are found in low-oxygen environments as commensals in the
intestinal tract of animals or free living. Retortomonads consist mostly of
small organisms 5-20 wm long, with two pairs of basal bodies with usually
four emerging cilia (e.g. Chilomastix). The basal body pairs are perpendic-
ular to each other and connected by a striated fibre. The recurrent trail-
ing cilium runs through the cytoplasm and emerges posteriorly through

Fig. 1.2. Representative Retortmonadea and Trepomonadea. (A) Chilomastix, (B)
Trepomonas. Scale bar 10 wm.
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a groove which functions as the cytostome. The recurrent cilium and its
associated ribbons of cytoskeleton are more closely associated with the
nucleus, and form an elaborate organelle that contributes to motility and
cell rigidity. The cytostome is a long funnel into the cell and is used for
phagocytosis of bacteria. The cell membrane and cytostome are lined by
supporting microtubules. There is no Golgi, and the endomembrane
network is poorly developed. The nucleus is held tightly by the cytoskele-
ton close to the anterior of the cell. Mitosis in Retortomonadea is closed,
with an intranuclear spindle. The resistant cyst stage is transferred
between host individuals, and sexual stages are not known.

The Trepomonadea resemble the Retortomonadea on most points,
with the following distinctions. There are additional supporting
cytoskeletal fibres extending from the basal bodies to the nucleus
(Enteromonas, Trimitus and Caviomonas). In the Trepomonadea, mitosis is
semi-open, with a mostly intranuclear spindle. Some genera (Trepomonas,
Hexamita, Spironucleus, Octomitus and Giardia) are double cells that are a
mirror image of each other. Mitosis is a semi-open type with an intranu-
clear spindle. There are free-living aero-tolerant species (in Hexamita and
Trepomonas), but most are intestinal parasites or commensals. The latter
have lost a functioning cytostome and rely on osmotrophy or pinocytosis.

Oxymonadea (phylum Metamonada)

The oxymonads also lack both the Golgi and mitochondrion. These species
are larger (mostly ~50 pwm), strictly symbiotic anaerobes in the digestive
tract of wood-eating insects (mostly known from termites and cockroaches).
Typical genera include Monocercomoides, Oxymonas, Pyrsonympha and
Saccinobacculus (Fig. 1.3). They lack a cytostome and ingest fragmented
wood chips and microdetritus from the host gut, by phagocytosis from the
posterior region of the cell. Pinocytosis occurs over the whole cell surface.
There are two pairs of anterior basal bodies connected by a thick fibre. The
cilia are trailing posteriorly and spiral-wrap around the cell body. From
one basal body, a sheet of tightly cross-linked microtubules (the pelta) over-
lays the nucleus and supports the anterior region. A ribbon of cross-linked
microtubules and other supporting cytoskeletal elements combine to form
the axostyle. It is a characteristic organelle which runs the length of the cell
and participates in locomotion. It is a strong organelle that bends the cell
and contributes to its wriggling sinusoidal locomotion. There is no micro-
tubule network supporting the cell membrane, which is therefore flexible.
Newly divided cells can be seen swimming in the gut, but eventually attach
at the pelta to the host digestive tract lining. Mitosis is closed, with an
intranuclear spindle. Sexual stages with meiosis occur. The surface of the
Oxymonadea is covered by other symbiotic bacteria, which also participate
in the digestion process inside the gut.
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Fig. 1.3. A termite gut oxymonad, Pyrsonympha, with four cilia (C) spiralling
around the body, an internal axostyle (Ax) that extends the length of the cell and an
anterior nucleus (N). Scale bar 10 pm.

Trichomonadea and Hypermastigea (phylum Trichozoa)

The trichomonads and hypermastigotes belong to the parabasalian pro-
tozoa, which are primarily endozoic symbionts or parasites. About half
of the genera occur in wood-eating insects, such as the roach
Crypotcercus, but two free-living species are known from water solutions
rich in dissolved organic matter. Their internal structure has an elabo-
rate fibrous cytoskeleton supporting the basal bodies, the nucleus and
the anterior of the cell. They are amitochondriate anaerobes that feed
by amoeboid phagocytosis on microdetritus in the digestive tract of host
organisms. Their metabolism is enhanced by hydrogenosomes which
carry out respiration of pyruvate to acetyl-Co A, CO, and H,, producing
ATP. The storage material is glycogen. Mitosis is closed, with the chro-
mosomes attached to the nuclear membrane, and an extranuclear spin-
dle. The Parabasala derive their name from an elaborate system of
fibrous cytoskeleton, that emanates from basal bodies to support the
nucleus and the anterior of the cell, and hold in place long Golgi bodies
adjacent to the basal bodies. These species are therefore capable of
extensive protein synthesis and secretion through the endomembrane
network. Many parabasalian species, particularly the Hypermastigea,
are important to decomposition for their role in the digestion of wood
microdetritus in the digestive tract of wood-eating cockroaches and the
lower termites. Different species of Trichozoa are found in different
populations and species of wood-eating insects.

The basic structure of a Trichozoa can be described from a typical
Trichomonadea such as Trichomonas (Fig. 1.4). There are four basal bod-
ies, with one trailing and three anterior cilia. The recurrent cilium is
intracellular and held by an extension of the cell membrane (it appears



12 Chapter 1

Fig. 1.4. The Trichozoa Trichmonas, showing a recurrent cilium (C) held by a
membranelle, an axostyle (Ax), pelta (P), anterior nucleus (N) and three anterior
cilia. Scale bar 10 pm.

as an undulating membrane). The costa is a contractile rod supporting
the trailing cilium. It extends from the basal body and contributes to
motility. The anterior of the cell is reinforced by a pelta, and an axostyle
wraps at least partially around the nucleus and extends the length of the
cell. It appears as a central cone that extends out of the cell in some
species. A fibrous rootlet (rhizoplast) from a basal body extends to the
nucleus. From the anterior-most basal body, cytoskeletal elements (the
parabasal fibres) extend to the nucleus and support two elongated Golgi
bodies. There is no cytostome and no supporting microtubules under
the cell membrane. The cell is therefore very flexible, and phagocytosis
occurs along the cell membrane, ingesting bacteria and larger microde-
tritus. Most species of trichomonads are 5-25 pm intestinal parasites in
animals. Some such as Dientamoeba and Histomonas do not have emerging
cilia and are amoeboid. Others are symbionts in termites, such as
Mixotricha paradoxa.

The Hypermastigea are larger cells, of approximately 100 pwm, that
resemble Trichomonas or Monocercomonas but with the cytoskeletal struc-
tures replicated many times across the cell, i.e. there are multiple pairs
of basal bodies at the anterior with cilia spiralling along the body
towards the posterior, or emerging as tufts at the anterior. The axostyle
and other cytoskeletal elements from the basal bodies merge into a sin-
gle large unit with complex modifications. Typical genera are
Barbulanympha, Joenia, Lophomonas and Spirotrichonympha (Fig. 1.5). The
Polymonadea are similar to other hypermastigote Parabasala, but with
multiple nuclei, axostyle and parabasal bodies. They resemble hyper-
mastigotes without the merged organelles (e.g. Calonympha, Coronympha
and Snyderella). Species of hypermastigotes are found exclusively in
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Fig. 1.5. The hypermastigote Barbulanympha with many axostyles, extensive
anterior cytoskeleton and numerous anterior cilia. Cilia (C), parabasal bodies (Pp),
nucleus (N), axostyle (Ax), food vacuoles (FV). Scale bar 25 pm.

wood-eating cockroaches and lower termites, where sometimes they are
accommodated in specialized termite gut chambers. As with other ter-
mite symbionts, they are associated with extracellular surface spiro-
chetes (bacteria) which contribute to motility, as well as intracellular
symbiotic bacteria. These species cooperate together in the digestion of
woody microdetritus ingested by the insect.

Percolozoa (phylum Percolozoa)

These are transiently ciliated species (usually in the dispersal phase in
an unfavourable or no food environment), with normally amoeboid
cells. The amoebae move with eruptive pseudopodia, and feeding by
phagocytosis occurs in both amoeboid and ciliated stages. Species are
assumed to be bacterivorous, but osmotrophy occurs at least in some
species because they can be cultivated axenically, and cytotrophy is
possible in others. The number of cilia on the swimming dispersal
cells depends on the species, e.g. Tetramitus (tetraciliated), Naegleria
(biciliated) and Percolomonas (always ciliated amoeba). Accurate identi-
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fication of families and species requires descriptions of the amoeba,
swimmer, cyst morphology and mitosis, and confirmation of mito-
chondria with discoid cristae. The Percolozoa include 14 genera, of
which several are very common in soil, particularly in the
Vahlkampfiidae (order Schizopyrenida), such as the Adelphamoeba,
Didascalus, Naegleria, Percolomonas, Tetramitus and Vahlkampfia (Fig.
1.6). Also encountered in the soil are Stachyamoeba, which is occasion-
ally limax, and Rosculus in forest litter. Species may also be encoun-
tered in anaerobic or fermentative habitats, as they seem to be
efficient at scavenging oxygen. Several species are opportunist
pathogens with infectious strains that will penetrate nervous tissues
and the brain through nasal passages, causing death in a few days.
Infection occurs from soil on the hands and face, so caution is
required in handling soil.

Euglenids (phylum Euglenozoa: Euglenoidea)

Euglenoidea consist of about 1000 species known mostly from aquatic
habitats, but they are common in moist soil habitats. Modern treat-
ment of this group can be found in Triemer and Farmer (1991) and
in Leander and Farmer (2001). Cells are typically 10-50 pm long,
elongate or spindle shaped, with a deep (but sometimes inconspicu-
ous) anterior invagination (Fig. 1.7). The invagination often functions
as a cytostome and always contains two cilia. One cilium emerges

Fig. 1.6. Representative species of a Percolozoa, an Adelphamoeba showing the
ciliated phase and the amoeba phase with eruptive clear lobopodia. Cilia (C),
contractile vacuole (CV), lobopodium (LP), nucleus (N). Scale bar 25 pm.
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Fig. 1.7. A large euglenoid, Petalomonas, with an anterior pocket holding two
cilia, only one being emergent and visible by light microscopy. Scale bar 25 pm.

from the cytostome, and the other may be very short and not emerg-
ing from the cytostome. The longer cilium often has a paracrystalline
proteinaceous rod alongside the axoneme. An eye-spot of lipid vesi-
cles occurs adjacent to a swelling at the base of the emergent cilium
and the cytostome. The cilia bear non-tubular mastigonemes. In a few
predatory species (cytotrophy on other protists), the cytostome can be
a very elaborate organelle with mobile tooth-like elements. The stor-
age material, paramylon, is an unusual molecule composed of B(1,3)-
glucan polymer. The mitochondria have discoid cristae with
constricted bases. The cell membrane is reinforced by strong inter-
linked strips (the pellicle) that wrap the cell. The pellicle provides
stiffness and strength to the cell shape. Pellicle strips can move and
bend in some species, allowing a form of amoeboid motion called
metaboly. Permanently condensed chromosomes can be seen by light
microscopy. Mitosis is closed, with an internal spindle, persistent
nucleolus and slow asynchronous separation of chromosomes at
anaphase. Conjugation with meiosis occurs in some species. Soil
species are usually bacterivorous, osmotrophic or cytotrophic. About
one-third of described species are photosynthetic, and some can be
isolated from moist surface soil with adequate sunlight, where they
appear in green patches. A group with few species, related to the
euglenids, the Hemimastigophora (e.g. Hemimastix and Spironema) are
about 10-60 wm in length, vermiform, and have two spiral rows of
cilia in a groove. Food vacuoles form at the anterior by phagocytosis,
and the posterior can attach to the substrate.
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Bodonids (phylum Euglenozoa: Kinetoplastea)

The class includes many human parasitic species that cause Chagas
disease, leishmaniasis, and African sleeping sickness, others that are
animal blood trypanosomes, fish tissue parasites and the Phylomonas
which are parasites in plant latex vessels. The kinetoplastid name
comes from a large clump of mitochondrial DNA, the kinetoplast,
located anteriorly near the basal bodies. The kinetoplast DNA consists
mostly of DNA minicircles (0.2—-0.8 wm long) or longer circles more
typical of mitochondrial DNA (8-11 wm). There are about 600 species
of kinetoplastids. Most are parasitic such as the Trypanosoma and
Leishmania, or commensal and parasitic bodonids, but many are free-
living Bodonea found in soil and freshwater habitats. These bodonids
are small species (3-15 wm) with two heterodynamic anterior cilia
emerging from an invagination (e.g. Bodo, Dimastigelle and
Rhynchomonas) (Fig. 1.8). Both cilia have a supporting proteinaceous
rod that extends to the basal bodies. Supporting cytoskeletal elements
extend from the basal bodies as ventral and dorsal fibres, along the
length of the cell. The cell membrane is supported by a layer of longi-
tudinal microtubules. A cytostome region, usually a well-developed
invagination, is reinforced on one side with microtubules from the
basal bodies. Certain genera, such as Bodo, have non-tubular
mastigonemes in tufts on the anterior cilium. Cells have a contractile

Fig. 1.8. Rhynchomonas, a free-living bodonid. Scale bar 5 wm.
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vacuole which empties into the invagination that holds the cilia, a
Golgi—dictyosome and a single mitochondrion with flat cristae con-
stricted at the base. Mitosis is closed, with an internal spindle, and sex-
ual stages are not known for free-living bodonids. Soil species are
bacterivorous by phagocytosis at the cytostome, but osmotrophy
should not be excluded.

Amoebae (phylum Amoebozoa)

This is a diverse phylum with groups of pseudopodial species which
move mostly by ameoboid locomotion with lobose or conose pseudopo-
dia and feed by phagocytosis with the help of pseudopodia. The
pseudopodia may have short filose subpseudopodial extensions. Classes
in this phylum possess mostly tubular mitochondrial cristae, with a well-
developed Golgi—dictyosome. If ciliated species occur in a class, there
usually is only one cilium per kinetid, and rarely more than one kinetid.
The Amoebaea and Testacealobosea are abundant in the soil, and both
classes are speciose.

Amoebaea (phylum Amoebozoa: Lobosa)

The lobose Amoebaea consist of families in the Gymnamoebae, which
represent the true naked amoebae (Fig. 1.9). Microtubules do not
appear to be involved in pseudopodial stiffening or motility (Hausmann

Fig. 1.9. Typical lobose amoebae (Gymnamoebae, Amoebozoa). (A) Platyamoeba,
(B) Hartmanella, (C) Deueteramoeba. Scale bar 10 pm.
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and Hulsmann, 1996). Cilia and centrioles are missing, and micro-
tubules are limited to the mitotic spindle. Mitochondria possess branch-
ing tubular cristae. The cell membrane is naked, but species tend to
have a thick glycoprotein layer (glycocalyx) and some genera have
microscales (Dactylamoeba and Platyamoeba), glycostyles (Vanella) or a
thickened cuticle (Mayorella), which are seen by transmission electron
microscopy only. The free-living soil Gymnamoebae are essentially bac-
terivorous, supplemented by pinocytosis. Certain larger species may be
cytotrophic on protozoa or other amoebae. Many genera are facultative
fungivores (Old and Chakraborty, 1986) but some are obligate fungi-
vores, such as Deueteramoeba. Cells can be only 5 wm in diameter but
more usually 8-20 pm. Exceptionally, some aquatic species of amoeba
can be up to several millimetres. Gymnamoebae are usually recognized
as belonging to a particular family by their overall shape during loco-
motion. The principal families encountered in soil samples are pre-
sented in Table 1.1, and Lee et al. (2001) provide a useful six step
identification key to families by light microscopy. Further identification
and species designation require ultrastructure and DNA sequencing, as
failing to do so will probaby lead to argument rather than agreement
between systematists. However, many genera are tentatively identifiable
with light microscopy. There clearly are species that are early colonizers
and r-selected (such as Acanthamoeba), whereas other species appear
later in the succession of species in decomposing litter (such as
Mayorella), and yet other species are encountered only in more stable
environments. Some species are particularly adapted to dry conditions,
such as the tiny Platyamoeba, when other species are no longer active.
Most field sites have a small number of abundant species that vary in
their activity period with the seasons and daily abiotic conditions, and a
large number of rarer species.

Table 1.1. Selected families of class Amoebaea with edaphic genera.

Families Selected genera

Acanthamoebidae Acanthamoeba, Protacanthamoeba

Amoebidae Deueteramoeba, mostly aquatic genera
Cochliopodiidae Cochliopodium

Echinamoebidae Echinamoeba

Gephyramoebida Gephyramoeba

Hartmannellidae Glaeseria, Hartmannella, Saccameba
Hyalodiscidae Flamella, Hyalodiscus

Paramoebidae Dactylamoeba, Mayorella

Thecamoebidae Thecamoeba, Thecochaos, Sappinia, Sermamoeba
Vannellidae Discamoeba, Pessonella, Platyamoeba, Vanella

Leptomyxidae Leptomyxa, Rhizamoeba (these are eruptive monopodial species)
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Testacealobosea (phylum Amoebozoa: Lobosa)

The testate amoebae in this class are separated from the testate amoebae
in the Filosea (Cercozoa) on the basis of molecular phylogenies, ultrastruc-
ture and morphology of pseudopodia (Table 1.2). The Testacealobosea
consist of an amoeboid cell with lobose pseudopodia, inside a test with a
single aperture (opening, or pseudo-cytostome). The cytoplasm contains
one nucleus (rarely more), a zone rich in endoplasmic reticulum and
Golgi—dictyosomes. Mitochondria have branched tubular cristae and tend
to accumulate at the posterior of the cell. A contractile vacuole is present,
and food vacuoles often predominate at the anterior. The test morphol-
ogy consists of a secreted chitinous or proteinaceous material, which may
have embedded mineral particles (Fig. 1.10). The embedded particles are
cemented by an organic compound which could be similar to the secreted
test material. Calcareous scales or a siliceous test occur in certain genera.
Otherwise, the embedded particles in the Difflugina consist of mineral
particles of more or less uniform size (see Fig. 1.11A), diatom tests or
scales of digested prey. The morphology and details of the test architec-
ture are key to initial identification, at least to the family level. However,
there are serious limitations to test-based descriptions and species identifi-
cation, as outlined below with the Filosea (Cercozoa) testate amoebae.

Table 1.2. Families of class Testacealobosea with selected edaphic genera.

Suborder Families Selected genera
Arcellina Arcellidae Arcella
Microchlamyiidae Microchlamys
Microcoryciidae Diplochlamys
Difflugina Centropyxidae Centropyxis, Proplagiopyxis
Difflugiidae Difflugia, Schwabia
Distomatopyxidae Distomatopyxis
Heleoperidae Heleopera, Awerintzewia
Hyalospheniidae Hyalosphenia
Lamptopyxidae Lamptopyxis
Lesquereusiidae Quadrulella
Nebelidae Nebela, Apodera, Porosia, Argynnia,
Schoenbornia
Paraquadrulidae Paraquadrula, Lamtoquadrula
Plagiopyxidae Protoplagiopyxis, Plagiopyxis, Geoplagiopyxis,
Paracentropyxis, Bullinularia, Hogenraadia,
Planhoogenraadia
Trigonopyxidae Trigonopyxis, Cyclopyxis, Cornuapyxis,
Geopyxella, Ellipsopyxis
Phryganellina Cryptodifflugiidae Cryptodifflugia, Wailesella

Incertae sedis

Phryganellidae

Phryganella
Geamphorella, Pseudawerintzewia
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Fig. 1.10. Typical testate amoebae (Testacealobosea). (A) Hyalosphaenia with clear
test. (B) Plagiopyxis with embedded soil mineral particles encasing a narrow slit-
like opening. Scale bar 50 pm.

The distribution of Testacealobosea is primarily in the organic hori-
zon. Many species are described from mosses and ground vegetation.
However, as Foissner (1987) points out, most of these species are edaphic
species that were sampled and transferred from the accompanying soil.
None the less, there are species specific to the wet moss habitat that feed
on the vegetation or prey in that environment. The feeding habit of
Testacealobosea is varied, with smaller species being bacterivorous or
saprotrophic, while some larger ones are saprotrophic, cytotrophic, fun-
givorous and predacious on microinvertebrates, microdetritivorous or
omnivorous.

Archamoebae (phylum Amoebozoa: Conosa, Pelobiontida)

These common amoebae, such as Mastigella, Mastigina, Mastigamoeba and
Pelomyxa, are found active in soils that are transiently anaerobic and rich
in dissolved organic matter, and in peat or bogs (Fig. 1.12). They are
secondarily amitochondriate, and possess an atypical cilium that appears
rudimentary (Walker et al., 2001). The axoneme is reduced, always with
a single and unpaired kinetosome. The amoeba in some species
becomes rigid and loses its amoeboid motion when there is lack of food
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Fig. 1.11. (A) A common testate amoeba, Difflugia (110 pum diameter). (B) An
Astigmatid mite showing mouth parts (180 um wide). (C) A Pachygnatidae
(Prostigmata) mite (280 wm long). (D) A Zerconid sp. (Prostigmata) mite (650 wm
long). (E) A Cunaxa sp. (Prostigmata) mite (600 wm long). (F) Mouth parts of the
same Cunaxa specimen as in (E). (G) A Mesostigmata Rhodacarellus sp. (390 um
long). (H) A Uropodidae (Mesostigmata) (body length 480 pum). (1) Isotoma
(Collembola) (420 pwm long). (J) Entomobryidae (Collembola) (1.3 mm long). (K)
Onychiurus (Collembola) (470 um long) — continued overleaf.
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Fig. 1.11. Continued.
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Fig. 1.12. A Mastigamoeba (Pelobiontida, Archamoebae) with single anterior
cilium and flexible body. Scale bar 25 pm.

or conditions deteriorate. The nucleus is partially wrapped in a basket
of microtubules emanating from the kinetosome. The storage material is
glycogen, and mitosis involves an intranuclear spindle with persistent
nucleoli. Species are osmotrophic on rich soil solution (and some can be
grown axenically) supplemented with bacterivory.

Eumyxa (phylum Amoebozoa: Conosa, Mycetozoa)

The Eumyxa (or Myxogastria) are found in soil organic horizons, in sur-
face litter including woody debris, in animal cellulosic dung and in tree
bark. Specimens can spread across several centimetres and be 1-2 mm
thick (e.g. Physarum). Species are brightly pigmented or clear. The cell is a
multinucleate cytoplasm which continues to grow without cellular divi-
sions and is referred to as a plasmodium (Fig. 1.13). Successive nuclear
divisions are synchronous. The cytoplasm forms channels to increase dif-
fusion, for moving cellular components, particularly food vacuoles and
secretory vesicles. These channels appear like veins that branch across
the plasmodium, and the movement of granules and cytoplasm is easily
observed under the dissecting microscope. If desiccation occurs, the plas-
modium secretes a siliceous material that hardens the dried cell and
serves to protect the plasmodium, like a flat cyst. When food is scarce,
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Fig. 1.13. Life cycle stages of a generalized Eumyxa (or Myxogastria). The
sporangium (A) releases spores (B), from which an amoeba emerges (C). The
amoeboid and ciliated morphologies (D) are feeding and dispersal haploid phases
which lead to a diploid amoeboid cell (E) by fusion of complementary mating
types. Nuclear divisions and growth of the diploid cells occur without cytokinesis,
forming a large multinucleate cell (F and G) called a plasmodium. The plasmodium
sporulates in numerous sporangia (A) where meiosis occurs. Scale bar (A) and (G)

1 mm, (B-F) 25 pm.

vertical stalks of cytoplasm extend upward. These become the site of mei-
otic divisions that lead to haploid walled spores accumulating at the apex
inside sporangia, with an external protective wall. The spores are
5-20 pm and are released under suitable conditions. Light plays a role in
initiating spore formation in certain species, so that some photoregula-
tion exists. Once released, spores emerge as biciliated haploid cells for
dispersal. The dispersal cells must fuse with another complementary
mating type. The fusion forms a diploid cell which can grow into a new
plasmodium. In Protostelids (e.g. Protostelium), the feeding phase consists
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of amoeboid cells with somewhat filose pseudopodia. These can fuse to
form a plasmodium. Sporangia can form from single amoebae or frag-
ments of plasmodium, but consist of one or a few spores only.

The activity of species is seasonal, with preference for wet or rainy
periods, and species are restricted to preferred habitats. In temperate
forests, different species are active during the spring, summer or
autumn, but some may be active from ground thaw to frost. Substrate
specificity is recognized in many species that prefer cellulosic dung or
the bark of certain living plant species. There are five orders with nearly
600 species keyed from life history stages, habitat and sporangium mor-
phology. However, accurate identification probably requires verification
with gene sequences.

Dictyostelia (phylum Amoebozoa: Conosa, Mycetozoa)

The dictyostelid groups families which may be unrelated but that are
the result of convergent evolution, towards aggregation of amoeboid
cells into a sorocarp. There are two orders, Dictyosteliida (~70 species)
and the poorly studied Guttulinida. The better known Dictyosteliida
include Acytostelium, Coenonia, Dictyostelium and Polysphondylium (Fig.
1.14). A review of the most studied genus Dictyostelium can be consulted
for its general biology (Kessin, 2001). The amoeboid feeding cells are
bacterivorous with filose or lobose pseudopods, and are common in
soils. When bacteria are reduced in numbers in Dictysteliida, secretion
of cAMP or other short signal molecules initiates an aggregation
response. Cells move by chemotaxis towards the source of the signal,
and begin to release the signal themselves. The amplified response
causes the aggregation of hundreds or thousands of cells. The aggre-
gated cells can be seen with the naked eye on agar plates. Within the
aggregate, cells differentiate into base cells, stalk cells which climb on

Fig. 1.14. Life cycle stages of a generalized dictyostelid (Amoebozoa, Mycetozoa).
(A) Cyst and emerging amoeba. (B) Amoebae attracted to a large diploid cell which
engulfs them and becomes a large macrocyte. (C) A stream of starving amoebae
aggregating. (D) Typical sporangium morphology of aggregated amoebae. Scale bar
(A-C) 25 pm, (D) T mm.
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top of each other, and cells at the apex which produce cysts. The amoe-
bae develop a cellulosic cell wall for support. The apex cells continue to
divide while the stalk and base cells die. Release of the cysts under suit-
able conditions leads to amoeboid cells emerging from the cysts.
Complementary mating types will pair under reduced food conditions.
Under certain conditions, this leads to a macrocyst. The macrocyst
secretes cCAMP to attract other responsive amoebae, and feeds on them.
The diploid cells can grow very large in some species. Encysted macro-
cysts undergo meiosis and multiple mitotic divisions to release haploid
feeding amoebae.

In the order Guttulinida (e.g. Acrasis, Copromyxa, Copromyxella,
Fonticula, Guttilinopsis and Pocheina), the amoeboid cells produce eruptive
lobopodia reminiscent of the schizopyrenid amoebae (Percolozoa,
Vahlkampfamoebae), and without ciliated dispersal cells (except Pocheina
flagellata). There are species with flat cristae, and others with tubular
cristae. These genera are poorly sampled and probably not so rare.

Cercozoa and Neomonada

These two phyla include many taxa of small free-living heterotrophic
species <20 pm, many under 10 wm, with zero, one, two, three or four
cilia. Most species previously were designated as ‘nanoflagellates’ or
‘zoo-flagellates’ and ‘amoebo-flagellates’. The Neomonada are known
mostly from marine samples and are not considered here.

The Cercozoa have tubular cristae and many have peroxisomes.
Ciliated cells are variably amoeboid. There is no cytostome region, but
filopodia are common. Some are gliding species in water films with a
trailing cilium. There are anaero-tolerant genera which appear active
in anoxic soils. Most species probably form cysts with a cell wall. Two
classes of Cercozoa are important to soil ecology, the Sarcomonadea
which includes the heterotrophic amoeboid-ciliated genera (e.g.
Cercomonas and Heteromita), and the Filosea which includes the filose
testate amoebae (such as euglyphid testamoebae) and several amoe-
boid reticulate genera (Fig. 1.15). The Filosea have a surface test with
secreted siliceous plates. Although the correct phylogeny and system-
atics of the Cercozoa are uncertain, soil nanoflagellates are very abun-
dant and unavoidably important in nutrient cycling. There is clearly
more work required on understanding the biology and diversity of
edaphic Cercozoa. The systematics of the Cercozoa are still evolving,
and many genera and families will be reshuffled. A useful key to most
sarcomonad genera was provided in Lee’s illustrated guide (2001,
pp- 1303-1307). The Sarcomonadea in the soil include many of the
tiny ciliated species (<20 wm, but mostly under 10 pm) that are so
abundant in fertile soil. They are primarily bacterivorous, with vari-
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Fig. 1.15. Representative Cercozoa. (A) Cercomonas, (B) Heteromita, (C)
Adriamonas, (D) Allantion, (E) Allas, (F) Ancyromonas. (G and H) Elongating
filopodia of a cercozoan cell spread thin and flat against the substrate. (Certain
genera tentatively assigned to Cercozoa.) Scale bar 10 um.

able ability for osmotrophy. Selection of prey bacteria is probably com-
mon and depends on the bacteria’s dimensions, shape, secondary
metabolites, capsule size and composition. Filaments of bacteria are
too long to ingest, and long or wide bacteria may be too difficult to
phagocytose. Filose pseudopodia stretch through the soil to explore
pores and surfaces, and participate in directing chemotaxis. Multiple
branched or unbranched filopodia (<2 wm diameter) can explore
pores that are inaccessible to the cell, by stretching out long hair-like
strands of pseudopodia. Edaphic species are mostly gliding or amoe-
boid on surfaces, but in sufficient water they round up into a swim-
ming cell rapidly (seconds) to change microhabitat. Gliding species
usually possess an anterior cilium with a trailing posterior cilium. The
sarcomonads offer little morphology for identification with light
microscopy, and they are poorly described. Identification requires
electron microscopy and gene sequence analysis, which is lacking for
many soil isolates. Species may be confused with bodonids,
Colpodellidae or Neomonada. Genera that may be Cercozoa and are
encountered in soils include Adriamonas (Pseudodendromonadida),
Allantion, Allas, Amastigomonas, Apusomonas, Artodiscus, Cercomonas,
Heteromita, Multicilia, Parabodo, Proleptomonas (with chytrid-like behav-
iour), Sainouron and Tetracilia.

The dimorphids are encountered infrequently in soils but have 2—-4
cilia and axopodia that are retracted if disturbed in swimming. They pos-
sess extrusomes and are bacterivorous, cytotrophic or ingest microdetritus.
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The Filosea include testate amoebae with filose pseudopodia such as
the euglyphids which secrete siliceous scales for their test (Fig. 1.16),
and others such as Pseudodifflugia which bind soil mineral particles with
a secreted cement to form the test. Both are common in soil litter. They
were traditionally within the Testacealobosea but separated based on
ultrastructure and molecular phylogenies (Table 1.3). Their biology and
feeding habits are similar to those of other testate amoebae described
above (see Amoebae).

Species descriptions for testate amoebae traditionally are based on
details of test morphology. The terrestrial species are smaller than simi-
lar aquatic species, and some variation in test size occurs naturally in the
soil. This variation may reflect an adaptation to drier periods as well as
resource limitations. For example, Tirinema lineare (Filosea) makes a
smaller test under low soil moisture conditions (Laminger, 1978). Many
species form a smaller test opening in drier periods, probably to mini-
mize desiccation. Schonborn (1983) observed that the presence of spines
and horns on the test can vary with culture conditions. Foissner (1987)
states that identical test morphology can be found between samples,
ranging in size from small to very large, raising the question of whether
these could be different species or simply biogeographical variations.
There are many reports of observed changes in test morphology occur-
ring in the laboratory under culture conditions or naturally in the soil in
response to changing environmental conditions and food availability

A } B
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Fig. 1.16. Filose testate amoebae (Filosea, Cercozoa). (A) Euglypha with
overlapping siliceous scales. (B) Trinema with large and small scales embedded in
the test. Scale bar 25 pm.
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Table 1.3. Families and selected genera of testate edaphic Filosea.

Orders Families Selected genera
Euglyphida Euglyphidae Euglypha, Tracheleuglypha, Placocista, Assulina,
Trachelocorythion
Trinematidae Trinema, Corythion, Playfairina, Pileolus,
Deharvengia
Cyphoderiidae Messemvriella
Incertae sedis Euglyphidion
Other Chlamydophryidae ~ Rhogostoma
Pseudodifflugiidae  Pseudodifflugia
Psamnobiotidae Nadinella, Psamonobiotus, Edaphonobiotus
Amphitremidae Amphitrema
Incertae sedis Frenzelina

(Andersen, 1989; Schonborn, 1992; Bobrov et al., 1995; Foissner and
Korganova, 1995; Wanner 1995, 1999). Verification of the validity of this
test-centred taxonomy and whether it is useful at the genus or species
level awaits phylogenic comparison of DNA sequences (Wanner et al.,
1997). Additional characteristics such as mating types and conjugation,
life history details, food preferences and optimal abiotic conditions for
activity would be useful. One common culture limitation may be the
absence of suitable test synthesis material or sensitivity to changes in the
soil solution composition (or culture medium). In the Difflugina
(Testacealobosea) with the test composed of cemented soil mineral parti-
cles, there could be variation in shape or size reflecting the availability of
different mineral particles between soil types.

The reticulate genera are not usually sampled, and it is difficult to
estimate their abundance in soils. Their feeding habits are diverse and
they tend to be larger species up to 500 pm in spread. The most com-
mon edaphic species are the Vampyrellidae, with numerous filopodia
not usually anastomosing, and mitochondrion cristae that are best
described as vesiculate. Cell divisions occur at the end of a feeding
period in the cyst or at excystment. The best known in soils are the
Arachnulla which can ingest bacteria and cysts, but are best known for
puncturing fungal cell walls in hyphae and spores (Fig. 1.17). The
Nucleariidae resemble vampyrellid amoebae with several ultrastructural
differences. They have discoid—flat cristae with filose branching
pseudopods. The pseudopods extend mostly from the sides of the cell
and do not possess microtubular elements. Species feed on microdetri-
tus or bacteria, or penetrate algal protists. Other reticulate genera
include Biomyxa, Leptophrys (which feeds on algae and nematodes) and
Theratromyxa (a multinucleate plasmodial genus which consumes nema-
tode larvae and hyphae).
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Fig. 1.17. Reticulate amoebae. (A) A vampyrellid amoeba (Vampyrellidae, Cercozoa).
(B) A nuclearid amoeba, Theratromyxa (Nucleariidae, Cercozoa). Scale bar 50 um.

The Colpodellidae (probably should be in phylum Sporozoa) are
tiny cytotrophic predacious species that resemble free-living Sporozoa
(also called Apicomplexa by some authors). The rostrum ultrastructure
resembles the tissue-invading organelle of the parasitic species. The cells
attack eukaryotic cells by bumping into the cell membrane until the
invasive organelle is triggered. They proceed to ingest the prey cyto-
plasm. They may also aggregate around dying or wounded microinver-
tebrates along with other coprozoic species, such as the ciliate Coleps.

Ciliates (phylum Ciliophora)

The ciliates consist of a diverse phylum with >250 families of free-living
species, in ten classes. Although common in the soil habitats, only one
class is abundant in soil samples, while species in other families are
active in small numbers only (Foissner, 1987) (Fig. 1.18). In general, cili-
ates are characterized by two functionally distinct nuclei and the pres-
ence of alveolar membranes under the cell membrane, long tubular
cristae, extrusomes that are defensive or for predation, pluri-ciliated
trophic or dispersal stages, cilia basal bodies organized into a coordi-
nated system and a coated pit (parasomal sac) adjacent to cilia. The two
nuclei are distinguished as the micronucleus which is inactive but par-
ticipates in mitosis and meiosis, and the macronucleus which is polyge-
nomic (with amplified copy number of the active genes). The
macronucleus in most classes loses some or all transcriptionally inactive
genes in the vegetative phase. The alveolar membranes were demon-
strated to store calcium in some species. The extrusomes may secrete
defensive mucus (mucocyst) which sometimes has degradative enzymes
or toxins. Alternatively, they may be trichocysts, which discharge a lance
into prey or predator. The somatic and cytostome ciliature is key to
identification and requires silver staining or electron microscopy, espe-
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Fig. 1.18. Representative soil ciliates. (A) The fungivorous Pseudoplatyophrya
(Grossglockneriididae, Colpodea). (B) A bacterivorous Spathidium (Spathidiidae,
Litostomatea). (C) The cytotrophic Bresslaua (Colpodidae, Colpodea). (D) The
omnivorous Sterkiella (Oxytrichidae, Stichotrichia). Scale bar (A and B) 25 wm,
(Cand D) 50 pm.

cially for the smaller species (Foissner, 1991; Lynn, 1991; Lynn and
Small, 2002). Details of the ultrastructure of the kinetids are essential in
family and genus identification. The kinetosome are arranged as single
or paired somatic basal bodies. Not all carry a cilium. They are linked by
cytoskeletal elements in longitudinal rows and beat in chronological
sequence. The kinetosomes may be grouped in clusters of synchro-
nously beating cilia. Most soil Ciliophora have a cytostome, specialized
for the accumulation or apprehension of food particles by phagotrophy.
The cytostome has specialized cilia and a shape which varies between
families and genera. Some endosymbionts have lost the cytostome and
feed by osmotrophy and pinocytosis. Others, such as several sand ciliates
(Kentrophoros, Trachelonema and Tracheloraphis), do not have a cytostome,
but phagocytosis occurs over a part of the somatic cell membrane. Many
species are known to have endosymbiotic bacteria or protists. Ciliates
are often sexual species, with two or many complementary mating types
able to conjugate.

Contrary to the claim of early protozoologists, species found in
marine sediments, soil and fresh water are distinct and habitat
restricted. However, many edaphic species can be sampled from fresh
water, especially as cysts, through surface runoff and leaching of water
from the soil to streams. Particular adaptations of soil species are cysts
resistant to desiccation (sometimes for decades), thigmotactic or surface-
associated feeding, and a flexible and somewhat labile shape in thin
water films. In general, about 50% of soil species are Colpodea and 37%
are surface-associated Stichotrichia (Foissner, 1987).

The class Karyorelictea occurs in intertidal and marine sands,
where most species feed on bacteria, although some are cytotrophic.
Other ciliate taxa also occur in this habitat. Some species are associated
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with ectosymbiont bacteria, such as the sulphur bacteria on
Kentrophoros. An extensive treatment of these intertidal species is pro-
vided in Dragesco (1960). The hypotrich subclass Stichotrichia con-
tains many soil species, particularly in the family Oxytrichidae. Most
are bacterivorous or cytotrophic on small protists, and many have a
range of prey choice. Several species are known to change cell length
and dimensions dramatically with changing resources, as well as
changing preferred prey. Certain families across ciliates may appear in
anaerobic water-saturated soil, such as species in the orders
Armophorida and Odontostomatida. The class Litostomatea contains
cytotrophic and predacious species which may be encountered occa-
sionally. In surface litter during wet periods, Vorticellidae (Peritrichia)
may occur in abundance. They are stalked ciliates that feed on bacteria
by filter feeding. Gut endosymbionts of invertebrate saprotrophs (cen-
tipedes, millipedes, insects and oligochaetes) occur in the order
Clevelandellida. The subclass Astomatia contains families that are
endosymbionts (or parasitic) of annelid guts, particularly in
oligochaetes and other invertebrate taxa. The class Colpodea are pri-
marily soil species and are the more usually encountered ciliates in the
soil. There are six orders with 12 families (Foissner, 1993; Lynn and
Small, 2002). Cell division occurs inside cysts in the Bryophryida and
Colpodida. Most species of Colpodea are bacterivorous, but some with
larger cytostome are known to be cytotrophic, such as Bresslaua
(Colpodidae). The Grossglockneriididae (Colpodida) are small species
of 10-15 wm which puncture hyphae and yeast cell walls with an
extensible cytostome to ingest the cytoplasm. The single genus of the
Sorogenida is unusual, in forming cell aggregates which form a soro-
carp reminiscent of the Dictyosteliida (Ameobozoa), and for feeding on
other colpodids.

Chromista

The chromists include the brown algae, the haptophytes and the cryp-
tophytes, as well as several heterotrophic groups in the zoosporic fungi
(pseudo-fungi), in the Heterokonta and in the opalinids. The particu-
larity of chromista is the location of the plastid inside the lumen of the
endoplasmic reticulum. The plastid itself is surrounded by an addi-
tional periplastid membrane which in some species still retains three
chromosomes in a second nucleus (the nucleomorph), as the remnant
of the ancestral photosynthetic eukaryotic symbiont. The heterotrophic
species have secondarily lost the plastid, and most species retain a rem-
nant of this ancestral endosymbiosis. Most ciliated species exhibit one
longer cilium bearing tubular mastigonemes and a shorter one without,
but there are many variations.
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Bicoecea, Labyrinthulea (phylum Sagenista)

The Labyrinthulea (Thraustochytrids and Labyrinthulids) are
osmotrophic marine saprotrophs, associated with vegetation in early
stages of decomposition. They are found exclusively in estuarine and
coastal wetland environments and will not be discussed here. The
Bicoecea are sampled primarily from marine environments.

Oomycetes and Hyphochytrea (phylum Bigyra: pseudo-fungi)

The Oomycetes are a commercially important class of fungi-like species,
because many species are plant parasites that cause extensive damage to
crops. There are species adapted to marine or brackish water, but most
species are found in terrestrial soil and freshwater habitats (Fig. 1.19).
Species grow as parasites on a variety of protist, animal or plant struc-
tures, or as saprotrophs on litter. Most species have a heterokont bicili-
ated dispersal stage, although some terrestrial species (in the
Saprolegniales and Lagenidiales) do not. The anterior cilium has bilat-
eral tubular mastigonemes, but the posterior trailing cilium is smooth.
The cilia kinetosome is anchored by a characteristic rootlet. There is an
external cell wall of B-glucans (70%) and cellulose (10%), with additional
minor components such as mannose. Chitin is not normally found,
except in several Leptomitales and Achlya. There are mitochondria with
tubular cristae. There is a closed mitosis with an internal mitotic spindle,
but centrioles remain outside the nuclear membrane. The growth phase

Fig. 1.19. Representative stages of an Oomycete. (A) The biciliated zoospore. (B) A
multinucleate filament with large vacuoles. (C) Terminal hypha with spores in the
sporangium. Scale bar (A and B) 25 um, (C) 50 pm.
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is diploid, with filamentous branching hyphae into the substrate.
Feeding is by secretion of extracellular digestive enzymes in response to
substrate, and osmotrophy of dissolved nutrients. Three types of vesicles
with glycoproteins are synthesized by the Golgi bodies. One type con-
tains storage material, while the other two are regulated secretory vesi-
cles (Dearnaley and Hardham, 1994). The primary storage material are
mycolaminaran and mycolaminaran phosphates (B-glucans). Tip growth
requires actin filaments, elongated branched vacuoles, inward Ca?*
fluxes and directional polar transport of cell membrane and wall com-
ponents. Turgor pressure has been discredited as a mechanism of sub-
strate or host penetration (Money, 1997). The growing hyphae are
vulnerable to damage but have a wound response, initiated within sec-
onds. Callose deposition with calcium was demonstrated to form a plug
in Saprolegnia ferax (Levina et al., 2000). In response to poor resources or
unsuitable habitat, hyphal tips form diploid sporangia that release
motile biciliated dispersal cells. Release of the motile cells requires water
with low solute concentration and it is inhibited by high external
osmotic pressure. The ciliated cells encyst and are stimulated to excyst
by nutrients or an appropriate stimulus. The contractile vacuole appears
in the ciliated cells and disappears during encystment as the cell dehy-
drates into a cyst (Mitchell and Hardham, 1999). There are sexual
stages with separate male and female gametangia. The haploid female
in Achlya secretes the steroid pheromone antheridiol to initiate male
antheridia (Carlile, 1996). Haploid nuclei migrate from the male
polynucleate antheridia to the female gametes through a fertilization
tube. The resulting zygote is a resting cyst which can be dispersed and
stimulated to excyst. The role of these species is better known from
aquatic habitats, where they are found on decomposing leaves, woody
debris, cadavers or other organic matter such as excreta. The order
Saprolegniales consists mostly of saprotrophic species with large diame-
ter hyphae (>10 pm). The morphology of the sporangium and
zoospore release are used in determining genera, and the sexual stages
are used for species identification. The order Peronosporales also
includes terrestrial saprotrophic species, as well as the parasitic
Peronosporaceae (downy mildews) and Albuginaceae (white rusts).
Other orders are primarily parasitic.

The Hyphochytrea, or hyphochytrids, are a small group with about 25
species, some of which are found in soil (Sparrow, 1973; Karling, 1977).

Fungi

Soil fungi carry out three main functions in the ecosystem: (i) as sapro-
trophs that digest and dissolve litter and detritus; (ii) as predators and
parasites of soil organisms; and (iii) as symbionts of plants (as mycor-
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rhizae or lichens) and insects. The organelles of fungal cells vary with
phyla and classes as outlined below. In general, most groups have a cell
wall that consists of chitin and other polysaccharides. The chitin poly-
mer is synthesized from uridine-diphospho-N-acetylglucosamine pre-
cursors, which are added to the existing chain of chitin monomers. In
the Archemycota taxa, the cell wall contains chitin, chitosan and
polyglucuronic acid. In the Ascomycetes and Basidiomycetes, the cell
wall contains chitin, glucans, gluco- or galacto-mannans and manno-
proteins. These are all cross-linked together by hydrogen bonds into a
protective matrix that forms a barrier about 0.2 pm thick. The cell wall
is composed of 80-90% carbohydrates. However, there are numerous
important proteins that need to be exposed to the environment. These
include recognition proteins for mating types, strains and species, as
well as structural proteins and enzymes for substrate digestion. The cell
membrane must include substrate receptors and carrier proteins. The
role of the cell wall in supporting the cell is important during periods
of water stress, as in plant cells, but it also serves as a defensive barrier
to predation. The main reserve materials are glycogen and lipids.
Mitochondria with plate-like cristae and peroxisomes are present in the
Ascomycetes and Basidiomycetes, but they are absent in some
Archemycota, such as the gut endosymbiont Enteromycetes species
which contain hydrogenosomes instead. Mitosis is closed, with a persis-
tent nucleolus which divides. Chromosome do not align along the spin-
dle in a typical metaphase, as there are often too many chromosomes.
The endomembrane network is prominent in saprotrophic species,
especially in active hyphae where secretory enzymes are synthesized
and accumulated. The Golgi-dictyosome are small with 2-5 cisternae.
Some vacuoles also participate in osmoregulation and storage of amino
acids, ions or other soluble nutrients. Many vesicles containing cell wall
material are directed to the growing tip. In saprotrophic species, secre-
tory vesicles containing digestive enzymes fuse with the cell membrane
to release enzymes. Enzymes of up to 20 kDa may pass through the cell
wall into the substrate. Common fungal exoenzymes are diverse and
include proteases, amylases, cellulase (cellobiohydrolase), xylanases,
pectin-degrading enzymes (lyase, esterase, pectate lyase and polygalac-
turonase), ligninases (lignin peroxidases and manganese peroxidases)
and other secreted enzymes. In all species, feeding is by osmotrophy
from dissolved nutrients outside the cell wall. Haploid spores form as a
result of sexual reproduction between two complementary karyotypes.
The spore wall contains additional layers and it is thicker than in the
vegetative cells. It holds an inactive cytoplasm with storage vesicles.
The conidiospores are also resistant dispersal cells from successive
mitotic divisions.

Three modes of growth are recognized in fungi (Fig. 1.20). One
mode is called yeast growth and consists of cell division and separation
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Fig. 1.20. Yeast form of growth in a fungus. Scale bar 10 pm.

of cells into independent, but sometimes loosely attached cells. This
mode of growth occurs in many Basidiomycetes and Ascomycetes, but
also occurs in some Archemycota. A second form of growth occurs in
Chytridiomycetes, Enteromycetes and Allomycetes, where one individ-
ual cell extends cytoplasmic branches into the substrate and forms a
mononuclear thallus. The third mode of growth is called hyphal
growth. This mode of growth produces a long extending filament
without cytokinesis (cell separation) between successive nuclear divi-
sions. Cell walls form completely, partially, rarely or not at all, depend-
ing on the taxonomic group. The repeated branching of growing
hyphae forms a three-dimensional mass called the mycelium. In many
orders, especially in the Ascomycetes and Basidiomycetes, hyphae of
the same species, strain or individual are able to fuse. This is called
anastomosis and requires a growing tip fusing with a complementary
hypha. Some species of fungi may grow as hyphae under some condi-
tions and as yeast under different conditions. The mechanism of
growth is by tip elongation. In yeasts, a short hypha-like extension
(the bud) forms which separates at cytokinesis into an independent cell
with one nucleus and other organelles. Behind the growing tip of
hyphae, the cell wall consolidates into a rigid structure. However, at
branch initiation behind the growing tip, the cell wall must be loos-
ened to allow for an extension of the cell membrane and a new elon-
gating tip to form.

Yeast forms are primarily osmotrophic, with little or no secretion of
digestive enzymes. Very few species can hydrolyse hemicelluloses, cellu-
lose and pectins (unlike most filamentous saprotrophic fungal species).
They are therefore very limited saprotrophs and depend on released
nutrients in the soil or litter solution. Species have nutrient prefer-
ences, and there are soil/leaf specificity and niches. They are generally
found in assemblage of species, not large colonies of one species.
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In filamentous fungi, the hyphal cytoplasm is often separated by a
cross-wall called a septum (Fig. 1.21). The details of septa can be a class
characteristic. For example, in Ascomycetes, there are frequent septa that
are perforated by one or more pores which allow passage of cytoplasm
and organelles including nuclei. The septa separate the cytoplasm along
the hyphae into compartments with one or more nuclei, but permit
translocation of nutrients to other parts of the mycelium. In some
species, a proteinaceous Woronin body will plug the septa if the adjacent
cell is damaged. Basidiomycetes have septa that separate the hyphae
after each nuclear division into compartments (cells) with one nucleus
(homokaryon) or two nuclei from different mating types (heterokaryon).
These septa are perforated by a single large pore. In some classes of
Basidiomycetes, the pore is associated with modified endoplasmic reticu-
lum closely appressed on both sides, and called dolipore septa. The
dolipore ultrastructure is complex and regulates passage of material
between the cells; notably, nuclei do not pass through. The role of septa
is crucial in containing damage after a hypha is broken or invaded by a
predator or parasite. Septal pores are blocked by cell wall deposition, and
a new branch initiates a growing tip. The Archemycota generally have
fewer septa. When they are present, the septa tend to be very perforated.

Fig. 1.21. Filamentous growth in fungi. (A) The H-junction between hyphae of
complementary mating types in Zygomycetes (Archemycota), with a diploid spore
at the junction. (B) Ascomycetes septate hyphae with terminal ascospores and a
hook junction forming. (C) Basidiomycetes septate hyphae, with monokaryotic and
dikaryotic cells. Scale bar 50 wm.
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Species identification in fungi involves description of the morphol-
ogy of spores and reproductive structures. Species producing only asex-
ual reproductive structures traditionally have been placed in the
deuteromycetes, an informal group of mitosporic fungi, until placed in
their corresponding class. The taxonomy of fungi is complicated further,
because many species with both yeast and hyphal growth forms were
described as separate species and therefore have two species designa-
tions. From field samples, the morphology of asexual hyphae (or sterile
hyphae) does not provide sufficient characters for identification. Most
cannot be assigned to a taxonomic group without sequencing of DNA
regions for molecular phylogenic analysis. When reproductive or dis-
persal structures form in culture, identification becomes possible, other-
wise one is forced to rely on analysis of DNA sequences.

For further details on the biology and morphology of fungi, the stu-
dent is directed to the literature cited in the text below, and to general
texts such as Carlile et al. (2001), Kurtman and Fell (1998) and Moore
(1998), or to web sites such as http://mycology.cornell.edu/

Chytrids (phylum Archemycota: Chytridiomycetes, Enteromycetes,
Allomycetes)

These species are composed of motile cells with one posterior cilium
without mastigonemes (Fig. 1.22). The individuals are often noticed by

Fig. 1.22. Typical morphological stages of a chytrid. (A) Cyst and monociliated
zoospore dispersal phase. (B) Extending branched thallus from a cell growing on a
substrate. (C) Enlarged chytrid with numerous spores, each holding a zoospore,
about to discharge. Scale bar 25 pm.
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darting cells which change direction quickly. The monociliated cell can
be partially amoeboid when on a surface or thin water film. Chytrids are
ubiquitous as a group, found from the arctic to tropical climates. They
have been most studied in aquatic habitats (Sparrow, 1960; Powell,
1993). They are very common in soil samples but are usually over-
looked. Soil species are also found active in bogs, riparian and stream
habitats. Many species occur on microinvertebrates and on aerial parts
of plants. Some species are parasitic on a variety of animals, fungi and
plants, including commercially important crops and domestic animals.
Many soil species are predatory on microinvertebrates (nematodes,
rotifers, tardigrades and eggs), on larger invertebrates and on protists,
including fungal spores and other chytrids. Most soil species are sapro-
trophs on pollen, chitin, keratin, cellulose and substrates that are diffi-
cult to digest. Their role in facilitating the digestion of these compounds
is largely ignored. It is believed that they facilitate the entry of other
organisms, including bacteria and fungal hyphae, into the litter enclosed
by these protective polymers by loosening and softening the protective
walls. For a general introduction to the literature, students are referred
to Fuller and Jaworski (1987), Powell (1993), www.botany.uga.edu/
zoosporicfungi/ and www.botany.uga.edu/chytrid/

Structurally, the cell wall of chytrids consists of chitin and B-glucan
polymers, similar to other fungi. The mitochondria have flattened
cristae, and the storage products are glycogen and lipid vesicles. Several
organelles are particular to this group. There is a nuclear cap of dense
ribosomes with endoplasmic reticulum closely associated. There is a
microbody-lipid globule complex at the cell posterior, which could be
involved in lipid metabolism. Adjacent to this microbody, the rumpo-
some consists of flattened membrane vesicles which have been impli-
cated in sensory orientation and taxis in certain species. The
rumposome often has bridge connections to the cell membrane and to
the kinetosome microtubular rootlet. It stores Ca’?* ions which may
mediate the direction of taxis. A cytoplasmic centriole exists in addition
to the basal body of the kinetosome. Sex probably occurs in most species
and involves male and female gametes produced in separate antheridia
and oogonia on terminal hyphae. Motile gametes are released and their
conjugation involves pheromones.

Chytrids find their prey or substrate by chemotaxis towards specific
molecules (see list in Sparrow, 1960). The initial detection is from leakage
of soluble nutrients from dead cysts, spores, litter cells and decomposing
tissues. Once detected, changes in the frequency of turning and distance of
forward movement (kinesis) direct the cell towards the source. The activity
of motile cells varies with moisture, temperature, soil solution composition
and amount of stored food reserves. Upon making contact with substrate,
its recognition and attachment involves surface molecules and strong bind-
ing to prevent accidental detachment. The motile cell (zoospore) encysts
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and loses the cilium, and grows cytoplasmic extensions into the substrate
or prey. The cytoplasmic extensions (thallus) resemble hyphae and can be
extensively branched. The growing thallus is not the result of cell divisions,
does not have a cell wall as fungal hyphae would, and is capable of phago-
cytosis at least in some species (Powell, 1984), as well as extensive secretion
of extracellular digestive enzymes and osmotrophy. When the food
resources are exhausted, dispersal spores (or resistant cysts) are formed by
repeated mitotic divisions. Release of the spores occurs at an opening away
from the substrate and thallus. It may require rehydration after desiccation
and sometimes partial decomposition of the chitinous wall by bacteria. The
emerging motile cells (zoospores) can encyst several times until a suitable
substrate for attachment and thallus growth is found. The cysts of chytrids
are very resistant to long periods of desiccation, chemical attack and anaer-
obiosis. This is particularly bothersome with parasitic species which can
reappear after decades, from infected soil.

Many of the taxonomic characteristics for preliminary investigation
are obtained by light microscopy with Nomarski optics. Based on the
ultrastructure of the motile cells (zoospore), morphology, development
and ecology, the four orders are separated into two lineages (Barr, 1983)
(Table 1.4). The Chytridiales and Monoblepharidales contain mostly
(but not exclusively) aquatic genera, whereas the Spizellomycetales and
Blastocladiales are primarily soil species. For example, Chytriomyces
(Chytridiales) can be isolated in soil and freshwater samples where they
digest chitin. The Monopblepharidales, although aquatic, are found in
decomposing insect parts, plant litter and woody debris, similar to the
habitat of their soil counterparts. The Spizellomycetales are particularly
adapted to soil (e.g. Entophlyctis, Karlingia, Rhizophlictis, Rozella and
Spuzellomyces). The motile stage lacks the ribosome cluster, and the
rumposome is absent, with microtubules from the kinetosome oriented
more randomly and associated with the nucleus.

Table 1.4. The organization of the Archemycota phylum in the fungi.

Phylum Class Order

Archemycota Chytridiomycetes Chytridiales, Monoblepharidales, Spizellomycetales,
Neocallimastigales
Enteromycetes Eccrinales, Amoebidiales

Allomycetes Blastocladiales, Coelomomycetales

Bolomycetes Basidiobolales

Glomomycetes Glomales, Endogonales

Zygomycetes Mucorales, Mortierellales, Dimargaritales, Kickxellales,
Piptocephalacea, Cuninghamellales

Zoomycetes Entomophthorales, Zoopagales, Harpellales,

Asellariales, Laboulbeniales, Pyxidiophorales
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The Blastocladiales (Allomycetes) are active in fresh water and moist
soils (e.g. Blastocladia and Blastocladiella). The metabolism of many sapro-
trophic Blastocladiales species is fermentative and carboxyphilic, produc-
ing lactic acid as an end-product. Characteristically, motile cells aggregate
the organelles in a complex in one part of the cytoplasm. Germination
from the inactive spores is bipolar, with each emerging hypha repeatedly
branching into finer hyphae to produce the mycelial thallus.

Although the literature refers to infections and parasitism when dis-
cussing chytrids, in many cases they are predacious and osmotrophic.
The distinction between parasites and predatory species can be made by
looking at the invading thallus. In cases of parasitism, the chytrid and
host membranes remain intact and separate the two cytoplasms. In all
other cases, the invading chytrid aims to destroy and digest the prey.
Once a host cell is penetrated, lysis occurs within seconds. For example,
Sorochytrium milnesiophthora is saprotrophic on dead rotifers, nematodes
and tardigrades, but it is also predatory and capable of penetrating the
cuticle of living individuals. The prey eventually dies and is digested,
until release of motile zoospores propagate the individual to other prey
or substrate in the microhabitat. Saprotrophic species are attracted to
adequate substrates in the litter. The thallus grows into micro- and
macrodetritus. The Chytridiomycetes provide good examples of a taxon
with intermediate species between free-living species, opportunistic and
obligate parasites.

The Enteromycetes are endosymbiotic chytrids in the intestinal tract
of animals, found in ruminants. They are anaerobic species with a broad
spectrum of digestive enzymes to digest plant cell walls and lignocellu-
losic debris. The chytrid thallus grows into the chewed macrodetritus
from ingested plant debris.

Zygomycetes (phylum Archemycota: Zygomycetes and Zoomycetes)

The Zygomycetes and Zoomycetes consist of hyphal species that lack a
ciliated stage, as well as centrioles and sporocarp. Hyphae contain mito-
chondria and peroxisomes, but the Golgi cisternae are unstacked. The
Zygomycetes include mostly saprotrophs which produce zygospores and
aerial asexual spores on stalked sporophores (Table 1.4). The better
known species belong to the Mucorales (Zygomycetes) which are ubiqui-
tous in soils and on herbivore excreta, fruit and decomposing mush-
rooms (aerial reproductive structures of higher fungi). The mucors are
early colonizers of substrates that depend on the more soluble substrates
such as sugars and amino acids. Species tend to lack digestive enzymes
for substrates such as cellulose and chitin that are more difficult to break
down. Some species are parasites of other Mucorales and unculturable
without the host. Spores are stimulated to germinate by moisture, ade-
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quate solution and abiotic conditions. The spore absorbs water, and sev-
eral hyphae may emerge over several hours. Hyphae of mucors are
large and grow rapidly into the substrate, ahead of other fungi. Under
anaerobic conditions, some species grow as yeast, but others remain
hyphal, while others are strict aerobes. Dispersal occurs from aerial or
vertical hyphae that differentiate at the end (sporangiophore) into about
10° sporangiospores, each with several nuclei. The wall of sporan-
giospores consists of sporopollenin, an oxidized and polymerized form
of B-carotene. Some species also produce chlamydospores, which are
thick-walled cysts inside terminal hyphae. Conjugation between comple-
mentary mating types occurs when sporangiophores fuse, after growing
towards each other by autotropism or chemotaxis. In some cases, elabo-
rate resistant zygospores may form from sporangiophores.

The Zoomycetes consist of species that are predatory or parasitic on
protozoa and animals (mostly microinvertebrates). The Zoopagales and
Entomophthorales are encountered in soils, where many are predacious
on amoebae, ciliates, nematodes and other small invertebrates. These
species do not produce sporangiospores for dispersal but release spores
from propulsive conidia. The hyphae are syncytial, with septa at inter-
vals. The other orders consist of species that are symbiotic with, or para-
sites of mandibulate arthropods, either in the gut or on the cuticle.

Glomales (phylum Archemycota: Glomomycetes and Bolomycetes)

There are about 150 species of Glomomycetes and Bolomycetes which
consists of species that do not produce sporangiospores and zoospores
(Table 1.4, Fig. 1.23). The cytoplasm of hyphae contains mitochondria,
peroxisomes and unstacked Golgi cisternae. The Glomomycetes (two
orders: Endogonales and Glomales) do not have centrioles, and hyphae
are not septate and do not produce conidia, aerial spores or stalked
sporophores. A sclerotium-like sporocarp contains chlamydospores in
the Glomales, or frequent sporocarps form in the Endogonales with
zygospores inside. The Bolomycetes have centrioles, septate hyphae and
a single large propulsive conidium on unbranched conidiophores. The
zygospores are not produced inside a sporocarp. Bolomycetes consist of
one family of saprotrophic species.

With the exception of some saprotrophic species in the order
Endogonales, the Glomomycetes form close symbiotic associations with
plant roots, by extending hyphae between root cells and growing spe-
cialized hyphae, the haustoria, into root cells, where they branch pro-
fusely. It is this branched arrangement of hyphae that is referred to as
the arbuscule inside root cells. Species are obligate symbionts that,
strictly defined, depend on their host for organic nutrients. However,
this statement has not been completely verified physiologically for all
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Fig. 1.23. Glomales (Glomomycetes, Archemycota) growing into a plant root cell
(arbuscular mycorrhizal association), and a large chlamydospore in the soil. Not
drawn to scale.

species. Most hyphae are intercellular between root cells of the primary
cortex and epithelium, that do not penetrate the endodermis, vascular
tissues or aerial plant organs. Some hyphae (5-10 um diameter) do
extend into the soil from the root. Anastomosis of hyphae in the root
and substrate occurs. Species are probably asexual and produce large
dispersal spores <800 pm in diameter. The order Endogonales
(Endogone and Sclerogone) consists of saprotrophic species or those that
form endomycorrhizae. The order Glomales consists of two suborders,
Glomineae which form arbuscules and vesicles (Glomus, Sclerocystis,
Acaulospora and  Entrophospora), and Gigasporineae (Gigaspora and
Scutellospora) which form only arbuscules. The latter seem not to have
B(1,3)-glucan in the chitin cell wall, unlike other Glomomycetes. Vesicles
and spores both store lipids. According to Smith and Read (1997), there
is no clear evidence of specificity between the fungus and host root
species, so that an association is possible between the fungus and any
species capable of forming arbuscular mycorrhizae. However, this is not
to say that the extent of root colonization and the effectiveness of the
association are equivalent between species and strain combinations.
Only a small number of families and genera of terrestrial plants do not
form associations with Glomales.
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Ascomycetes (phylum Ascomycota)

These species by definition form meiotic products that become
endospores (called ascospores) separated by a cell membrane, or have
secondarily lost a sexual phase. The phylum includes yeast, lichen and
filamentous species. There are an estimated 14,000 lichens and >18,000
other species that clearly belong to Ascomycetes. The phylum is orga-
nized into seven classes (Discomycetes, Endomycetes, Geomycetes,
Loculomycetes, Plectomycetes, Pyrenomycetes and Taphrynomycetes)
and 46 orders. The sexual species produce ascospores by meiosis held
inside a structure called the ascus. The ascus is a terminal hyphal tip
that holds the meiotic products (ascospores) inside the hyphal tip cell
wall. In yeast forms, the parent cell wall holding the meiotic products is
the ascus. Similarly, terminal hyphae can produce dispersal spores by
mitosis and are called conidiospores, held within the conidium. Modern
taxonomy requires several growth characteristics to be considered as
well as the morphology of the reproductive and dispersal structures,
supported by molecular phylogeny. Many yeast forms produce
ascospores in the mycelium phase. However, some yeasts have com-
pletely lost the ability for hyphal growth (several hundred species) and
some are not sexual species. The Pezizales includes the morels, and
Tuberales the truffles, which occur in forest soil organic horizon, woody
debris and animal dung. The Sordariales includes species that are cellu-
lolytic, such as Chaetomium in plant debris, and others which are good
colonizers of macrodetritus or animal dung, such as Neuwrospora,
Podospora and Sordaria. These species produce large numbers of wind-
dispersed ascospores that become early litter colonizers. The
Loculoascomycetidae (Loculomycetes) include species that colonize
senescent leaves and fresh leaf litter, such as Alternaria alternata (or
Pleospora infectoria) and Cladosporium herbarum (or Mycosphaerella tassiana),
which are common allergens. The Eurotiales, such as Aspergillus and
Penicillium, grow well in low moisture conditions and colonize fruit and
rich organic matter. The Erysiphales include the parasitic powdery
mildews.

Basidiomycetes (phylum Basidiomycota)

These species by definition form exospore meiotic products
(basidiospores) by budding of the cell membrane and new cell wall depo-
sition. There are about 22,000 known species distributed in four classes
(Septomycetes, Ustomycetes, Gelimycetes and Homobasidiomycetes) and
41 orders. Most species are filamentous, forming hyphae with septa, and
extensive mycelium in soil, litter or dead tissues. Notable exceptions are
the Ustilaginales (Ustomycetes) and the Uredinales (Septomycetes) com-
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monly known as the smuts and rusts which parasitize aerial tissues of
plants. Growing hyphae of Basidiomycetes are often dikaryotic, with
nuclei from two complementary mating types existing in the same
hypha. After nuclear divisions and cell wall formation (septa), a clamp
connection may form to redistribute the nuclei (Fig. 1.21). The clamp
connection allows the passage of one nucleus to the new cell over the
septa to maintain the dikaryotic state. It is noteworthy that there are
species where clamp connections are unknown or where they occur only
under certain growth conditions. Hyphae of filamentous Basidiomycetes
(as those of Ascomycetes) generally vary in size from 3 to 10 pm. Typical
Basidiomycetes include those commonly known as the agarics such as the
common cultivated Agaricus (and related fungi such as Boletus, Coprinus
and Laccaria), bird’s nest fungi, bracket fungi, coral fungi, the jelly fungi,
puff-balls and stink-horns. The Poriales (Lentinus, Coriolus, Fomes and
Pleurotus) are wood decomposers and include predatory species that cap-
ture small invertebrates and protozoa, such as the oyster mushroom
(Pleurotus  ostreatus). Many Boletales (Rhizopogon and Swillus) and
Agaricales (Cortinarius and Russula) are mycorrhizal symbionts, and many
other Basidiomycetes decompose wood. In general, Basidiomycetes (and
to a large extent Ascomycetes) constitute the bulk of the hyphal biomass
in soil horizons and are responsible for most of the primary decomposi-
tion of organic matter, when they are present and active.

From an ecological perspective, the role of both Ascomycetes and
Basidiomycetes in decomposition depends on their contribution to sub-
strate digestion. The panoply of enzymes supplied by each species for
external digestion of litter and soil organic matter would define their func-
tional role. In addition, the periods of hyphal activity through the year and
substrate specificity permit differentiation between species niches in the
habitat through the seasons. In mycorrhizal species, niche distinctions also
require consideration of plant host specificity and water and nutrient
translocation patterns between the plant—fungus association, especially
during periods when one or more nutrients or water are limiting.

Invertebrates

Several taxa of invertebrate organisms need to be considered. The role
of these species in the soil interstitial space is inseparable from decom-
position processes. They interact with protists and bacteria as grazers,
prey or predators. They are presented in three sections as: (i) the nema-
todes, tardigrades, rotifers and gastrotrichs; (ii) earthworms and enchy-
traeids; and (iii) microarthropods, particularly the mites and
Collembola. More detail on the structure and function of these taxa can
be found in standard invertebrate zoology texts (see Grassé, 1949-1995;
Dindal, 1990; Ruppert and Barnes, 1994).
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The nematodes, tardigrades, rotifers and gastrotrichs share several
characters that are ecologically and functionally similar. Each of the ter-
restrial species survives extremes of freezing and desiccation, by anhy-
drobiosis. Individuals can retain as little as 15% of their normal water
content. After a dry period, individuals require minutes to hours to
recover their functional hydrated state. The body is avascular, consists of
very few cell layers, and is covered by a protective cuticle. There are
considerable changes in body volume with osmoregulation and soil
moisture content. The juveniles of these taxa emerge from the egg as a
miniature version of the adult, and simply grow larger through several
moults. The juveniles, therefore, have access to much narrower soil pore
spaces than the adults. The number of cells in adults is constant for
species of nematodes and rotifers. This developmental character is
termed eutely, and also occurs in the tunicates and Myxozoa (both
Animalia). In all the following taxa, the epidermis secretes a protective
cuticle, there is a nervous tissue and longitudinal musculature. The
internal organization consists of two tubes, the intestinal canal and the
reproductive canal, inside a cavity that is filled with a serous solution.

Nematodes (phylum Nemathelminthes: Nematoda)

There are >20,000 morphotypes of free-living interstitial nematodes
that are found in terrestrial habitats and along a continuous gradient,
into the deep-sea sediments. Many more species remain to be described,
particularly from marine sediments. To these we must add about 2000
plant parasites, that can devastate agricultural productions. Nematodes
are ubiquitous in soils and are an integral component of decomposition
ecology. For general reference on nematode structure and function, stu-
dents are referred to Grassé’s encyclopaedia (1965) and Perry and
Wright (1998), and several general nematology texts are available as an
adequate introduction.

The general body plan of nematodes is simple, consisting of a small
number of circular cell layers (Figs 1.24 and 1.25). The cuticle is <0.5 pm
in most soil species and covers the organisms like a protective skin. It also
lines the anterior and posterior portion of the digestive tract (stoma and
pharynx, rectum and anal pore). The cuticle is secreted by the epidermis
cells (or hypodermis). It is elastic but strong, so as to allow the body to
bend, but provides an exoskeleton against which the musculature can
work. The cuticle permits gas exchange and osmoregulation (water bal-
ance and excretion of soluble by-products such as urea and ammonia),
and provides a physical protection against the habitat. It is subdivided
into four sublayers. The epicuticle is the outermost sublayer and consists
of a glycocalyx 6-45 nm thick. It could be required for species and mate
recognition but does not have a known function. The exocuticle (<200
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oesophagus

oral structure

Fig. 1.24. A nematode with anterior mouth, posterior tail with anal pore and
reproductive pore. Scale bar 50 pum.

epidermis
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Fig. 1.25. Cross-section of a nematode showing the arrangement of the three cell
layers and the cuticle.

nm) resembles keratin proteins in structure and is particularly thick in
parasitic forms. The mesocuticle resembles collagen fibrous proteins in
structure. It is the thickest layer of the cuticle and the most varied in struc-
ture between species. It is a compressable layer of fibrous proteins that
becomes thickened in the anterior cephalic region. It is presumed to func-



48 Chapter 1

tion as a mechanical buffer, or bumper, as the organism moves through
soil or forces its way into tissues. The endocuticle is a thin sublayer of thin
irregular protein fibres that resembles a basal membrane. It chemically
links the epithelium to the cuticle. Nematodes grow from the juvenile
form to the adult form by four consecutive moults. Each time the new
cuticle is secreted by the epithelium, the old (outer) cuticle is shed.

The longitudinal muscle cells present in a single layer are striated,
branched and have extensions to the nerve cells. Their contractions
bend the body in sinusoidal waves that are characteristic of nematode
locomotion. There is no circular muscle layer. The nerve cell extensions
form a net throughout the body, with cell bodies concentrated into bun-
dles (nerve cords). The larger nerve cord is ventral, with a smaller dor-
sal cord and several smaller ones across the periphery. The nerve cells
are poorly integrated, so nematodes lack a true central nervous system.
The sensory cells that extend between epithelium cells, through exten-
sions of the cuticle and contact the outside environment are chemosen-
sory and participate in chemotaxis. These sensory extensions are called
papillae. Some do not break through the cuticle and probably detect
touch and temperature. Several papillae occur about the anterior
cephalic region and guide in food detection. Specialized sensory cells
and secretory cells occur inside extensions of the cuticle around the
reproductive organs, and sometime elsewhere on the body. They help in
sensing and holding the partner during sex. Caudal secretory cells (the
caudal gland cells), when present near the posterior ventral surface,
allow the organism to attach its posterior end on to the substratum. This
seems to permit more control over movement and direction. The caudal
gland cells are secondarily lost in some species.

The variety of sensory cells along the nematode body permits
chemotaxis, mate recognition, pheromone response and, at least in some
species, CO, level sensing. This is not an exclusive list, but demonstrates
the extent of directional locomotion possible. One important sensory
response is to temperature (Dusenbery, 1989). Nematodes can respond
to temperature gradients as low as 0.001°C cm (Pline et al., 1988).

The intestinal tract is a central tube, extending from the pharynx to
the rectum, composed of a single layer of cells, bearing microvilli on the
absorptive surface. Digestion occurs mostly in the middle intestine,
although secretory cells also occur around the upper intestine. Some cells
participate in secretion of digestive enzymes and contain lysosomes, but all
are absorptive. As older intestinal cells are lost, they are replaced by cell
division with new cells. It seems that newly divided cells are only absorp-
tive, and develop the ability to secrete digestive enzymes with age.
Endocytosis has also been reported. These cells are capable of storage, and
can accumulate protein granules, glycogen and lipids. Undigested material
and whatever has not been absorbed by the intestinal cells reaches the rec-
tum and is excreted through the anal pore back into the habitat.
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One or more cells (renal cells) may participate in the accumulation
and excretion of soluble metabolic wastes from the internal body cavity,
through a narrow pore. The internal cavity of the nematode, the
pseudocoel, is filled with a serous solution that contains absorbed nutri-
ents from digestion and metabolic by-products from cells, as well as
some free haemoglobin. The fluid participates in distributing nutrients
and gas exchange, as contractions of the organism contribute to moving
and mixing this solution. The older literature describes free-moving
phagocytic cells sometime reported in the pseudoceolom. These were
speculated to engulf invasive bacteria and to have a defensive role in
protecting the organism. The modern literature admits there are 1-6
of these cells depending on the species, called pseudocoelocytes.
However, these cells are claimed by some authors to be immotile and
non-phagocytic, though branched with granular inclusions (Meglitsch
and Schram, 1991). One can doubt the verity of these claims, based on
comparisons with other related invertebrates, but their role remains
uncertain in nematodes.

The pseudocoel and renal cells participate in osmoregulation and
permit survival during soil desiccation. Soil water solutions of 15 mM
NaCl equivalent (hypotonic) can increase to >300 mM NaCl equivalent
(hypertonic). As water in the habitat becomes limiting, water is lost from
the body and volume decreases. Water also becomes limiting inside the
body, so that excretion of ammonia and diffusion of metabolites and
gases become difficult. Urea and purine then become alternative modes
of nitrogen excretion. The increase in internal osmotic pressure initiates
dehydration and dormancy, called anhydrobiosis (see Perry and
Wright, 1998).

The reproductive cells of adults can account for half of the body
weight, and spermatogenesis in the males, or oogenesis in the females,
diverts a large portion of the digested and absorbed nutrients. Male
spermatozoa do not have a cilium but are amoeboid, and vary greatly in
shape. Males deposit spermatozoa inside the female, and fertilization is
internal. After fertilization, the egg cell wall acquires a protective chiti-
nous mid-layer and the eggs are deposited outside. Development from a
fertilized egg to completion of oogenesis in the new adult requires sev-
eral days and varies with temperature. As an example, in well-fed condi-
tions, a species may require 14 days at 14°C, 8 days at 20°C and 4 days
at 28°C to complete the cycle from egg to egg. These values vary
between species, as each has different durations of development and dif-
ferent optimal growth temperatures. In a small number of species, male
spermatozoa are required to initiate fertilization, but the spermatozoa
are not functional and do not fertilize the egg cell. The egg proceeds
with development by parthenogenesis. In a few species, females are
strictly parthenogenic, in that males are not required at all for fertiliza-
tion, or development of the egg to embryo and adult.
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Morphologically identical isolates are not necessarily the same
species. It has been known for a long time that identical organisms from
geographically distant locations do not necessarily mate. These may not
recognize each other as compatible, or may conjugate and produce ster-
ile offspring (Maupas, 1900, 1919). In some case, isolates of identical
morphotype are each restricted to a different environment (Osche,
1952). These observations may demonstrate divergence between iso-
lated populations of one species, or different species within one mor-
photype. It is clear that there are limits to morphological descriptions of
nematode species.

Functionally, and for ecological purposes, nematodes can be sepa-
rated into groups based on the structure of the stoma and pharynx (see
Yeates et al., 1993). The anterior region sensory extensions, as well as
the details of the pharynx and stoma, are important morphological
characters in species identification. The cuticle lining of the pharynx
may be simple as in most species, but it can be reinforced or ‘armoured’
with thickened extensions. This armature may appear as rows of teeth
(denticles, dentate pharynx), as larger tooth-like extensions
(‘mandibles’) or a single spear-shaped stylet. The stylet is hollow in some
species, like a syringe needle. The denticles, mandibles and stylet arma-
ture rub against ingested food particles with the contractions and suc-
tion of the pharynx. Thus, armoured species can ingest more diverse
and tougher food particles than species with a simple pharynx. More
than one form of pharynx armature is found in some species. In many
armoured species, the stylet or mandibles are also extensible out of the
stoma, and attached to muscle cells. These species can use more force to
penetrate cells and tissues of prey. Functionally, the free-living nema-
todes are divided into four basic groups based on what they can ingest.

1. Those with a simple and narrow stoma feed by suction alone and
remove small particles from their habitat. These include bacteria but also
microdetritus. Some taxa are the Oxystomatidae, Halaphanolaimidae,
Draconematina and Desmoscolecidae.

2. Species with prism, conic or cupuliform stoma, with or without a denti-
cle, create a suction accompanied by more powerful peristalsis of the
oesophagus muscles. These species can feed on larger particles that include
diatoms, cysts, spores, invertebrate eggs and non-filamentous protists in
general. The more common taxa include the Rhabditidae, Axonolaimidae,
Terpyloididae, Monhysteridae, Desmodorina, Comesomatidae,
Chromadoridae, Cyatholaimidae and Paracanthonchinae.

3. Those species with a denticle (or stylet) can succeed in penetrating
the cellulosic walls of fine roots, plant tissues and algal filaments, or the
chitinous wall of fungal hyphae and small invertebrates. Once the physi-
cal barrier is penetrated, the cytoplasm of cells is sucked out. Some com-
mon taxa are found in the Paracanthonchinae, Camacolaimidae,
Tylenchidae and Dorylaimidae.
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4. Species with an ‘armoured’ stoma and more powerful denticles also
depend on oesophageal peristalsis for suction. Although some may feed
on bacteria and protists in film water, it would not be sufficient to main-
tain growth and reproduction. These species can penetrate the cuticle of
other nematodes and small invertebrates and can be effective predators,
or parasitic in roots and invertebrates. Some taxa include the Enoplidae,
Oncholaimidae, Choanolaimidae and Eurystominidae.

However, it is worth noting that free-living species may switch their
food preference as they grow from juvenile forms to adult and, though
some species tend to be less specific about their food preferences (omnivo-
rous), others may be very specific. This method of classifying nematodes is
faster and requires less knowledge than species identification. It is not as
accurate or informative, and for more serious studies one always needs to
attempt genus or species identification. This should be supplemented with
fixed specimens, photographs and DNA extract.

Rotifers (phylum Acanthognatha: Rotifera)

Commonly found in forest litter and surface soil of riparian areas, only a
few families are important to terrestrial soil. They are better known in
streams and some marine sediments. However, when abundant on land,
their numbers exceed those normally encountered in water. Description
of some terrestrial species and their ecology in litter can be found in
Donner (1949, 1950), Schulte (1954), Pourriot (1965) and Nogrady
(1993). About 1800 species are known, and adults range in length
between 100 and 2000 pm (Fig. 1.26). For our purposes, their internal
body plan is elaborated from the Nematoda in the following ways.
Several tissues can be syncitial, as opposed to the nematodes where only
the epidermis of certain species is. Rotifers lack a cuticle, but the epithe-
lial cell membrane is supported by actin filaments, and reinforced exter-
nally with an extensive glycocalyx. The pseudocoel space contains a
loose network of amoeboid cells. The renal osmoregulation system is
present and drains the whole body. The orientation of muscle cells is
more diverse and more elaborate than in nematodes. Both striated and
smooth muscle cells are present. The nervous system and sensory
organs are more elaborate, and a brain can be identified. Some species
have pigmented eye cells in the head region. The intestinal cells can be
ciliated and store oil vesicles. The pharynx, called the mastax, is a mus-
cular suction chamber with jaws, the trophi, that are used in species
identification. The movable jaws of different species are used to grind
food, pierce prey cells or as forceps for gripping prey. Four families of
the order Monogomontes are worth mentioning. These are the
Dicranophoridae, Asplanchnidae, Notommatidae and Atrochidae. They
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are never permanently fixed to a substratum. They crawl with ‘toes’ and
head, in a characteristic looping fashion, in search of prey. Prey items
depend on the size of the organism, but will include protists, nematodes
and small invertebrate larvae. The Atrochidae become predators as
adults, but the juveniles have oral ciliature and obtain food particles by
filter feeding. The order Bdelloides contains many families, with terres-
trial species that are active in the surface soil water films, within the lit-
ter. They depend on water currents generated from their oral ciliature,
or corona, to obtain prey items. These include bacteria, protists and
microdetritus of sizes that can be filtered out and ingested by the phar-
ynx. There seems to be an indiscriminate ingestion of particles in the
correct size range. Each organism attaches itself to a substratum with the
posterior caudal gland mucus secretion, and vacillates in the water film,
drawing a water current towards its pharynx. The corona is also used in
swimming when not attached to a substrate. The Bdelloides are mostly
parthenogenic species. For rotifers in general, development from fertil-
ized egg to reproductive adult lasts 1-5 days, so that brief population
explosions are possible. Lastly, with natural fluctuations in the environ-
ment, rotifers display morphological variations, referred to as polymor-
phism. These involve changes in body dimensions, surface
ornamentation and pigmentation, and are caused by changes in temper-
ature or diet, or are predator inducible.

Gastrotrichs (phylum Acanthognatha: Monokonta: Gastrotricha)

Being in the same phylum as rotifers, the body plan is very similar (Fig.
1.26). Unlike the nematodes which have secondarily lost cilia, both
rotifers and gastrotrichs make use of their ciliature in motility, food
acquisition and fertilization. The cuticle is covered with plates or spines.
The ventral surface epidermis cells are monociliated, as well as the
intestinal cells. Locomotion is mostly by swimming as they are seen dart-
ing forward. They are also capable of using their ‘toes’ and head to loop
forward like rotifers. The mastax and trophi are used to obtain detritus,
protists and bacteria. The order Chetonoides occur in fresh water and
terrestrial litter. There are only females, which reproduce by partheno-
genesis. They can be found in anaerobic muds or in stagnant pools,
where some species do well, even in the presence of H,S released from
anaerobic bacteria. Gastrotrichs tend to occur as isolated individuals, so
they are never numerous in samples. The order Macrodasyoqdes
includes species that can be found in shallow marine sands. Reference to
the ecology of gastrotrichs in terrestrial litter has been made in Varga
(1959). Eggs of terrestrial species survive desiccation and frost, and at
least some adults form a cyst stage. About 450 species are known, which
range in adult length from 75 to 500 pm.
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Fig. 1.26. Rotifers and gastrotrichs. (A) Rotifer (Monogomontes) with posterior toes,
anterior mouth and muscular mastax. (B) Gastrotrich (Gastrotricha) showing posterior
toes, anal pore, surface scales and cilia, and anterior mouth. Scale bar 100 pm.

Tardigrades (phylum Lobopoda: Onychophora and Tardigrada)

The Tardigrada inhabit terrestrial surface soil and tree bark, marine
sands and sediments, and they have been reported in deep sea sedi-
ments at 5000 m (Cuénot, 1949b). They can be abundant in riparian
areas, especially if the sediment is rich in primary producer protists,
such as diatoms (Chromista) and chlorophyte algae (Plantae). There are
about 600 species, ranging in adult size from 50 to 1000 wm (Fig. 1.27).
The general body plan differs from that of the previous groups in the
following ways. The cuticle of tardigrades is reinforced in some species
with plates, which can be ornamented. There are four pairs of exten-
sions used in locomotion, the podia. Claws at the end of the podia are
useful in species identification. The musculature consists of smooth mus-
cles oriented in longitudinal, dorsal, ventral and diagonal bundles.
Attachments of the end of the bundles to the cuticle permit more com-
plicated movement. There are sensory papillae covering the head, dor-
sal surface and podia. The nervous system of the segments is
coordinated centrally and through a brain. Pigmented cells are located
on the head and form two simple eyes. The pseudocoel contains a
serous solution with free cells containing storage granules and vacuoles.
It participates in gas exchange, distribution of absorbed nutrients, nitro-
gen waste elimination and osmoregulation. Terrestrial tardigrades are
sensitive to oxygen deprivation and, despite unusual resistance to desic-
cation and cold temperature, will die without sufficient oxygen. The
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Fig. 1.27. Side view of a tardigrade showing one of each pair of legs, anterior
mouth and head structures, and posterior pores. Scale bar 100 um.

stoma has lips which facilitate suction created by the pharynx muscula-
ture. The cuticle of the pharynx is reinforced with six denticles that par-
ticipate in ‘chewing’. They are called macroplacoids and are made of
chitin and calcium. Individuals search for organic matter and cells that
can be sucked in. A stylet on each side of the oral cavity participates in
ingestion. It is extensible in some species and used to pierce living cells
of plants, mosses, lichens, nematodes, rotifers, other tardigrades and
similar sized organisms in the habitat. Some such as Milsenium species
are primarily predators. Copulation is unusual in that one or more
males deposit spermatozoa through openings of the old moulting cuti-
cle, or through the vaginal pore. After a long delay, 1-30 eggs are
deposited in packets, often inside shed cuticles or debris. Eggs of some
species bear protective scales. Juveniles emerge as miniature adults. As
in previous taxa, some species seem to lack males and reproduce by
parthenogenesis, whereas in others there is sexual dimorphism, with
smaller males.

The onychophorans are similar to tardigrades (Fig. 1.28), but have
more segments and a more complicated behaviour (Cuénot, 1949a).
They also exhibit sexual dimorphism, with the larger females having
more segments. Females lay up to one egg daily, but development of the
juveniles to sexually mature adults lasts several months. Some species
are known to care for the juveniles during this period. Only about 75
species are known. Their geographic distribution seems to be limited to
the south of the Tropic of Cancer. They are found at high elevations as
well as in lowlands throughout that region. Species vary in length from
a few millimetres to 15 cm, and consist of from 14 to >40 segments,
each with a pair of podia. However, individuals can become very thin
and squeeze through narrow gaps and explore the top soil. Unlike the
previous taxa, onychophorans require dark and humid habitats, and
anhydrobiosis is not known. Their food preferences vary, with species
that follow invertebrate tunnels to feed on the excreta or the inverte-
brate, and others which ingest rotting wood. The predators on small
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Fig. 1.28. (A) Side view of an onychophoran showing multiple pairs of legs, anterior
appendages and posterior pores. (B) View of the anterior region from below, showing
the location of mouth parts. Scale bar 1 mm.

invertebrates in the meso- and macrofauna are effective and more com-
mon. The prey are captured in a glue that is ejected from oral tentacles.
The semi-liquid glue in larger species is ejected 30-50 cm and solidifies
instantly on to the prey. They seem to be relatively indiscriminate, as
laboratory cultures have been known to be cannibalistic when hungry.
The stoma is bordered by a pair of claws and several labia. The oral cav-
ity has a ‘tongue’ organ, with denticles and mandibles on each side of it
for chewing. The pharynx and stoma are very muscular and provide the
suction to ingest chewed tissue into the intestinal canal. The nervous tis-
sue forms a brain, with a central nervous system that coordinates the
segments. There are sensory papillae over the dorsal surface, as well as
exterior of the podia, and a pair of antennae on the cephalic segment. A
pair of eyes are used primarily to avoid light. The musculature consists
of smooth muscles only, organized in several bundles. The role of the
pseudocoel, or central cavity, in diffusion of gases and nutrients, nitro-
gen excretion and osmoregulation is facilitated by the following tissues.
There is a urinary system that consists of nephridia, used in osmoregu-
lation and excretion of uric acid. A dorsal tube functions as a blood ves-
sel and heart to circulate the blood. Open at both ends, each contraction
expels blood through both ends into the pseudocoel cavity. During
relaxation, ostiole valves along the heart open and let blood flow back
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mmto the tube. The blood consists of a serous solution with nutrients,
which facilitates gas exchange and has a cellular component. The cells
are small corpuscles and active larger phagocytes. An elaborate tracheal
system with openings in each segment supplements gas exchange and
osmoregulation through the cuticle.

Earthworms (phylum Annelida: Clitellata: Oligochaeta)

There are >7000 species known from aquatic and terrestrial habitats,
and a small number of species are known to inhabit marine sediments.
Most species belong to about 20 families adapted for a terrestrial inter-
stitial habitat. Their distribution is limited by absence of soil organic
matter and litter on which they feed. They are absent or rare in arid or
cold regions, for climatic as well as nutritional reasons. Their present
geographical distribution seems to carry the mark of previous glacia-
tion events, so that they probably disappeared from regions covered by
Pleistocene ice sheets (Michaelsen, 1903). Their northward recoloniza-
tion had not reached many regions of Canada when European colo-
nization of North America began. Human travel and migrations in
recent times have expanded the range of many species. These exotic
species are called peregrine, because their dispersal was caused by
human activity. Species that were already locally present are called
endemic species. Some peregrine species have been effective at displac-
ing endemic species, particularly in disturbed or agricultural regions.
We will first consider the suborder Lumbricina and then briefly the
suborder Enchytraeina.

For general reference and more details on aspects of morphology
and ecology, the reader is directed to Edwards (1998), Edwards and
Bohlen (1996), Lee (1985) and Grasse’s encyclopaedia. The physiology
of earthworms is treated further in Laverack (1963). Compared with the
onychophorans, for our purpose and in general, the main differences
are the elaboration of the circulation system with a capillary network, of
nephridial excretion and of the central nervous system. These permit a
larger body and more complex behaviour. The body consists of repeated
segments, the somites, which are partially independent. There are more
organs, and tissue differentiation is more extensive.

Lumbricina, or true earthworms

The cuticle of earthworms is thin and flexible, so that juveniles grow
into the adult size without moults. As in previous taxa, it is secreted by
the epidermis; however, it is not chitinous, but collagenous and only
1-4 pm thick (Jamieson, 1981). The epidermis, as in other tissues of
annelids, is elaborated, with more diverse differentiated cells and often



The Saprotrophs 57

additional layers of cells. The epidermis and cuticle are traversed on the
dorsal side by numerous canals from the coelom to the exterior. These
normally are closed but permit passage of water into and out of the
body for osmoregulation. The coelomic space of each somite is lined by
a sheet of cells that form a septum between somites. The septum isolates
the coelomic space between somites. The coelum is filled with a serous
solution derived from the blood and the digestive tract, as well as by var-
ious types of free and motile coelomocytes, which are phagocytic and
play a role in immunity. Their role is important because of the potential
for bacterial invasion through the coelomic pores and wounds.

The coelom and nephridia function together in osmoregulation.
Earthworms can lose up to 70% of their water content through the
coelomic canals and cuticle, with soil desiccation. Under such soil hyper-
tonic conditions, cells and tissues also lose water, and internal fluid elec-
trolyte balance is affected. This may be important in initiating
anhydrobiosis and periods of dormancy. In more dilute solutions or wet
soils, the electrolyte balance is maintained. Rehydration occurs through
the cuticle and restores cellular functions. There is one pair of nephridia
in each somite, which clears coelomic fluid of soluble by-products and
nitrogenous waste. The nephridia help to remove excess electrolytes,
soluble organic molecules and generally maintain the physiological solu-
tion of the coelom. The concentration of the excreted urine varies with
the hydration state of tissue fluids. As water becomes limiting, the pro-
portion of excreted ammonia decreases and that of urea increases. Urea
also predominates in starved individuals of Lumbricus and, in Eisenia,
urea is always the main excreted nitrogenous waste. There is therefore
some variation between species adaptations. In some species adapted to
arid soils, such as Pheratina posthuma, urine from the nephridia is
excreted into the intestinal tract. This conserves water for the tissues by
re-absorption through the intestine. The intestine efficiently removes
most of the water and releases a dry excrement through the anus.

There is a true closed blood circulation system, which enhances gas
exchange and distribution of nutrients from intestinal cells to body tissues.
A dorsal blood vessel pumps blood anteriorly and through a capillary net-
work which supplies the tissues. The blood flows posteriorly through the
ventral vessel. There are blood pigments which bind oxygen reversibly
and remove CO,. The pigments are varied in annelids but tend to be
haemoglobin in Oligochaeta. This permits a larger body size, higher activ-
ity and aerobic respiration under low oxygen tensions to 3% O,. Some
species that live in limnetic mud are anaero-tolerant and have a metabo-
lism adapted to tolerate anaerobic respiration, for up to 2 days. They have
increased vascularization and modifications of the glycolysis to lactic acid
pathway. The musculature consists of an outer circular layer with several
inner circular and longitudinal muscle layers. They also articulate small
chitinous setae, or podial extensions. These extensions are retractable,
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and used for grasping soil during locomotion and for burrowing into soil.
Locomotion is facilitated by secretion of mucus from epidermal cells,
through cuticle pores. The mucus absorbs water and maintains a wet slip-
pery surface between the body and the soil. As it solidifies in the soil, it
provides a rigid support to tunnel walls. The role of this secretion is also
important in soil structure because its stickiness binds particles together
and contributes to soil aggregate stability. This secretion is responsible for
half of the total nitrogen released from the body.

Locomotion and behaviour of earthworms are coordinated by an
elaborate nervous system. It consists of a central nervous system coordi-
nated by cerebral ganglia in the brain, and paired ganglia in somites.
The somite ganglia are connected by the ventral nerve cord. There are
no specialized extensions on the head segment, as an adaptation for bur-
rowing. The eyes are limited to photosensitive cells scattered on the
head. The cuticle is highly innervated with touch-sensitive cells. Annelid
burrowing forms often have gravitaxis detection, although they are not
known in Oligochaeta. However, they are still able to right themselves if
they fall on their back. Oligochaeta are capable of escape behaviour and
memory. Therefore, there is a limited capacity for learning. The anterior
head and mouth are highly innervated with chemosensory cells, which
participate in directional search for food, avoidance of unpalatable parti-
cles and avoidance of toxicity. Therefore, food selection and migrations
away from polluted sites occur. Food selectivity is affected by the concen-
tration of phenolic, alkaloid and other cell wall molecules in plant litter
or in the soil. For instance, leaf tissue can be made more palatable by first
washing out these components (Mangold, 1953; Edwards and Heath,
1963; Satchell, 1967). Chemical sensitivity is well known from agricul-
tural fields, where earthworms are kept out by many pesticides, herbi-
cides and other chemical applications. A list of sensitivity to chemicals is
provided by Edwards (1998). Sensitivity to chemicals is exacerbated by
increased soil moisture, as chemosensory irritation is enhanced.

Food is ingested by suction created by the musculature of the mouth
and pharynx. In some species, part of the pharynx is extensible for
grasping. The ingested particles are then coated with a viscous mucus
secretion. Food reaches the intestine by peristalsis of the intestinal wall
musculature. There are, in sequence, one or more pouches for food stor-
age, the crop and a gizzard. However, the crop is absent in some species.
The gizzard has areas of reinforced cuticle that help macerate the food.
This process helps to mix together the cellular tissues with mineral soil
particles ingested at the same time. Digestion begins in the crop and giz-
zard with secretion of enzymes such as amylases, proteases and a lipase.
The pH varies along the length of the intestine, from a slightly acidic
anterior to a slightly basic (pH 7-8) middle and posterior. The intestine
of some species contains chitinase and cellulase activity, but it is unclear
to what extent these are contributed by intestinal bacteria and ciliate
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symbionts which can be present. Digestion of cellulose and chitin is nor-
mally attributed to endosymbiont activity. There is a gland in the upper
intestine, the organ of Marren with chloragocytes, which contributes to
the removal of ingested calcium and other abundant cations. These are
precipitated as calcite and other crystals by a locally increased acidity.
The crystals are excreted with the undigested remains of digestion. It is
an important function, because ingestion of clays and plant matter can
increase mineral concentrations to pathogenic levels, if they are all
absorbed. The gland also has functions similar to the vertebrate liver, in
that it supports blood detoxification and stores glycogen. The chlorago-
cytes also contribute to removal of heavy metals (Jamieson, 1981).

Reproduction is by reciprocal cross-fertilization of mating pairs,
because individuals have both male and female organs — they are her-
maphrodites. Many species can also reproduce by parthenogenesis.
However, the offspring of parthenogenesis are often less virile and less
fertile. Fertilized eggs are wrapped for protection in a cocoon secreted
by the clitellum. The cocoon is remarkably resistant to decomposition.
Depending on species, 1-30 eggs are laid, but this number varies with
the age and with how fed the individuals are. The number of cocoons
produced annually also varies between species, from five to 1000. Most
species produce a few hundred, depending on temperature and food
availability. In general, deep-burrowing species produce fewer cocoons,
and near-surface species more of them. In some species, cocoon produc-
tion is seasonal, as an adaptation to the climate. Development of the egg
to adult requires several weeks or months, depending on abiotic vari-
ables. Since genetic polyploidy is common and varied (as in some
plants), the consequences on speciation and in population genetic stud-
ies need to be considered.

Oligochaeta have an exceptional ability to regenerate from mechani-
cal damage. This is demonstrated by two processes. The first is the abil-
ity to regenerate broken sections at the anterior or posterior. Cut off
somites are regenerated by cell divisions of tissues from damaged
somites. The coelomocytes are particularly active in this process, and
many lost somites can be regenerated. The wound healing process
requires hours to days, but recovery of lost somites may take weeks.
During this time, mobility is limited and, especially if the anterior is lost,
feeding is also impeded. The second is the ability to fragment into two
or more sections, when the individuals reach a particular size.
Lumbriculus can fragment spontaneously into as many as eight sections,
which then regenerate at both ends to form complete, but smaller, indi-
viduals. This is a mechanism of asexual reproduction, reminiscent of
clonal expansion in unicellular organisms. There are also two adapta-
tions to unfavourable conditions. Some species have seasonal periods of
dormancy, or diapause, during which they are inactive, and do not feed.
This may last through cold or dry periods of the years. The individual
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remains inside a cyst which consists of hardened mucus, where they are
still capable of fragmentation. Most species are also able to become tem-
porarily quiescent, by anhydrobiosis, through unfavourable conditions.
This reversible process involves both partial tissue dehydration and
physiological quiescence. However, individuals in anhydrobiosis are not
resistant to the same extremes of temperature and desiccation as
Tardigrada or even nematodes.

Enchytraeidae, or potworms

Enchytraeids are morphologically similar to the Lumbricina, but several
differences need to be highlighted. This single family of the suborder
contains about 600 species, which have a broader geographic distribu-
tion than the Lumbricina (Didden, 1993). Individuals are much smaller,
with most species being a few millimetres or less, though some can reach
5 cm. They do not form permanent burrows as do some earthworms,
but travel through the soil organic layers. They can be found in subarc-
tic regions as well as under snow and glacier ice. They are more abun-
dant in forest soils and soils with a rich organic layer, and less abundant
in pastures and agricultural fields. Their food preferences have been
studied (Dosza-Farkes, 1982; Kasprzak, 1982; Toutain et al., 1982). They
prefer macrodetritus or particulate organic matter that has been pre-
digested by fungal and other saprotroph activity. Protists and mineral
soil are ingested along with this litter. Interestingly, some species seem to
have difficulty digesting cellulose, so that humus, hyphal and protist
digestion may be more significant than plant tissue biomass ingested.
Development of eggs in cocoons requires 2—4 months, varying with tem-
perature and species. Parthenogenesis, self-fertilization and fragmenta-
tion are also common. Aspects of their ecology has been reviewed in van
Vliet (2000) and Lagerloef et al. (1989).

Microarthropods (phylum Arthropoda: Chelicerata, Myriapoda, Insecta)

Chelicerata

Representatives of this group in the soil include diverse orders such as the
spiders (Araneae), Pseudoscorpiones, Opiliones and the acarids (mites). We
will deal with the soil mites, as they are the most abundant and present in
all soils. More than 30,000 species of Acari are known, and most species
encountered in soils belong to the Oribatida. Recent systematic discussions
of these taxa are provided by Walter and Proctor (1999) and Wheeler and
Hayashi (1998), and keys to various taxa can be found in monographs such
as A Manual of Acarology (Krantz, 1978), and the Acarology homepage
www.nhm.ac.uk/hosted_sites/acarology For information on the other
orders, the student is referred to the Soil Biology Guide (Dindal, 1990).
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The Acari, or mites

There is an abundant literature on soil mites, and several texts deal
with aspects of their biology and ecology, to which the reader is
referred to for more in-depth study (André, 1949; Evans, 1992; Bruin
et al., 1999; Walter and Proctor, 1999). These microarthropods inhabit
soils from every region, including cold Antarctic deserts and hot sandy
deserts, and they are functionally irreplaceable in decomposition. In
temperate regions, the top 10 cm of forest soil can harbour typically
5-25 X 10* mites/m?, representing 50-100 species. However, they are
also significantly abundant in deeper soil, especially along root micro-
tunnels, even to 2 m depth (Schubart, 1973; Price and Benham, 1976;
Coineau et al., 1978). Most interstitial species fall in the 300-700 pm
range in adult body length. Very small species can be found in mineral
soil (families: Nematolycidae and Pomerantziidae), as well as in hot or
cold deserts (families: Brachychtoniidae, Nanorchestidae, Scutacaridae,
Tarsonemidae, Tepnacaridae and 'Tydeidae) where species are
<250 pm. According to Norton (1990), the narrow and elongate
species of the Epilohmanniidae, Eulohmanniidae and certain Oppiidae
are probably obligate inhabitants of the B-horizon. Several
Endeostigmata are even smaller at 150-160 wm, such as Alycosmesis
corallium and Nanorchestes memelensis. The soil mites can be organized
into several functional groups based on their feeding preferences. The
following categories are proposed by Walter and Proctor (1999): detriti-
vores (or comminution grazers), piercing—sucking, filter feeding,
nematophagy, predatory on other microinvertebrates and fungivores.

The most common mites in the soil are the oribatids. This group of
organisms is very diverse, and it is difficult to make generalizations, as
there are always species which will be exceptions to the rule. However,
thus forewarned, a general outline of the biology of species implicated
in decomposition is provided below.

The overall body plan consists of a podosoma (the anterior section)
and opisthosoma (posterior section), as in other spider-like species (the
Chelicerata). The podosoma holds four pairs of legs and an anterior sec-
tion called the gnathosoma (jaw-body) which holds the oral appendages
and pedipalps (Fig. 1.11B-H). The anterior-most appendages, the pedi-
palps, are modified to participate in feeding and sometimes also for
reproduction. The ends are sometimes shaped like claws or pincers for
tearing, grasping or moving objects. The gnathosoma consists of a for-
ward protrusion of the podosoma, with a movable upper jaw (or labrum)
and fixed lower plate, and a pair of chelicerae on each side of the upper
jaw. The chelicerae are also shaped like a claw or pincer and function in
obtaining food. Their shape varies with species and the mode of feeding.
They can be moved in and out to pierce, saw, scrape, bite and move food.
Together with the pedipalps, they gather food into the mouth. The
opisthosoma holds most of the somatic and reproductive organs.
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The body is covered by a chitinous cuticle as in previous inverte-
brates we have described. The cuticle is secreted by the epidermis and
can be subdivided into several layers, depending on species. The outer-
most layer is only 50-150 nm and is covered by a waxy layer, which is
impermeable to water and prevents desiccation. Between the epidermis
and the outer layer, the pro-cuticle consists of chitin microfibrils in a
protein matrix and varies in thickness between species from 0.25 to
2 pm. The outer procuticle becomes partially or entirely hardened in
some species (sclerotized). It may also become reinforced further with
calcium salts, such as calcite or calcium oxalate. The cuticle is not flexi-
ble and provides a rigid support for the musculature and a protective
casing for the body. Juveniles must therefore moult and shed the old
cuticle to grow into adults. Epithelial gland cells with canals extending
into the cuticle maintain the cuticle and the waxy waterproof layer.

There are numerous bundles of striated muscles and several thin
muscles (consisting of small groups of cells) to operate the pedipalps,
chelicerae and gnathosoma. The legs and the jointed oral structures are
operated by antagonistic pairs of muscles. These are coordinated by a
brain, which consists of fused ganglia organized into lobes, with periph-
eral nerves into the body. There is an extensive nerve net throughout
the body, the axons of which reach the brain through a ventral nerve
cord. Sensory organs, setae or sensillae, are numerous along the dorsal
surface, legs and especially on the pedipalps and about the gnathosoma.
They can be very elaborate, and are useful in species designation. Setae
can respond to vibrations, mechanical contact, moisture content and
slight air disturbance, and some are supposed to respond to high-fre-
quency ultrasound. Chemosensory detection in identifying food is an
important function for the pedipalps and anterior setae. Photoreception
is absent in most interstitial species but, when present, 1-5 eyes can be
present anteriorly. These are modified pigmented epithelium cells with
an axonal extension, and the lens is modified cuticle.

Respiration is by trachea tubules with opening to the outside by
spiracles. However, the trachea are missing in many of the smaller
species, and only appear in the adult or later juvenile stages of many
other species. When they are missing, gas exchange is possible through
the cuticle only. The body cavity consists of a spongy parenchyma filled
with a haemolymph that receives nutrients from the digestive tract and
participates in gas exchange. The haemolymph contains various leuko-
cytes and amoebocytes of 4-8 wm, similar to coelomocytes in the taxa
described above. The haemolymph is stirred and distributed during
locomotion by somatic muscle contractions, and tissues depend on diffu-
sion for nutrient absorption. A vasculature is often absent, or it is
reduced to a dorsal blood vessel. The dorsal blood vessel beats and
forces the haemolymph out through ostioles; it seems that the return is
also through the ostioles. Neurosecretion into the haemolymph may
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regulate life history, behaviour or some physiological changes (Evans,
1992). Oribatids can survive freezing and winter by accumulating glyc-
erol in the haemolymph, and individuals stop feeding and moving until
more suitable temperatures return (Norton, 1990). They can also sur-
vive long spells in anaerobic conditions.

In many species, the food brought into the gnathosoma cavity is first
liquidized, by partial external digestion with salivary gland secretions.
However, species of Oribatida and Astigmata may form a solid bolus
from microdetritus. The gnathosoma cavity leads to the digestive tract.
The digestive tract consists of a pharynx that leads to an oesophagus
where digestive enzymes are mixed with the food. The oesophagus leads
to a sac with up to ten caecum extensions where the food is digested fur-
ther with gastric secretions. The number of caecae is variable with the
amount of food in the diet and space available in the body cavity, espe-
cially in females with eggs. All cells along the intestinal tract seem to
function in enzyme secretion, nutrient absorption and nutrient process-
ing. Undigested material is excreted through the anal pore.
Interestingly, some species do not have an anus and the intestinal tract
empties into the haemolymph cavity. As these excreta are usually liquid,
they are disposed of through the uropore. If they are more solid, they
may break out through the posterior cuticle, leaving a wound.
Osmoregulation, ion balance and nitrogenous waste elimination are
achieved by paired Malpighian tubules that empty into a single excre-
tory pouch, which empties out through the uropore. Nitrogenous waste
is eliminated as crystalline guanine but, in species with reduced or miss-
ing tubules, uric acid is eliminated.

For reproduction, the sexes are separate, with smaller males in some
species. Each has a pair of ovaries or testicles with the associated organs.
Mechanisms of fertilization and sperm transfer are very varied and will
not be described here (Schuster and Murphy, 1991; Walter and Proctor,
1999). It often is an indirect copulation, with externally deposited
sperm packets being transferred to the female genital tract with pedi-
palps. Much remains to be learnt from mites in understanding sexual
selection, sperm competition or female choice (Norton et al., 1993). The
fertilized eggs are placed in the detritus with or without a secreted silt
thread protective covering. Some species are known to remain in the
vicinity of the eggs to protect them. However, these examples of parent-
ing in mites are rare compared with other chelicerates, such as the spi-
ders. The eggs vary in number from one to several dozens, but parasitic
forms can lay upwards of 10,000. For soil mites, there seems to be a pos-
itive correlation between number of eggs, egg volume and female adult
body size. There is usually not more than one egg-lay annually. Even
with species that develop rapidly, conditions during many days of the
year are not suitable for feeding and growth, because of either inade-
quate moisture or temperature, or lack of food resources. The condi-
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tions suitable for egg-laying can be even more restricted. Development
of the egg into a small immature individual requires several hundred
hours at ambient temperatures. As a guide, the development times from
eggs to reproductive adults at 20-30°C, for Oribatids in temperate forest
litter, vary between 3 and 50 weeks. Some species, for instance in the
Astigmata, depend on ephemeral resources and are adapted for more
rapid development (O’Connor, 1994). Parthenogenesis is common in
many species. In some species, parthenogenesis alternates with fertiliza-
tion to produce males or females according to chromosome ploidy. In
many species, a limited capacity to regenerate lost limbs has been
observed in adults. One particularity that must be kept in mind, how-
ever, from an ecological functional perspective, is that adult morphology
or mouth structures may differ from the juvenile stages. In fact, not only
do some adults have a different diet, but they may also have a different
habitat. For instance, the Parasitengona (~7000 species) have parasitic
larval stages, but predatory adults that can be >1 cm long. Other species
may alternate between the vegetation and soil litter.

Insecta

This subdivision of arthropods contains numerous large species mostly
several millimetres or centimetres in length. It would not be appropriate
here to elaborate on the insects because most do not participate directly
in soil decomposition. For a description of the interplay between larger
organisms, such as insects, and decomposition, the reader is directed to
Swift et al. (1979) and Coleman and Crossley (1996). Although many
insect species live on the ground and spend part of their life history in
soils, adults are not usually interstitial. Insects, whether in the litter or in
the canopy, contribute to decomposition in many ways. Due to their
abundance, insects contribute to soil litter through moulting, defecation
and dead tissues. Many insect larvae, especially those that hatch from
eggs in the soil or in litter, contribute to the decomposition of fruits, car-
casses and other litter. Insects in general are important to comminution
of litter into smaller fragments which then become available for decom-
position by interstitial species. Predatory insects contribute to the accu-
mulation of animal tissues in litter, and grazers to that of frass and plant
tissue. Frass is the term given to the canopy fallout from insect grazing.
Several species, for example several beetles, feed on decomposing litter
or on animal excreta. Here only the Collembola are treated at any
length because they are found in abundance in the soil and litter.

Collembola, or springtails

The Collembola belong to the subclass Apterigota, together with
Diplura, Protura and Thysanura. They are primitively wingless insects,
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often 1-2 mm long, though a few species can be 7-8 mm long and oth-
ers, such as the Neelidae, are only 0.25 mm long. Seven families occur
in soils: Entomobryidae, Hypogastruridae, Isotomidae, Neelidae,
Onychiuridae, Poduridae and Sminthuridae. Their abundance in the
top 5 cm of soil is usually 10%-10%m? but they are also found deeper in
the profile, along roots or microtunnels. Like other small organisms,
they prefer humid and moist environments. The cephalothorax holds a
pair of segmented (four) antennae for olfaction and chemosensory
detection, three pairs of legs and the oral structures (see Fig. 1.111-K).
The mouth parts consist of a tongue, sharp mandibles and jaws. These
are arranged for tearing and chewing. The abdomen has six segments
and holds most of the internal organs. The first abdominal segment has
the ventral tube opening which allows water and air intake. Below the
abdomen, there is a furculum which hooks into the tenaculum in the
third segment. It is unhooked and released by strong muscular contrac-
tion of the furculum which makes it spring back and outwards. This
propels the individual to a new random location several centimetres
away. The purpose and use of the furculum is unclear, but it may help
them get out of litter as their legs can stick to water films, or escape
predators when disturbed. The furculum is vestigial or absent in the
Isotomidae, Hypogastruridae and Onychiuridae. It is well developed in
the Entomobryidae and Symphypleona. The cuticle may have spines,
scales and sensillae. Respiration is tracheal in Symphypleona and
Actaletes, or through the cuticle. The intestine is almost linear, from the
mouth to pharynx, oesophagus and middle intestine, where digestive
glands empty. There may be two caecal lobes from the intestine. The
posterior intestine ends with the anus. The intestinal tract is lined by
longitudinal and circular muscles, and there are sphincters at the junc-
tions between the middle and posterior intestines. This provides more
control over duration of digestion and food retention. Nephridial
glands participate in nitrogen waste elimination. Insoluble urates
(mostly uric acid) are formed and conserved in special cells (not
adipocytes) in the adipose tissue in the abdomen and under the epider-
mis. The beating aorta functions as a heart, forcing the fluid out
through ostioles and circulating the fluid. The overall arrangement of
the nervous system is typical of Insecta, with a lobed brain and segmen-
tal ganglia, linked by a ventral nerve cord. The antennae and sensillae
are the main sensory organs. When present, very simple compound eye
cells are located on each side of the head, seen as a pigmented patch.
Many species do not have eyes, but it is speculated that the cuticle is
photosensitive (Denis, 1949). Even species with eyes do not see well, and
respond only to strong light. Behaviourally, most species avoid light,
though some are known to move towards a light source. Collembola
tend to aggregate even after being disaggregated. The mechanism or
benefit is unknown, but they are also known to spend time covering
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themselves with saliva, even rolling in it to reach difficult parts of the
body. Christiansen et al. (1992) implicated pheromones in this response.
There are two sexes, with indirect internal fertilization. Males deposit
sperm packets which are picked up by females. Relatively large eggs are
deposited in small packets between hairs, trichomes or in the litter
macrodetritus cavities. Species have temperature optima for feeding,
copulation and egg development. Females can lay three times or more
annually, depending on conditions. Although some adults are known to
hibernate, the eggs are the principal means of surviving through the
cold, heat or dry seasons. They can partially dehydrate and remain
viable. The young will hatch after 1-4 weeks of development with all the
somites present. They will grow by successive moults into the adult body
size. The life expectancy is assumed to be about 1 year for many species.
Feeding preferences in Collembola are varied and more diverse between
species than normally accounted for in the literature. Most species are
omnivorous opportunists and have a range of prey preferences. They
will feed on pollen, hyphae, decomposing litter and even nematodes.
Some species are more specialized and have a narrow range of food
items. Archisotoma basselsi and Isotomurus palustris are specialists that lick
bacteria films primarily. Deuterosminthurus repandus, Folsonia fimelaria,
Lepidocyrtus cyaneus and Sminthurides virides are pollen feeders. The
Hypogastrura, Sminthurinus and Tomocerus are fungivores. Certain species
of Collembola can devastate mushroom cultivations or are plant para-
sites. Some species feed on decomposing animal tissues or, like Isotoma
macnamaret, prey on other Collembola.

The Bacteria (Prokaryote: Bacteria and Archea)

The prokaryotes consist of two subdivisions which are biochemically and
physiologically distinct. The archea represent species which are mostly
known from extreme environments. In the anaerobic environment of
submerged rice fields, the methanogens are significant contributors to
methane emissions. Archea are also found near deep-sea thermal vents
or in other hot environments where other prokaryote and eukaryote
species cannot tolerate the temperatures. They also occur in extreme
acid or saline environments. There are about 40 genera of archea, but
we will not discuss these taxa further. Most prokaryotes belong to the
bacteria subdivision, which contains >480 genera, plus the
Cyanobacteria, in 17 main lineages, to which we will refer as phyla
(Table 1.5). For general reference on the biology of bacteria, the ecolo-
gist is directed to Schlegel (1993) which contains sufficient natural his-
tory, and to Lengeler et al. (1999) for their cellular biochemistry. Two
further texts deal with soil bacteriology specifically and in great detail
(Paul and Clark 1998; Tate, 2000).
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Bacteria are simpler in their structure and physiology than eukary-
otes. The cell is composed of a relatively small number of molecules
(Table 1.6). Most bacteria have a cross-sectional diameter of
0.6-1.2 pm, with length varying between 1 and 2 um. The length is
more variable, with some genera having species of about 10 wm long.
Many are characterized morphologically as cocci (spherical), rods (box
shaped) or filamentous (cells remain attached) (Fig. 1.29). Growth of
bacteria by successive cell divisions results in aggregated cells, called
colonies. Many species naturally secrete a layer of slime or gelatinous
sheath. In some species, it provides an environment for gliding, or for
keeping the colony together. In other species, it is secreted as protec-
tion against desiccation or during physiological stress. The slime or
capsule helps absorb moisture from the habitat, and provides a protec-
tive covering after desiccation. In general, the more motile the species,
the less aggregated the colony. Motility is the result of gliding on the
substrate, or propulsion by one or more flagella. The flagellum consists

Table 1.6. Number of macromolecules estimated in one cell of the bacterium

Escherichia coli.

No. of molecule types  No. of molecules
Outer membrane >50 proteins 108 molecules

5 phospholipids 108 molecules

1 lipopolysaccharide 107 molecules
Cell membrane >200 proteins 105 molecules
Ribosome 55 proteins One set for 10*-10° ribosomes

3 rRNA One set/ribosome

>10° mRNA Variable

60 tRNA 10% molecules
Chromosome One 4.2 kb

Data from Lengeler et al., 1999.

Fig. 1.29. Representation of several forms of bacteria. (A) Coccus cell, (B) rod cell
with flagella, (C) rod cell with an endospore, (D) rod cells in a filament.
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of a hollow cylindrical tube, composed of polymerized flagellin
monomers. The flagellin protein monomers pass into the hollow fla-
gella and polymerize at the tip. The flagellum is anchored on to the cell
by a hook and motor complex which consists of about 100 polypep-
tides. Rotation of the flagellum is caused by proton pump proteins,
which establish an electromotive gradient. Normally, the positions of
the flagella are polar or medial in species that swim in free water. They
are positioned laterally on those that swim or glide in thin water films
on solid substrates. Motile forms can move towards nutrients or away
from chemicals by chemotaxis. Similarly, filamentous species can grow
towards or away from chemicals through the direction of elongation
and branching. Many genera do not have the capacity to move on their
own, and depend on Brownian movement and external disturbance to
be carried. In soils, bacteria normally occur as more or less aggregated
colonies, so that species patchiness is expected at the 10-2000 pm scale.
They are disaggregated during sampling, and during preparative steps
for enumeration or culture. Bacterial abundances can be as high as
10'%g dry soil in litter and surface soils, representing dozens or hun-
dreds of species. They have been reported at great depth, 200-400 m
below the surface, at 10*~10%g soil and were demonstrated to be active
by *C uptake (Lengeler et al., 1999, p. 784). However, it is most proba-
ble that they are carried by water flow-through rather than being nor-
mal residents of that habitat.

Bacteria consist of a cytoplasm bounded by a cell membrane and an
outer cell wall. The cytoplasm of bacteria is not compartmentalized by
membranes, and the single circular chromosome is free in the cyto-
plasm. The cytoplasm contains prokaryotic ribosomes for protein trans-
lation, and sometimes other inclusions depending on physiological
conditions. There are no endomembranes, no membrane-bound vesi-
cles or vacuoles for endo-/exocytosis, and no cytoskeleton. However,
phototrophic genera such as the Cyanobacteria, have invaginations of
the inner cell membrane to increase the surface area of bound photo-
synthesis enzyme complex. The cell membrane is chemically different
from that of eukaryotes, and is bound by an external cell wall. This con-
fers to bacteria physical and physiological properties different from
those of eukaryotes.

The cell wall is the barrier between the habitat and the cyto-
plasm. Its composition and function are central to bacteriology.
Bacterial systematics traditionally were based on cell wall chemistry
and metabolic biochemistry. More recently, it has been complemented
by comparative DNA sequence phylogenies. The cell wall is responsi-
ble for keeping the cytoplasm molecules in, selectively transporting
nutrient molecules into the cytoplasm, maintaining a favourable phys-
iological environment inside the cytoplasm and providing a chemical
and mechanical barrier to the habitat (Fig. 1.30). The two principal
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cell wall subdivisions are between bacteria that stain with the Gram
stain (Gram positive) and those that do not (Gram negative). Gram-
positive bacteria have a murein cell wall (0.015 pm) outside the cell
membrane which consists of peptidoglycans with embedded teichoic
acid derivatives. It has an external surface layer of proteins or poly-
saccharides. The murein wall can be enriched with lipidic molecules
to increase hydrophobicity, as in Corynobacteria, Mycobacteria and
Nocardia. In the Planctobacteria, the murein layer is replaced by a pro-
teinaceous cell wall. The second type of cell wall is found in Gram-
negative bacteria. They have a loose murein layer (~0.015-0.020 pm
thick), but with an additional outer membrane. The loose murein gel
of Gram-negative bacteria is interlinked by lipoproteins and contains
proteins from the cytoplasm. The outer membrane is chemically dif-
ferent from the cell membrane and contains lipopolysaccharide
extensions, structural proteins and porins. The porin proteins allow
the passage of molecules smaller than 600 Da molecular weight into
and out of the murein gel. Differences between the exact molecular
composition of the cell wall, between families and higher taxa, are
useful in species identification. The third type of cell wall is found in
the archea, where the outer membrane and the murein wall are
absent. In some genera, there is a wall outside the cell membrane, but
it is not composed of murein.
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The cell membrane of bacteria consists of a lipid bilayer with inserted
proteins. The lipids provide a hydrophobic barrier to hold the aqueous
cytoplasm in and keep the habitat molecules out. In general, polar mole-
cules (carbohydrates) and charged molecules (ions, amino acids and side
chains of larger molecules) do not pass through, except by very slow pas-
sive diffusion. Certain molecules do pass through the cell membrane
because they are non-polar, hydrophobic or membrane soluble, such as
glycerol and fatty acids, sterols, aromatic compounds and some amino
acids (phenylalanine). Other molecules can pass through simply because
they are small, such as water, short alcohols, ammonia, urea and dis-
solved gases (mostly O, and CO,). The mechanisms of obtaining nutrient
molecules and ions from the environment are regulated by the cell mem-
brane chemistry and its proteins. These are diffusion, facilitated diffu-
sion by binding to membrane receptors, and active transport through
specific protein channels or transporters. The latter mechanism requires
energy, such as an established electrochemical gradient across the mem-
brane, or using high-energy bonds such as ATP dephosphorylation. The
active transport mechanisms are more effective at translocation of nutri-
ents into the cell, especially at low concentrations or against the concen-
tration gradient. The proteins involved are under physiological
regulation. They are translated from the genes into proteins only when
they are required, then inserted into the cell membrane and activated.
Only molecules that are small enough to pass through the membrane and its pro-
teins can be used as nutrients. Therefore, cells are limited to monomers or
short oligomers of amino acids, nucleic acids, saccharides, short lipids or
other small molecules. Most species have several substrate transport
mechanisms that allow the cell to use a variety of nutrients from the habi-
tat, depending on what is available or missing outside. The ability and
efficiency of each species or strain to import particular nutrients for
growth are very useful in species identification.

Many genera of bacteria, particularly from certain taxa such as the
Actinobacteria, release small molecules into their environment which
prevent cell growth or cause lysis of susceptible cells. These secondary
metabolites are known as antibiotics when they are effective at low con-
centrations. Antibiotics are usually produced when nutrients are rare, as
in conditions when competition for nutrients is high. Secondary metabo-
lites fall into three categories, that are derived from: (i) acetate-mal-
onate condensation; (i) condensation of carbohydrates or aminocyclitol;
and (iii) oligopeptides, rarely long enough to be synthesized on ribo-
somes. The resulting molecules tend to be membrane permeable and
pass through the cell membrane. The mechanisms of function are very
varied, and can interfere with one or more aspects of nutrient intake,
anabolic or catabolic metabolism or synthesis of structural molecules. In
Mpyxobacteria, where an estimated 60-80% of isolates produce antibiotics,
they are bactericidal and cause lysis of susceptible bacteria. Other antibi-
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otics target eukaryotic predators such as amoebae (Lancini and Demain,
1999). For example, Serratia marcescens (prodigiosin), Chromobacterium
violaceum (violacein), Pseudomonas pyocyanea (pyocyanine) and P aerugi-
nosa (phenazines) cause the encystment or lysis of amoebae that would
ingest them. Other secondary metabolites are scavengers for cations
(ionophores), or for iron (siderophores). These are sufficiently effective
at removing specific ions or minerals from the habitat, especially where
the ions are rare, so as to starve out species that do not have them. They
are found in all strains of Nocardia, Streptonyces and Micromonosporea.

When bacteria are starved of nutrients, or in unfavourable condi-
tions, they become physiologically inactive. Certain genera are able to
produce spores, which are a differentiated state, with a resistant wall. In
Actinobacteria, chains of spores form at the tips of growing filaments, in
response to localized starvation. The pattern and shape of spores are
important in species identification in the Actinobacteria. Other genera
form a spore inside the parent cell, which is called an endospore. These
include Bacillus, Clostridium, Sporosarcina and Thermoactinomyces. All
species have preferences for optimum temperature, pH and nutrients.
However, as the temperature, moisture, nutrient availability and other
chemical changes in the habitat are continuously fluctuating, it is impor-
tant for cells to tolerate a certain degree of fluctuation. It is important
for living cells to adapt physiologically or protect themselves from
threatening conditions, faster than it would take to cause death. Several
mechanisms are available to bacteria, as indicated below.

To resist depletion of nutrients, cells can switch to higher affinity cell
membrane transporters, increase the membrane surface area to cytoplasm
ratio by decreasing the bulk cytoplasm, modify their metabolism, and
divide at smaller cell sizes. These changes occur over several hours as they
require changes in gene expression. On the same time scale, cells adapt to
changes in temperature by modifying membrane lipid compositions. At
higher temperatures, lipid membranes would be too fluid and more per-
meable, whereas they become too stiff at cooler temperatures. In order to
maintain the fluidity of the membrane relatively constant, longer fatty
acids and branched fatty acids are incorporated as the temperature rises,
and shorter unsaturated fatty acids dominate membrane composition in
colder temperatures. When the temperature rises above an optimal range
for the species, heat-shock response proteins are synthesized to protect
proteins from denaturing, while cells become inactivated.

In contrast, when soils freeze, ice formation outside the cell excludes
some salts so that the osmotic pressure in the remaining water films
increases, and mimics desiccation as water becomes less accessible to
cells. Furthermore, ice crystals forming inside and outside the cytoplasm
can break the cell. To protect themselves, most bacteria accumulate
solutes which prevent ice crystal formation and freezing. Some species,
such as Pseudomonas syringae, are able to insert a protein in the outer
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membrane that promotes more regular ice crystals to reduce the inci-
dence of cell lysis. Lastly, cells can partially dehydrate and bind the
remaining water to prevent ice formation in the cytoplasm.

The response to desiccation involves accumulating solutes that
remain soluble at high concentration without interfering with enzyme
reactions, and that are non-toxic to the cell (Potts, 1994). These are mol-
ecules that are metabolic end-points, i.e. molecules that are not meta-
bolic intermediates and will not be required for other reactions.
Commonly used molecules in bacteria are betaine, ectoine, L-proline
and trehalose. Others are also found, such as glycerol, sucrose, b-gluci-
tol, b-manitol, L-taurine and small peptides.

We will consider briefly several bacteria that are common in soils
(Fig. 1.31). Anaerobic species tend to be rare in surface-aerated soils, but
can be found in deeper soils, or in saturated fields such as rice paddies or
riparian zones. Mycobacteria are Gram-positive non-motile aerobic
species, that form irregular, slightly branched cells. They contain very
hydrophobic wax-like mycolic acids in the cell membrane. This group
includes pathogenic bacteria that cause leprosy and tuberculosis. The
Myxobacteria are Gram negative, strictly aerobic, gliding species (Dawid,
2000). They form extensive spreading colonies. Many species secrete
enzymes that lyse bacteria on which they feed, whilst the Polyangum and
Cytophaga genera have cellulolytic enzymes. When nutrients are
exhausted, cells aggregate into a mound (fruiting body) with characteris-
tic shapes and differentiate into dispersal spores that are resistant to des-
iccation and adverse conditions. These fruiting bodies can be 0.1-0.5 mm
and visible under the dissecting microscope (with the exception of
Cytophaga which are missing the fruiting body stage). A large number of
secondary metabolites are known from Myxobacteria, including bioactive
molecules and coloured pigments derived from carotenoids. Other bac-
teria are able to hydrolyse and use cellulose, such as the well-studied
Cellulomonas and the genus Erwinia. The Arthrobacter genus is common
in soils and grows on humus, where readily soluble and metabolizable
molecules have been exhausted. They grow slowly as cocci, or faster as
branching semi-filaments. The Actinobacteria grow as filaments (or
mycelia) and are found exclusively in soils. They are Gram positive and
aerobic, but there are several anaerobic genera. They can be grown on
agar media and identified based on their spore and sporangia structures.
Their spores are all resistant to desiccation, but not to heat (except
Thermoactinomyces vulgarum). The Streptomycetes (and the Myxobacterium
Nannocystis excedens) produce geosmin which is the characteristic earthy
odour of moist soil. As for the Arthrobacter, Actinobacteria grow on ‘diffi-
cult’ substrates that are not degraded by most species, such as cellulose
and chitin. Most known antibiotics were first isolated from
Actinobacteria. The polyphyletic Pseudomonads are aerobic Gram-nega-
tive bacteria which are able to grow on very diverse substances. They are
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surface
substrate

Fig. 1.31. Growth forms of various bacteria. (A) Inactive Bacillus rod-shaped cell
with an endospore and protein crystal inclusion (e.g. Bacillus thuringiensus). (B)
Coccus cell (e.g. Acinetobacter). (C) Mycobacterium growth forms. (D) Arthrobacter
coccus, rod and branching cell growth. (E) Pseudomonas with apical flagella. (F)
Spirillum with polar flagella tufts. (G) Proteus with lateral flagella. (H) Typical
spirochete (Spirochaetae) with two spiral flagella between both membranes. (1) The
same as (H) in cross-section. (J) Streptomyces (Actinobacteria) filamentous growth
with aerospores. (K) Micromonosporea (Actinobacteria) filamentous growth with
spores forming in the substrate. (L) Myxococcus (Myxobacteria) cells aggregated in
a mound, releasing exospore cells. Scale bar (A=) T um, (J-L) 10 pm.
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important in soils because some are able to utilize heterocyclic and aro-
matic molecules (such as lignins and its by-products). Similarly, the
Clostridia are able to grow on a variety of nutrients, such as proteins,
polysaccharides, purines and small soluble molecules. They are anaerobic
endospore-forming bacteria which release malodorous metabolic by-
products, such as acetate, butyrate, butanol, acetone and many other
molecules. More common in soils are genera of the endospore-forming
aerobic rods (e.g. Bacillus) and Gram-negative facultative anaerobes such
as Klebsiella and Aeromonas.

Bacteria are important symbionts of other organisms in decomposi-
tion food webs. Numerous anaerobic or anaero-tolerant species occur in
the intestinal tract of animals. They are common in the intestinal tract of
soil invertebrates (such as termites) where they are assumed to con-
tribute to digestion, as intracellular or intranuclear symbionts of some
protozoa, or as extracellular symbionts or commensals of ciliates and
other protozoa. For example, the surface ridges of several
Hypermastigea or the surface of the sand ciliate Kentrophoros are covered
in symbiotic bacteria. There are also species-specific associations
between some entomophagic nematodes (Heterorhabditidae and
Steinernematidae) and bacteria of the genus Xenorhabdus. In this exam-
ple, the bacteria are released from the nematode when it is ingested by
an insect. The released bacteria produce an antibiotic in the insect, that
kills the insect host and prevents colonization and growth in the insect
of other bacterial species. The nematode then feeds and reproduces on
the dead and decomposing insect. This interaction perpetuates a mutual
interdependence between the two species.

Roots, Fine Roots and Root Hair Cells

The most significant biomass in most soils, with the exception of certain
arid soils, is plant roots. They are a major source of litter input into the
soil, as dead roots and from root exudates (Coleman, 1976; Fogel, 1985).
Although they do not contribute directly to decomposition of litter and
soil organic matter, roots influence the soil physical, chemical and biologi-
cal environment. Roots play a significant role in holding soil peds
together, and in removing gravitational and capillary water and soluble
minerals and nutrients. The roles of roots are several: (i) to provide a
mechanical anchor and support to the plant aerial organs; (ii) for survival
of the plant after aerial organs are senesced or damaged; (iii) to obtain
dissolved oxygen and soluble nutrients for the plant; and (iv) to obtain
water for maintaining plant cell osmotic pressure, which is necessary for
vascular tissue transport and mechanical support of the aerial organs. It
is primarily at the level of root interactions and scavenging for soil nutri-
ents that plant species competition occurs (Casper and Jackson, 1997).
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The root cap of a growing tip consists of a thick layer of pioneer
cells (or root border cells) which secrete substances including
mucopolysaccharides into the surrounding soil. These serve the double
purpose of mechanically and chemically protecting the growing tip, as
well as baiting soil organisms away from the apical dividing cells, by pro-
viding a rich source of nutrients (Hawes, 1998). The release of exudates
from roots is particularly significant near the growing tip from these
pioneer cells. Exudates and nutrient loss also occur from the body of the
root network (Merbach et al., 1999; Rowan et al., 2000), although with
probably a different composition and origin. The release of organic
compounds into the soil adjacent to roots creates an enriched habitat
which is directly influenced by the root network and its symbiotic organ-
isms. This habitat is called the rhizosphere. The rhizosphere is believed
to interact with the soil saprotrophs, both in competing for soluble
nutrients and in providing a habitat modified from the bulk soil (Alphei
et al., 1996; Grayston et al., 1996; Bonkowski et al., 2000a).

Growth of roots is guided by the fine roots and root hair cells which
explore the soil for moisture and nutrients. Root hair cells extend later-
ally from the root into soil pore spaces and contribute to guiding root
growth and in holding together peds, as well as increasing the surface
area for soil solution absorption. The abundance of root networks
through the soil profile varies for plant species and responds within
days to changes in soil water (Hendrick and Pregitzer, 1992; Lou et al.,
1995; Bauhus and Messier, 1999). In times of drought, deeper roots
may proliferate where deeper soil moisture is retained, whereas near-
surface networks develop in wetter surface conditions (Espeleta and
Eissenstat, 1998; Lopez et al., 1998). The fine roots of the network are
continuously exploring the soil for better conditions. Fine roots in less
favourable parts of the habitat are abandoned to senesce and decom-
pose, in favour of growth in another part of the root network. Fine root
production and turnover exceed biomass production in the aerial
organs during certain seasonal growth periods of plants or in forest
trees (Rytter, 1999). Besides nutrient and water availability, temperature,
depth and age of the roots affect the longevity and turnover rate of fine
roots (Espeleta and Eissenstat, 1998; Lopez et al., 1998; Pregitzer et al.,
2000). The same principles seem to apply to mycorrhizal roots (Majdi et
al., 2001). It is unclear whether fine root growth and root biomass build-
up need to be tightly linked with leaf biomass accumulation
(Nadelhoffer and Raich, 1992).

During normal plant development and growth, both morphological
and physiological changes occur in the tissues. These changes are
reflected in the distribution of biomass in plants, so that over time there
are shifts in where new growth occurs. These can be measured in shifts
in root biomass, carbohydrate storage in different tissues, rate of carbon
fixation, root versus shoot biomass, and total leaf area versus plant bio-
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mass (Coleman et al., 1994). Superimposed on these trends, there are
shifts in growth allocation between tissues and organs, in response to
environmental conditions (McConnaughay and Coleman, 1999). The
extent of the developmental plasticity in biomass allocation varies
between plant species, and it is well known in agricultural crops. It
would appear that plasticity in biomass allocation is more responsive to
nutrient limitations from the soil solution than to water, CO, and light
availability (see McConnaughay and Coleman, 1999).

The effect of plant roots on soil water balance directly affects water
availability in the soil habitat for other organisms. Roots are a major sink
for soil water, which can exert great osmotic pressure in removing water
from the soil solution (Leuschner, 1998). The passage of the water solu-
tion into plant root cells and vacuoles occurs through and interacts with
the apoplast, and is directed into the vascular tissues (Sattelmacher,
2001). Both diurnal and seasonal changes in soil water potential caused
by root absorption (Lou et al., 1995; Salisbury and Ross, 1999; Ishikawa
and Bledsoe, 2000) will affect the activity patterns of the edaphic com-
munity. In this process, one needs to understand the role of plant
species physiology interacting with the environment.

Summary

Understanding the functioning of cells is fundamental to the biology of
unicellular species which predominate in the soil. Most of the soil inver-
tebrate species are small enough to be affected by the same constraints as
the protists that share the habitat. The biology of some organisms that
participate in decomposition food webs was described. These included
taxonomic groups that are symbionts with plants or animals which partic-
ipate in decomposition. In protozoa, we described the symbiotic groups
in Trepomonadea, Retortomonadea, Oxymonadea, Trichomastigea and
Hypermastigea; the free-living Percolozoa, Euglenids, Bodonids and
Ciliates; and the very abundant and diversified Amoebae and Cercozoa.
In chromista, only the Oomycetes were considered. The fungi are func-
tionally diverse despite the simplicity of their morphology. The
Chytridiomycetes,  Zygomycetes,  Glomales, = Ascomycetes  and
Basidiomycetes were considered. A selection of the most abundant inter-
stitial invertebrates included the Nematoda, Rotifera and Gastrotricha,
Tardigrada and Onycophora, Oligochaeta, Collembola and the soil mites.
The prokaryote cell is distinct from eukaryotic cells, and examples of bac-
terial genera in the soil were given. Lastly, the interaction of soil organ-
isms with plant roots, especially through exudates from fine roots, should
be remembered as an important part of the soil. An appreciation of the
diversity and complexity of the biology of soil species is needed to grasp
the many ways in which these species interact together in the soil.
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‘Through a Ped, Darkly”!

If one has never observed soil closely before, it is a useful exercise to
place a pea size portion of surface soil under a dissecting microscope
and observe its structure. It will probably appear dark, somewhat
coloured, with small rootlets and filaments extending out. The uneven
surface suggests an intricate labyrinth inside, which holds the secrets to
soil processes and harbours the organisms responsible. One can then
add a little water to disaggregate the soil and observe the mineral com-
position. Soil mineral particles will appear as microscopic rocks and
crystals. Interspaced between are amorphous organic matter, rootlets,
filaments and possibly invertebrates. At higher magnifications (X200) on
a compound microscope with phase contrast, one will observe countless
moving organisms mostly between 100 and 5 wm. At X400, the bacteria
can be distinguished as small objects of various sizes, some mobile, oth-
ers not. This chapter discusses the mineral and organic composition of
the soil and the many habitats it provides for biological organisms
involved in decomposition.

The soil is responsible for decomposition of dead organisms and
material derived from living tissues, that releases nutrients for roots and
growth of soil organisms. Roots constitute the bulk of living plant bio-
mass and provide plants with water, oxygen and other essential nutri-
ents from the soil. Roots also need soil to anchor the aerial portion of

'Coleman, D.C. (1985) Through a ped darkly — an ecological assessment of
root-soil-microbial-faunal interactions. In: Plants, Microbes and Animals. Blackwells,
Oxford, pp. 1-21.
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plants. Soil interstitial species responsible for decomposition are adapted
to this particular habitat. Their trophic interactions release complex
organic matter into simpler more soluble molecules, which are accessible
to plant roots and their symbionts. One by-product of decomposition
accumulates as chemically resistant humus. Another by-product of their
respiration accumulates in the atmosphere as carbon dioxide, which is
required for photosynthesis. The production of biologically useful inor-
ganic molecules from organic compounds, as a result of biological activ-
ity, is termed biomineralization (Fig. 2.1).

The soil is responsible for irreplaceable ecosystem services, such as
water filtration, food production, recycling of nutrients through
decomposition, and detoxification of chemicals. However, soils can be
variously abused by agricultural overexploitation, chemical pollution
or poor management. As our global human population density
increases, our demands from the soil and the impact on soil ecosys-
tems are exacerbated. The complexity of the soil, and of decomposi-
tion, is illustrated by the hundreds of species of bacteria, protozoa,
fungi and invertebrates which can be found in just a few grams of
most soils. Soil processes in nutrient cycling, carbon storage and the
return of C as CO, to the atmosphere sustain primary production
upon which organisms, including humans, depend. The challenge
before us is to understand soil ecology sufficiently, so as to manage
these processes sustainably for the future.
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The soil habitat

For our purpose, soil is the result of a combined mixture of organic
matter (derived from living organisms) and unconsolidated minerals
(composed of varying proportions of sand, silt and clay) and it provides
habitats for thousands of soil-specific species. This definition is more
restrictive than the one proposed by the Glossary of Soil Science Terms (see
http://dmsylvia.ifas.ufl.edu). The habitat is the direct soil environment
with which a species is interacting. The soil habitat has edaphic proper-
ties, i.e. pertaining to the soil, or determined by factors inherent to the
soil. These properties are the result of interactions between the soil min-
eral composition, living organisms and their decomposition. The soil
provides a porous three-dimensional matrix, with a large surface area,
for soil-dwelling species. Thus, species that reside within the soil matrix
are interstitial species.

Soil Mineral Composition

This is the solid inorganic matrix, which consists of clay (crystalline min-
eral particles <2 pwm in size), silt (soil mineral particles of 2-50 wm), sand
(soil mineral particles of 50 pm to 2 mm) and gravel (soil mineral particles
>2 mm). Depending on the proportions of each mineral fraction, a soil is
classified into textural types. This changes both the physical and chemical
properties in the soil and consequently affects its biological properties.
The physical and chemical properties of the mineral component are
closely linked to soil texture and structure, two key factors in decomposi-
tion, nutrient release and fertility for plant growth. Texture refers to the
percentage of clay-silt-sand proportions in the soil (Fig. 2.2). Various pro-
portions have been given names, referred to as a soil texture types.
Knowing the soil type is a useful indicator of how workable or malleable
the soil is. Sandy soils are friable and clay soils are heavy and difficult to
work, especially when wet. The structure of the soil refers to how these
soil mineral components aggregate into larger units. The natural aggre-
gates, called peds, vary in size and shape with depth and a variety of para-
meters (mineral soil chemical composition, mechanical and physical
conditions, climatic regime and organic composition). The extent of plant
rootlets, fungal hyphae, cell filaments and secretions from living organ-
isms all affect the size of peds and soil structure (Fig. 2.3). Secretions and
organic matter tend to make mineral soil components clump more and
increase mean ped size and stability. The rootlets, hyphae and other fila-
ments form a mesh through the peds and hold the peds together.

The properties of clays are different from those of larger mineral
components. Rocks, stones, gravel, sand and silt are just incrementally
smaller size fractions of primary minerals. They are the result of
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Fig. 2.2. Soil mineral particle composition and resulting soil texture. The soil
texture triangle places soils into categories based on the percentage composition of
clay, silt and sand. To read the triangle, find the intersection of any two
components. An example is illustrated (dotted line) with a soil that was composed
of 65% silt, 30% sand and 5% clay. This triangle was proposed by the Soil Survey
Staff (USA) and has since come into general use (see Soil Survey Staff, 1998).
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mechanical erosion (breaking and fragmenting) of the parent primary
minerals. When primary minerals (such as quartz, feldspars, micas and
ferromagnesians) are chemically weathered, they produce secondary
minerals. This erosion of primary minerals is referred to as
weathering. Secondary minerals mostly result from chemical reactions
of the primary minerals with water and dissolved ions (hydrolysis, oxi-
dation, hydration and dissolution) (Fig. 2.4). The secondary minerals
which form are clays, and consist of crystalline aluminosilicates, other
crystalline minerals and various free oxides, such as precipitates of the
soluble crystals of monosilicic acid (H,SiO,). These minerals have crys-
talline or amorphous forms with chemical and physical properties dif-
ferent from those of the parent primary minerals. Clays have negatively
charged sites with hydroxyl ions or oxygen and will adsorb cations such
as K*, Mg?*, Ca?*, Fe** and AI’* in their hydrated forms. The charge
of some clays depends on the pH of the soil solution. In tropical soils
and those derived from volcanic rock, the charges of clays are more
variable. The hydrated cations that adhere on to the surface of clay
particles are strongly held, especially if the clay anion charges are high.
The hydrated cations further from the clay surface are held less
strongly. Thus the former are not available to the soil water solution,
but the more weakly held cations are exchangeable with soil water.
Only the exchangeable cations which can be released to the soil water
are available to soil organisms. This difference between firmly held and
exchangeable cations on clay surfaces is described by the Gouy-Stern
or Gouy-Chapman double layer model. The quantity of exchangeable
cations held by clays is important to determine what proportion are
available to living organisms. Clays also interact with the nucleic acids,
amino acids, glycoproteins and polysaccharides from the litter
(Cheshire et al., 2000).

Ferromagnesian series

Olivine = Pyroxene sy Amphibole s Biotite mica

(Fe, Mg)2Si4016 (Ca, Mg, Fe)Si4012 (Ca, Mg)S|4O11 (K, Fe, Mg)S|401O

Ca-Feldspar s Na-Feldspar s K-Feldspar s Muscovite mica

CaAl,SiyOg NaAISi;Og KAISi;Og (K, Al)Si4O4¢
Felsic series
Quartz

Fig. 2.4. Weathering sequence of two classes of silicate clay minerals.
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The types of clay minerals and their proportions impart the soil
with many of its chemical properties and impact the biological habitat.
One reason is their very high surface area due to their small size.
Thus, even when clays are not a major component of the soil type,
they provide a large surface area for binding organic molecules and
ions, and affect soil chemical properties. Carbonate salts are important
soil components in some areas. These mineral deposits often have a
biological origin. They were produced by protists (such as prymnesio-
phytes and foraminifers) as protective covering for the cells or for
skeletal support. These deposits form the chalky soils and affect soil
chemistry and decomposition rates. In arid and semi-arid areas,
CaCOy can deposit as a surface crust. In wet soil, they are in equilib-
rium as follows:

CaCOyy = Ca(HCOy)y(,, = H2CO,, = COy, = €Oy

The Ca(HCO,), form is lime and it is a buffer used to maintain soil
at a neutral pH (6.5-7.5). When soil CO, levels are high, for instance in
some water-saturated fields or deeper in the soil, the pH can be a little
more acidic as more CO,(g) dissolves.

Ped structure

The overall architecture of the ped determines the amount of space
occupied by air and water spaces, and that filled by organic detritus
and mineral particles. The spaces that can be occupied by air and water
are called the soil pore space. Soil texture and structure affect the
amount of pore spaces in the soil and the size of pores. Tortuosity of
soil pores refers to the semi-continuous network, or reticulum, of these
spaces. Soil organisms live inside the pore space reticulum and on the
particles. The pedosphere refers to this habitat in the peds. However,
not all pore spaces are large enough to hold living organisms. At any
one time, a substantial fraction of the spaces are not accessible to aera-
tion, nutrient flow or entry by living organisms. The habitable pore
space refers to the fraction of pore spaces that is accessible to soil
organisms (Fig. 2.4). It is possible to estimate the volume of some of
these spaces.

If soil only consisted of solid material, it would have the density of
its solid constituents. However, because it consists of solids and pore
spaces, the weight of a volume of soil is much less than the density of
the solid matrix alone. The bulk density is an estimate of how tightly
packed the soil structure is. It is the dried weight of a known volume of
soil expressed in g/cm®, or megagrams/m® (Mg/m?). Bulk soil density
(Sp) is obtained as Sp = W, /V ., where W, is the weight of soil
dried to constant weight at 105°C and Vet 18 the bulk volume of the
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sample before drying. The lower the bulk density, the more loosely
packed the soil is, and the more pore spaces there are. The bulk vol-
ume is an estimate of total volume of soil solid and pore spaces. This
gives no indication of the mean size distribution of pore spaces, just an
indication of how compact the soil is. Porosity is the ratio of pore space
to bulk volume. In general, soil bulk density ranges between 0.9 and
1.7 g/cm® with corresponding air porosity of 35-5%. The particle den-
sity (Pp) is the mass of a volume of soil excluding the pore spaces, i.e.
the mass of only the solid matrix. The difference between the bulk den-
sity and particle density is an estimate of the percentage pore space (4)
in the soil: A = (Pp — Sp)/Pp X 100 . An average value of particle den-
sity is 2.65 g/cm?®, with a usual range of 2.5-2.8 g/cm®.

Soil pore spaces are occupied by air and water. The more moisture
in the soil, the more space is occupied by water (Fig. 2.5). The air
space volume can be obtained from the change in volume of a water
column. When a known volume of soil is added to a known volume of
water, the change in volume is the amount of water displaced by the
soil solids. This difference is the sum of the soil solid particles (mineral
and organic) as well as its water content. The more wet a soil, the less
air volume in the pore space. Thus, dry soils which have more air
spaces cause less volume change. By obtaining a series of measure-
ments at different moisture contents, one can estimate the fraction of
pore space occupied by air and water. When all pore spaces are filled
with water, no air spaces remain and the soil is water saturated.
Therefore, water saturation interferes with gas exchange between soil
and the atmosphere. Air porosity depends on soil water content as
well as soil structure. The presence of macroinvertebrates (such as
earthworms) and burrowing small mammals can greatly affect soil
porosity to air and the quality of soil air, by creating large gas
exchange spaces.

A B C

Fig. 2.5. Soil pore spaces. Water moisture content of soil during drainage. (A) Soil
pore spaces flooded with gravimetric water after heavy rain; air bubbles remain. (B)
Most gravimetric water has drained, with air pockets reforming; capillary water
remains. (C) Drying soil, with some capillary water remaining and mostly air spaces;
relative humidity will decrease and soil temperature will be closer to air temperature.
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Soil Air

This is the gaseous phase within pore spaces. Its composition depends
on above-ground conditions as well as soil conditions. The outside
humidity and temperature affect soil moisture content and air space vol-
ume. Soil biological activity affects how much oxygen and nitrogen is
consumed and how much carbon dioxide and other gases are produced.
Aeration of the soil is the gas exchange between atmospheric air and soil
air (Fig. 2.1). Aeration helps to eliminate respiration gases and returns
oxygen to maintain an aerobic environment. The biological oxygen
demand of soil is the amount of oxygen consumed by living organisms
over time in a known amount of soil. Similarly, one can estimate the bio-
logical demand for any chemical and nutrient under specified condi-
tions. It is a measure of the extent of biological activity and of demand
for a nutrient or chemical under specified standard conditions. With
depth, as aeration becomes limited, oxygen decreases in concentration,
and at greater depths it is absent. Thus, aerobic respiration is no longer
possible and other molecules are used as electron acceptors in cellular
respiration (see Chapter 1). Therefore, species composition varies with
aeration and oxygen availability.

The atmosphere consists of about 78.1% nitrogen (N,), 20.9% oxygen
(Oy), 0.92% argon (Ar), with a small amount of carbon dioxide (0.033%
CO,) and trace quantities of other gases (0.003%). In the soil, the concen-
tration of oxygen is slightly less because of demand by living organisms,
and concentrations of CO, are slightly higher because of biological respi-
ration. The soil CO, level in active soil reaches 0.15% at 15 cm, but can
reach 5% and affect the pedosphere chemistry. Carbon dioxide is more
soluble than other principal gases in the air. It dissolves in water and
forms H* and HCOj which is a weak acid and thus increases the acidity.
However, it also functlons as a buffer and can help to stabilize the soil pH,
especially in the presence of charged organic matter. Other gases are pre-
sent in the pore spaces, in the air or dissolved in soil water. These also
accumulate mostly from digestion and respiration and consist primarily of
ammonia, carbon monoxide, hydrogen, sulphurous gases and oxides of
nitrogen. Organic gases can also be present in trace amounts, such as
ethane or volatile derivatives from decomposition and degradation of
organic matter. It is unclear to what extent abiotic reactions contribute to
mineralization in natural soils. Different gases have different solubilities in
water. The more soluble gases can be retained in soil water, whereas the
insoluble ones can be flushed out or retained as gas bubbles, by increased
water in pore spaces. Thus the solubility constant of a gas in water, and
the solutes in soil water affect how fast gas exchange will occur. The rate of
diffusion of gases into and out of the soil air spaces also depends on tex-
ture and structure, which change porosity and vary with depth. The over-
all aeration of soils is important to pedosphere health.
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With depth, as aeration becomes slower and soil air composition dif-
fers from that of the atmosphere, aerobic respiration becomes impossi-
ble periodically, and at greater depth it is never possible. With depth,
more organisms are anaerobic or facultative anaerobes. Some species
are even intolerant to oxygen, which is a very reactive oxidant. Although
some protists are tolerant to very low oxygen levels for extended peri-
ods, and others are anaerobic, the most important soil anaerobes are
considered to be amongst the bacteria. This may or may not be true, as
no one has measured the contribution of anaerobic and anaerotolerant
protozoa and fungi to soil nutrient transfer and in decomposition. The
yeasts can be important due to their abundance in deeper or anaerobic
soil. These have not been studied.

One way to estimate the soil oxygen content is to measure the non-
equilibrium electrical potential against a platinum electrode, or redox
potential (E_). Between 450 and 800 mV, oxidative aerobic reactions are
possible; at 450-0 mV, oxygen availability is limiting to some species. For
example, at these levels, nitrification reactions are no longer possible
because the bacteria responsible require more oxygen. Overall decompo-
sition is slow, and iron oxides are reduced if the soil pH is acidic. From 0
to —300 mV, the pedosphere is anaerobic, no longer oxidative but a
reducing milieu; iron oxides are reduced even at neutral pH. Redox
measurements are more important in anaerobic soils and in submerged
soils of wetlands or riparian zones in predicting biological activity.

The concentration of gases in soil air is determined with specially
devised thin, cylindrical gas/vapour probes inserted at required depths.
Air samples are drawn out into gas pouches for laboratory analysis. To
monitor gas fluxes at the surface, permanent or portable chambers can
be installed tightly on the surface, against a collar. There are two types
of measurements possible. One is to allow gases to accumulate for a spe-
cific time, then to remove a gas sample for laboratory analysis with a gas
chromatograph. This is a non-steady-state sample, usually obtained
from static vented chambers. A steady-state measurement can be obtained
by maintaining a continuous air flow through the chamber. Some
portable devices include an infrared gas absorption (IRGA) detector for
CO,. The usefulness of any of these instruments depends on accurate
calibration of the protocol against known quantities of gas standards.

Water Content

Cells need to be in water in order to function. Water is a liquid medium
for cells to remain hydrated, and for nutrients to dissolve in. The bio-
logical activity of soil depends on aeration as well as adequate water in
pore spaces. The source of water is from snow melt, rain and dew,
which depend on temperature fluctuations and air humidity. In some
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locations, subterranean lakes or streams also contribute significantly to
soil moisture. Most soils are hygroscopic and will absorb water vapour
from the air.

Water is held on to organic matter, cell membranes and minerals by
hygroscopic forces. These consist of hydrogen bonds, van der Waals
forces, ion hydration spheres, molecular dipole forces and osmotic
potential. Part of the water is bound chemically to soil particles. It is
referred to as adsorbed water, having very strong negative potential, i.e.
it is not naturally lost from soil and is held strongly. It is captured from
air space humidity or retained by soil organic matter (SOM) and soil min-
eral matter. It provides a thin film 0.2 pm thick which covers all particle
surfaces. Film water is not available to roots and cells because it is too
strongly held, but it guarantees a wet and humid layer for living cells in
the soil. It is retained even in most arid soils. Capillary water is drawn
into pore spaces by hygroscopic forces, but is held less strongly. It is
retained even in dry conditions, especially in smaller pore spaces
<10 pm diameter. It is the main source of humidity in air spaces, so that
pore space humidity is rarely below 98%. Gravitational water is free to
drain through soil under the influence of gravitational pull. Vertical and
lateral displacement of gravitational water occurs between 0.01 and —0.03
MPa soil water tension, and contributes to replenishing underground
and above-ground water reserves. It is an important factor in loss of
nutrients to leaching and erosion of the soil profile. Water pressure dif-
ferences exist due to relative changes in elevation and atmospheric air
pressure. These are exerted on the gravitational water. Total gravita-
tional and capillary water content (% W) is measured as the percentage of
weight loss due to oven drying to constant weight at 105°C. The percent-
age water content is obtained from the weight loss. It is expressed as (S
- S)/S4 X 100, where S is the weight of the soil sample before drying;
and S is the weight of oven-dried soil. Soil water potential is the sum of
gravitational, matric (capillary and adsorbed water) and osmotic poten-
tials. The force required to remove water from soil can be used to esti-
mate how much water is available to living organisms. The soil water
potential is affected by SOM content, but also soil texture and structure.
The amount of water removed over a range of pressure differentials, by
creating suction, is used to measure how strongly water is held by the
soil. Alternatively, faster analysis is carried out with a dewpoint poten-
tiometer (Decagon, Pullman, Washington, USA). Graphs of soil water
content against the soil matric potential (i.e. the force applied in N/m?)
are called ‘soil water characteristic curves’. The shape and position of
curves vary with soil texture and provide a measure of how difficult it is
for the remaining water to be removed by living organisms (Fig. 2.6).

The osmotic potential of soil water indicates how easily dissolved
nutrients can be removed by cells. It is the amount of pressure that
needs to be applied to a solution of known molarity to raise the partial
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Fig. 2.6. Soil water release curves. Matric potential curves for three arbitrary types
of soil. As the suction increases (the matric potential in kPa), the amount of water
remaining in the soil decreases. At low suction, silty and sandy soils retain less
water than clay soils. Clay soils in general require more suction (higher matric
potential of clay soil) to remove the soil water.

pressure of water vapour above the solution to that of pure water. The
matric potential can be measured experimentally from water pressure
changes between a soil solution and pure water. The less water, the more
tightly the remaining water is held by charged ions and organic matter.
In very dry soils, the remaining water is no longer available to cells,
including plant root cells, once the water tension is too great. For dilute
solutions, the osmotic pressure can be calculated as s, = RTC, where s,
is the osmotic pressure in kilopascals (kPa), R is the gas constant (8.31 X
1073 kPa m%/mol K), T is the absolute temperature in Kelvins (K) and C
is the molarity in mol/m?.

One can calculate threshold osmotic potentials for each species. It is
the potential above which that species (be it plant root, hyphae, protozoa
or bacteria) is no longer able to acquire water from its environment. This
value varies between species, and generalization are not possible (Harris,
1981). Certain species are better adapted for moist conditions, while others
are only active in low soil moisture conditions. A consequence of changes in
soil water content is to affect the rate of diffusion of solutes and gases.
Diffusion is the movement of solutes (or particles in general) along a con-
centration gradient, from high to low. When there is sufficient capillary
and gravimetric water, solutes can diffuse along concentration gradients.
Diftusion of dissolved organic matter through the soil solution and its flow
with gravitational water distributes nutrients through the pedosphere.
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Natural loss of water

Loss of water from soil is due to evaporation into the air, and draining
through the soil. Gravitational water near the surface and capillary
water contribute to evaporation. A significant portion of soil capillary
and gravitational water is removed by plant roots. Evapo-transpiration
is the total quantity of soil water lost by evaporation to the atmosphere
and plant transpiration over a time period. It is expressed in grams of
water lost per unit area per unit time. Some gravitational water will
also drain into terrestrial and subterranean streams and lakes.
Leaching is the loss of soil soluble matter with gravitational water
drainage. When large volumes of rain are drained, certain physical
aspects of water displacement strongly alter the ecology of an area.
Hydrodynamic dispersion is the change in solute concentration
caused by such a flow of water. As gravitational water flows, it removes
soluble molecules and particles along pore space surfaces. Mass flow of
nutrients or organisms can occur with a net directional movement of
water. Darcy’s law, the rate of viscous flow of water in isotropic porous
media (such as soil), is proportional to, and in the direction of the
hydraulic gradient, i.e. in the direction of water flow. It is stated as I =
(H, + H )/H_ X area X K; where F is the flow rate in ml/s, H and H
are the height in cm of the soil and water column, area is the surface
area of the column in cm?, and K is the rate of water delivery to the
column in cm/s. Flux density is the rate of transport or movement of
something perpendicular to a unit area. It can be used to calculate the
amount of water, solutes or cells being moved by the flow of gravita-
tional water, and is expressed as g/s/m? or cells h/m?. One consequence
of mass flow is the deposition of clays and silt from one area to
another, and contributes to soil erosion. It is also a factor in leaching
soil nutrients and dispersing soil organisms. Figure 2.7 represents
drainage patterns for two hypothetical soils, one with higher sand con-
tent and rapid drainage, the other with more compacted pore struc-
ture and poorer drainage.

Higher temperatures and lower air humidity both increase the rate
of evapo-transpiration. Upon desiccation, the osmotic pressure of soil
water increases and it becomes unavailable to cells for growth and nutri-
ent uptake. However, cells can remain in a wet film protected from des-
iccation, especially in the smaller pore spaces <15 um diameter. Most
soils are able to retain sufficient capillary and film water. One way to
measure soil water retention is to compare air-dried soil with oven-dried
soil. Air-dry soil is in equilibrium with air humidity at a given tempera-
ture and pressure, and retains film water and some capillary water.
Once oven dried to constant weight, by evaporating water in a dry oven
at 105°C, only adsorbed water is retained. This is the value normally
used to express the amount of soil (soil dry weight) in a sample.
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Fig. 2.7. Soil drainage over time with depth for two hypothetical soil types. (A)
Well-drained soil high in sand content, such as a sandy loam. (B) Soil with higher
silty—clay content and slower infiltration, especially at about 60 cm depth. Lines
represent 3-day intervals.

Different methods and instruments exist to obtain estimates of soil
water and soil solution content. The correct procedure depends on the
amount and type of soil to be analysed and whether field values or labo-
ratory values are required. Sources of information for choosing the ade-
quate protocol are provided in Methods of Soil Analysis, Handbook of Soil
Science and Standard Soil Methods for Long Term Ecological Research, refer-
enced at the end of this chapter. Field instrumentation to gather data
about processes at the scale of an ecosystem or watershed can be inade-
quate to provide data on smaller study sites. Small plots may need to be
measured individually due to microclimate variations in rainfall or tem-
perature.

Electronic devices are commercially available to measure soil water
content directly, by time domain reflectometry (TDR). The apparatus
uses microwave frequencies to obtain a measure of the apparent dielec-
tric constant of the surrounding soil (see review in Noborio, 2001).
These are available as portable probes for spot measurements or perma-
nent probes for long-term continuous data acquisition. The measured
values need to be calibrated, in situ and in the laboratory, against soils
with known water content. The method is relatively insensitive to min-
eral soil composition, but is affected by SOM content and can be affected
by some clays. Measurements of soil water potential are made with ten-
siometers in wet soil (0 to —0.48 MPa) and with resistance blocks in drier
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soils (=0.01 to -3.0 MPa). Tensiometers are water-filled tubes with a
porous ceramic cup at one end. The top end of the tube is sealed with a
vacuum valve, used to create a negative pressure (or tension) in the
water tube. The tensiometer is equilibrated against water to zero ten-
sion. The porous cup is inserted at the required depth in the soil. The
soil draws water out of the cylinder, creating a negative tension which is
read from the instrument. The device only functions if there is a contin-
uous water contact from the tube to the soil. If soil dries too much, the
device will empty and it will have to be reset. In drier conditions, resis-
tant block devices are used. These consist of a gypsum or fibreglass
block buried at the required depth. The block is connected to a record-
ing device on the surface by wires. The device measures electrical con-
ductance and is therefore sensitive to changes in salinity and will not
function in some soils with high salt content.

Soil temperature

Energy loss from the sun is the principal source of heat into the atmos-
phere and on to the planet surface. Much of the radiation is reflected off
the surface of the planet and contributes to atmospheric temperature.
Some radiates slowly into the soil and into the planet. It is estimated that
100 years are required for energy on the surface to reach a depth of
150 m, and 1000 years to reach 500 m (Huang et al., 2000). Locally, two
physical parameters determine temperature changes in the top soil. One
is the organic matter content and litter covering of the soil surface which
shields it from direct heat. The other is the soil water content which
absorbs a large portion of the radiant energy. Both organic matter and
water are efficient buffers against large changes in surface temperature.
Water has a relatively high specific heat capacity so that, above 15-20%
water content, water is more significant in slowing the rate of heat trans-
fer. Soil minerals and air have low conductivity compared with water
and, thus, at lower water content, thermal conductivity increases with
water moisture. This complicated relationship is expressed as: K = D X
C,, where K is the thermal conductivity; D is the thermal diffusivity con-
stant, and C_ is the volumetric heat capacity. Both D and C need to be
calculated separately for the soil. C_ is obtained from measurements of
the density of dry soil (p), the specific heat of dry soil (¢,) and the spe-
cific heat of water (c), as follows: C_ = p (¢, + ¢,).

Field temperature readings are obtained by inserting a hand-held
thermocouple thermometer probe to known depths. It is best to obtain a read-
ing just below the surface (2 cm) and at least one more at a greater
depth (12 cm). This provides an estimate of the temperature gradient at
the time of sampling. The gradient will change with solar exposure at
dawn and dusk, or when sunlight first appears or disappears from the
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site. It is best to avoid these times when making temperature measure-
ments. Permanent probes (data loggers) can be buried at the required
depths, and programmed to make a measurement at specified times
regularly. These are retrieved to download the data to a computer.

Soil Organic Matter

The SOM and soil mineral component together provide the structural
matrix and the chemical environment for living organisms in the soil.
The source of organic matter in the soil is litter. Litter is broadly defined
as all that was recently living. This includes fallen leaves, woody debris
and fallen bark, dead roots, cadavers, animal dung, insect frass and cuti-
cles. It also includes secretions and excretions from living organisms,
such as root exudates. The decay of fresh litter accumulates on the sur-
face and within the soil, as SOM. Fresh litter and the more decayed
organic matter are sources of food for many species. They support the
trophic interactions between interstitial species. The process of litter
chemical decay caused by these trophic interactions is called decomposi-
tion. This is in contrast to the chemical degradation of litter and SOM
not caused by living organisms. Degradation is caused by chemical reac-
tions between SOM molecules, and of SOM with clays, that lead to new
molecular forms and to the aggregation of molecules into colloids and
polymers. Thus degradation is caused by abiontic reactions.

Mechanical fragmentation of litter and its chemical digestion con-
tribute to its breaking and shredding into smaller more amorphous par-
ticles. Macrodetritus refers to fragments visible by eye, and
microdetritus refers to the microscopic size fractions. (Other terms have
been proposed in the literature. Terms similar to macrodetritus include
‘light fraction’, ‘particulate organic matter’, ‘macro-organic matter’,
‘coarse organic matter’ and ‘organic matter in macro-aggregates’. Terms
similar to microdetritus, when not included in the above terms, include
‘fine organic matter’, ‘micro-organic matter’ and ‘fine particulate organic
matter’. As none of these refer to a consistent degree of decomposition
or chemical composition, but to size or density, the pedantic debates are
unnecessary.) With time, fresh litter is broken up into a range of increas-
ingly small fragment sizes, down to microscopic debris and organic col-
loids and flocculants, as it is decomposed and degraded. A fraction of
the SOM accumulates because it is difficult to digest or it is indigestible.
This SOM can be referred to as humus. It is usually defined as all SOM
exclusive of living biomass, litter and macrodetritus, i.e. the smaller and
more decayed fractions of SOM.

Fractionation of SOM can provide an idea of its quality as food for
decomposition. Size fractions are defined by how large the litter parti-
cles are, or by how quickly they sediment in a standard heavy liquid of
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known density (such as sucrose, sodium polytungstate or sodium
iodide). The latter is called density fractionation and is very useful in
estimating the amount of labile litter in the soil. It is based on differ-
ences between the density of the minerals (more dense) and the organic
matter (least dense). The more biologically accessible fraction (for
decomposition) is the light fraction. The light fraction is that which
floats on top of the liquid and consists mainly of fine litter fragments,
macrodetritus and microdetritus, that are decomposed to varying
degrees. The intermediate fraction consists of organic matter covering
and attached to minerals. This SOM is more decayed than the light frac-
tion and is mostly humus. The heavy fraction consists of mineral parti-
cles, with little or no SOM attached. In these assays, the light fraction is
usually <1.6-2.0 g/cm®. The organic matter in the light fraction is the
most labile because it is eaten and digested continuously by living
organisms. The SOM associated with the intermediate fraction is less
digestible, and thus more recalcitrant.

A chemically heterogeneous and poorly defined group of SOM is
known as humic acids, fulvic acids and humin. These are obtained by
chemical extraction from the soil and defined as follows: humic acids are
msoluble in acid, extracted with base; fulvic acids are acid soluble and
extracted with base; and humin is insoluble in base (Orlov, 1999;
Harper et al., 2000). Base extracts (NaOH) can be partitioned further
into aromatic ‘humic’ and non-humic (mostly polysaccharide) fractions
with polyvinylpolypyrrolidone (PVPP), which is used frequently to dis-
rupt hydrogen-bonded complexes (such as tannin—protein complexes).
There is a debate on the significance of these extracts, because it is
unclear to what extent they are by-products of chemical reactions of
SOM with the strong acids and bases used to obtain them (see
Stevenson, 1994). From an organic chemistry perspective, the extraction
conditions provide conditions for polyphenol condensations or Maillard
reaction artefacts, and the hydrolysis (saponification) of the more labile
bonds of glycosidic or fatty acid esters. (A less frequently used extractant
is sodium pyrophosphate, which solubilizes humic SOM by chelating
polyvalent cations (Al, Ca, Fe and Mg) that link otherwise soluble humic
constituents into an organo-mineral complex.) Furthermore, chemical
extractions of soils do not discriminate between living organisms and
SOM. The soil living organisms are lysed and homogenized with the
particulate organic matter and SOM in these procedures. Then the
homogenate is chemically modified with extracting solutions, so that
organic molecules in the soil are no longer all the same as those in the
final extracts. These traditional methods are no longer recommended in
ecology. Instead, and especially for ecology, the most useful method of
analysing SOM composition is the ‘cold water wash’ extraction. This
provides an unmodified extract of the most soluble and extractable frac-
tion, which is biologically available as nutrient.
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One important source of organic matter in the soil is released from
soil living organisms as secretions. The sources of these secretions are
numerous. They include bacterial cell wall components, protective (or
defensive) mucopolysaccharides from protists, mucus from earthworms
and secretions from root cap border cells. The plant root cell secretions
are called root exudates (Hawes et al., 1998). These consist of various
sugars, amino acids, peptides and defensive molecules. The purpose of
root tip exudates is to bait potentially infective organisms, or consumers
of root cells, away from the growing root tip. Root exudates are respon-
sible for the coagulation of peds along the root. The region adjacent to
roots is thus greatly affected by the plant secretions as exudates. This
thin layer of soil along the roots is called the rhizosphere, and is sup-
posed to harbour an environment slightly different from the surround-
ing bulk soil.

Soil horizons

The soil profile indicates the changes in ped structure and chemical
composition with depth. With depth, there are changes in physical,
chemical and biological properties. These changes are caused by several
factors. One most noticeable change in the top soil is the amount of lit-
ter, its particle size and the extent of litter decomposition. The upper-
most layer consists of least decomposed litter, which has fallen to earth
more recently. With depth, the litter is increasingly decomposed,
degraded and smaller in size. Also with depth, the amount of total
organic matter, of root colonization and the extent of fungal hyphae net-
work change. The effect of organic coagulants from SOM, from exu-
dates and from other soil organisms is to increase the natural clumping
size of peds. Growth of fine roots, fungal hyphae and Actinobacteria fila-
ments through peds forms a meshwork which further holds peds
together. Thus the soil layer most active with organisms and labile litter
can have large ped sizes. Therefore, with increasing depth, soils display
a gradation of chemical content and physical structure. Together with
changes in the amount of water retained, soil air composition, soil water
acidity and redox potential, these gradients along the soil depth profiles
(over several centimetres) strongly affect species composition. The thick-
ness of each layer along the profile varies for each field, forest or region,
depending on biogeography and the ecosystem. Some of the soil charac-
teristics that can be seen in the profile are shown in Figs 2.8 and 2.9.
These gradients cause changes in the structure, texture and colour of
the soil along the profile. Soil scientists have devised a terminology to
describe the soil profile layers, based on appearance and composition.
The layers along the profile are called horizons (Table 2.1). There are
three main horizons, the top organic horizon (A); followed by the inter-
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Fig. 2.8. Soil profile and horizons illustrating organic matter distribution in
arbitrary soils. (A) Temperate forest site with fresh litter deposit, partly decomposed
litter continuing into a densely meshed hyphal net, with organic accumulation
below. (B) Forest site with mostly decomposed litter, with a thin mat of hyphal net
structures, above the humic layers. (C) An agricultural field with no litter
accumulation, but with some humic organic matter. (D) An agricultural field under
conservation practice, showing some surface litter, with a hyphal mesh structuring a
decomposed litter layer and build-up of organic matter below it.

o1 L Loose, poorly decomposed surface litter
F More decomposed and fragmented litter
02 H More decomposed and humified litter
Ad Dark organic matter, mixed with some mineral soil
A2 Lighter coloured, prominent where eluviation is strong
A3 Transitional to B

B1 More like B than A

B2

Fig. 2.9. Alternative designation for top soil organic layers. Not all horizons may be
present in a profile. The O and AT horizons contain most of the biological species,
plus the rhizosphere, which is not included in these representations.
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Table 2.1. International designation of the main soil horizons, with selected subhorizons.

Code Description

A Surface horizon with organic matter, often impoverished
(B)  More weathered than C, different structure from that of the surface horizon
B Below A when present, enriched in fine or amorphous elements: clay, iron and

aluminium oxides; may contain humus

C Parent material from which A, B and (B) are formed

H Peat organic horizon

G Rich in ferrous iron, greenish-grey with rust-coloured mottles, within or at the upper
limit of ground water

R Underlying hard rock

Subdivisions (examples)

A Litter layer with indentifiable cellular tissues

Aq Cellular tissues modified or destroyed, often >30% organic matter

Ah Mixture of organic matter (<30%) and mineral soil

Ap Ploughed, homogeneous humic organic matter, with clear lower boundary
Ae Poor in organic matter, light colour, leached of clay and sesquioxides

A/B  Transitional layer between A/B, with gradient towards B

Bh Humus-enriched B horizon

mediate B horizon, which contains much less labile organic matter and
less biological activity; and the bottom C horizon which consists mostly
of parent mineral particles, with virtually no biological life and the most
recalcitrant SOM, if any. Each horizon is subdivided into subhorizons to
reflect better the composition and layering. For ecologists, the A horizon
subdivisions are the main compartments of biological activity, with little
in the deeper B horizon. For a complete review of terminology and
methodology in describing soil profiles and horizons, one should refer
to the Soil Survey Manual (Soil Survey Staff, 1988).

Soil nutrient composition

Litter from above-ground and below-ground is the source of nutrients to
soil organisms. A certain amount of minerals is also contributed from the
weathering of clays. The nutrient composition of SOM reflects that of cells
of the living organisms from which it came. Cells lyse soon after death of
the organism or tissue. When a cell wall is present, the lysate is not released
into the soil immediately. Digestion of the wall by extracellular enzymes
secreted from some bacteria or protists is necessary to release the nutrients.
Alternatively, the litter is fragmented and digested internally. These and
soil trophic interactions will be dealt with in Chapter 4. However, it is
worth remembering that the proteins, lipids, nucleic acids, polysaccharides
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and derivatives of these macromolecules are the initial source of SOM.
Some protective or defensive macromolecules in living cells are digestible
only by specialized species. These include sporopollenin of plant pollen;
chitin of invertebrate exoskeleton, fungal cell wall and some protozoan
cysts and tests; lignin, tannins and cellulosic polymers of plant cell walls; as
well as cutin and suberin which waterproof plant cell walls.

As litter is fragmented and digested, it releases nutrients which are
used for growth and reproduction of interstitial species. In turn, these
species are consumed by their predators. The successive rounds of litter
digestion and excretion and predation in the soil are responsible for
decomposition. The fragments are eaten by organisms that ingest differ-
ent particle sizes. Some of the ingested matter is excreted and becomes
food for other species. In turn, these species are prey for predators and
grazers which digest part of the food vacuoles and excrete the remains.
The microscopic digested and excreted organic matter forms the amor-
phous SOM or humus.

The top organic horizons provide most of the labile nutrients. With
depth, the organic matter becomes more recalcitrant as the more labile
nutrients are removed and less soluble, less nutritious molecules remain.
The labile SOM consists of molecules readily removed from the soil by
living organisms and readily soluble molecules. These have a short half-
life in soils as they are removed easily by living cells, but consequently
they have a higher turnover rate. This pool is reduced over several
years when soil is used for agriculture. As much as half the labile organic
matter, or the light fraction, is used in the first year of growing a crop
on a field. Therefore, it is essential that nutrients be replenished regu-
larly with plant debris, manure, compost or chemical fertilizers.

Nutrients released from litter provide the essential chemicals
required for growth and division of cells in the soil. These nutrients
include species-specific vitamins, dissolved organic matter and mineral
elements (Table 2.2). As SOM is decomposed, the amount of non-carbon
atoms (especially nitrogen) decreases. They are accumulated in living
organisms and released as soluble molecules and ions. The abundance
of essential elements is critical to sustain cell growth. Liebig’s law of the
minimum states that the growth of a cell, or an organism, is limited by
the ‘most limiting nutrient’, i.e. the required chemical which is least
abundant. Therefore, in deeper soil horizons where the litter is most
decomposed, the SOM may not support cell growth because one or
more essential chemical is limiting, even in the presence of suitable car-
bon sources. The abundance of various nutrients or elements can be
expressed in moles per soil dry weight, or in ug/g dry soil (Tyler and
Olsson, 2001). They can also be expressed as ratios of total organic car-
bon to particular atoms, ions or molecules, such as nitrogen, sulphur or
phosphate content of soils. The ratios (e.g. the C:N ratio) can be used as
an index of SOM quality or extent of its decomposition. A useful illus-
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Table 2.2. Typical concentration of selected ions and compounds in soil solutions. These
values change with depth and with soil types.

Category Molarity (107>-10"%) Molarity (1074~1075) Molarity (<1075)
Cations Ca®*, Mg?*, Na™, Kt Fe2*, Mn2*, Zn?*, Cu?*, Cr3', Ni2*, Cd2", Pb?*
NH,*, A"

Anions HCO3~,CI~, SO2%- H,PO,, F~, HS™ CrO2-, HMoO,
No charge Si(OH), B(OH),

Natural organic Amino acids and Carbohydrates,

molecules in  peptides, simple proteins, phenolic

organic horizon sugars, nucleic
acids, carboxylic
acids

Only if accidental
spillage (many
organic compounds)

Pollutants

molecules, alcohols,
sulphydryls

Herbicides, fungicides,
pesticides, PCB,
solvents, detergents,
petroleum products

Data compiled from various sources.

tration of these soil properties is to plot the main variables on a multi-
axis graph (Fig. 2.10). Such graphs are useful visual aids when compar-
ing several soils together (Alvim and Cabala, 1974; Alvim, 1978).

Cations (mM)

Al (% sat)

pH —1 | |

Anions (mM)

Organic matter (%)

Fig. 2.10. Graphic for representation of the chemical properties of the soil and soil
solution (see Alvim and Cabala, 1974; Alvim, 1978).
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Charged molecules and ions released from litter are often held
tightly in the SOM as chelates (i.e. a strong chemical bond forms
between an organic ‘ligand” molecule and the inorganic ‘prosthetic’
group). Unlike cations which can bind to clays irreversibly, those bound
to organic molecules are still accessible as nutrient. That is because the
organic molecules can be ingested and digested to release the nutrients.
This is important because organic molecules hold far more chemical
charges per mass than clays, to bind ions. Some ions are held reversibly
by dipole interactions with organic molecules. One effect of charged
organic molecules reversibly binding ions is to contribute to the soil
buffering capacity. Soils with higher organic matter content are more
resistant to small changes in pH. Adhesion or accumulation of molecules,
atoms or ions on soil particle surfaces (to organic matter, clays and water),
by chemical or physical forces, is called adsorption. Desorption into soil
water depends on the solubility of molecules, as determined by their sol-
ubility constant K, or K_ for sparingly soluble substances. The intake of
soluble nutrients into cells is called absorption. Once nutrients are inside
cells, they are no longer part of the SOM and are said to be immobilized.
Thus, the ratio of immobilized nutrients in the biomass to that in the
SOM and soil water is an indication of nutrient distribution in the soil. A
more useful assay is the rate of biomineralization (transfer of SOM
through cells) which reflects how active the biological community is.

The composition of soil solution can be obtained from commercial
lysimeters. A discussion of differences in solution chemistry is provided
by Lajtha et al. (1995, 1999), Marques et al. (1996) and Haines et al.
(1982). These studies do not discriminate between minerals present in
the soil moisture and those released from lysis of cells in the collected
solution. Ion exchange resins and membranes have been used to esti-
mate the amount of soil water available ions n situ. The buried resins
absorb soil available anions or cations which are then extracted in the
laboratory for quantitation. They are thought to mimic uptake of miner-
als by plant roots, and thus provide some quantitation of mineral avail-
ability over time. However, there is concern over interpretation of the
quantities as they do not always correlate well with other measures of
mineral availability (Lajtha, 1988; Giblin et al., 1994).

Other procedures involve analysis of the wash filtrate from a soil
sample, or ultracentrifugation of soil to separate the heavy mineral soil
from most of the water (see Lajtha et al., 1990). A modified technique
involves centrifugation of soil in a liquid immiscible with water and
denser than water, such as tetrachloroethylene (C,Cl,). During centrifu-
gation, the mineral soil sediments and water is displaced to the top by
the immiscible liquid. Losses of minerals and ions in the immiscible lig-
uid need to be accounted for. In all these techniques, living cells are
lysed into the soil solution. The contribution of lysed cells to the solution
must be subtracted from the data. This can only be done in a general
approximate way, by using mean values for cell composition.
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The composition of the soil solution is important to plant nutrition,
as it reflects the availability of nutrients and minerals to the roots
(Smethurst, 2000) and regulates the rate of primary production. There
is a triangular association between the role of the interstitial soil commu-
nity in decomposing the litter, the influence of mineral soil particles and
the overarching role of climate in controlling decomposition and the
interstitial species composition. These interactions have been the subject
of many reviews and discussions (Kalbitz et al., 2000; Qualls, 2000; Neff
and Asner, 2001).

Dynamics of Soil Physical Structure

So far, our description of the soil habitat summarized physical and
chemical parameters that interact with soil biology. Although it may be
obvious that soil temperature, water content, organic matter content
and quality change over time, it is less obvious that the physical struc-
ture itself is not static. Fluctuations in water content change the size of
pore spaces and displace peds. Flow of gravitational water, for instance
after a heavy rain, can carry clays, silt and fine sand, and alter pore sizes
and structure. Freeze-thaw cycles in cold weather also physically dis-
place peds. Thus the pore reticulum is continuously changing, simply by
physical forces. The interstitial living organisms also disturb peds and
mineral particles. The cilia of motile protists is strong enough to dis-
place small particles. The passage of larger species, such as nematodes
and microarthropods, creates tunnels (micropores) and contributes to
continually changing the reticulum and maintaining tortuosity. Larger
species obviously create even larger disturbances (macropores), for
instance the burrowing of an animal or elongation of large roots. In soils
that are biologically inactive, over time and with gravity, the fraction of
pore spaces decreases with compaction, and the bulk density increases.
The overall effect of the biological and physical disturbance causes a
mixing of the soil, which contributes to moving microdetritus and SOM
into deeper soil horizons, maintains the pore spaces, and increases
drainage and aeration.

Summary

The soil consists of an inorganic matrix and an organic component,
which together provide a habitat for soil organisms. The inorganic com-
ponent consists of primary minerals and secondary minerals (clays). The
chemical properties of clays are important in defining soil chemistry.
The organic matter consists of litter in varying stages of decomposition.
Its chemistry depends on that of the species from which it originates.
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The soil profile reflects changes in composition with depth, of both its
organic and inorganic components. The profile can be defined as a
series of horizons. Successive horizons differ in compaction (and poros-
ity), particle density, aeration and organic matter content. These
changes affect ped size, structure, chemistry and species composition.
The overall soil composition also affects water retention, temperature
changes and the composition of the soil solution. The reticulum of pores
is dynamic and continuously changing in composition under the influ-
ence of physical forces and biological action.
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The soil is a habitat for numerous organisms from diverse phyla, as we
have seen in Chapter 1. These organisms are distributed across the soil
profile, and affected by the soil physical and chemical properties, as
described in Chapter 2. They are not evenly distributed through the
soil, nor are they all active at the same time, as we shall see in Chapter 5.
There are many different microhabitats with depth and across the sur-
face, over a few millimetres to centimetres of distance, but also between
the pore spaces between particles over several micrometres. The aim of
soil collection is to sample a representative portion of the biological
diversity. To achieve this, one must sample a representative portion of
the microhabitats in the area under investigation. Once sampled, condi-
tions in the soil sample begin to change. Species may become inactive or
may be stimulated to grow after sampling. Therefore, one tries to differ-
entiate between active and inactive species at the time of sampling. In
this chapter, we discuss approaches for: (i) estimating the total number
of species in samples; (ii) extracting and enumerating active species at
the time of sampling; and (iii) obtaining enriched samples and cultures
for certain organisms. The chapter is not intended to be a description of
methods, but a discussion of common approaches. Useful practical
guides to methodology and laboratory procedures are provided at the
end of the chapter and referenced in the text.

Soil Collection

Soil can be collected with a variety of hand-held shovels, soil core sam-
plers and augers, spoons or spatulas. The preferred tool will depend on
the quantity of soil required and the type of soil being sampled. To pre-
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vent cross-contamination of samples with bacteria, protist cysts, spores
or active cells between samples, it is necessary to clean sampling tools
with a volatile alcohol which disrupts cell membranes (such as 5%
ethanol or 5% methanol). A small number of active cells is sufficient to
colonize an entire sample in 2 or 3 days, if cells disperse through the
sample or grow through several divisions. Therefore, adequate sam-
pling protocols require attention to clean field techniques. Soil augers
with an inner sleeve are commercially available and reduce the risk of
cross-contamination. The collected soil sample must also be protected
from crushing and desiccation. Once a soil sample is removed from
the field, it will undergo some mixing or crushing, aeration, desiccation
and temperature change. One should strive to minimize the changes
before samples are analysed. Several precautionary measures are neces-
sary. Excessive friction of soil particles will damage or kill protists,
including hyphae, and the microinvertebrates such as nematodes,
enchytraeids and microarthropods. A decrease in moisture content will
initiate encystment or inactivation of many species. Thus, soil samples
normally are placed in zip-lock plastic bags with care taken to avoid
crushing the soil. This permits some gas exchange with air in the bag
and reduces loss of moisture. A safer method, especially with protists, is
to use screw-cap plastic tubes that protect the sample from desiccation,
crushing and friction. Only a few centigrams of soil are required to
extract and enumerate for protists and bacteria, but up to 100 g may be
necessary for microarthropods. It is necessary to compromise between
spatial distribution heterogeneity and the number of samples to
analyse in the laboratory. For efficiency, it is best to obtain several small
samples that can be fully analysed rather than fewer larger samples. For
transport and temporary storage, soil samples are kept away from direct
heat or cold in a cooler, at about the soil temperature.

The distribution of organisms varies with depth through the litter,
organic horizon and B horizon, and along the surface. The diversities of
conditions and food types available over several micrometres to several
metres are called microhabitats. Surface soil microhabitats that influ-
ence species distribution can be found inside and under a fallen tree
trunk or coarse woody debris, in decomposing leaves, or animal debris
and carcasses. Litter organisms require sampling of coarse woody debris
(twigs, branches and bark), fallen leaves and other debris that may be
present. Falling fruit, nuts, catkins or pollen deposition can also impact
the litter and soil organisms. To determine species stratification with
depth, it is more important to preserve the profile. A soil corer, large
diameter cork borer or curved spatula are useful because the soil can be
subsampled or the profile collected intact. Alternatively, one can dig to
expose the profile before sampling at various depth intervals. With
depth, the quality of the organic nutrients decreases, soil bulk density or
compaction increases, and oxygen availability becomes limiting. These
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determine species composition. To preserve the anaerobic species, it is
necessary to fill the container completely with soil (without crushing)
and to use a tight lid. Alternatively, anaerobic cores can be sealed in
plastic, or commercially available sampling sleeves.

While in the field, it is important to remember the following points
before samples are collected: (i) whether the soil profile needs to be pre-
served or subsampled, or if mixed bulk soil will do; (ii) whether the micro-
habitats in the litter can be amalgamated or if they need to be kept
separate; (iii) how deep in the soil horizons one needs to sample; and (iv)
how many replicates per sample are required. Once the soil is collected,
the heterogeneity of the study site needs to have been sampled adequately
for the project. The number of samples collected needs to be manageable
in the laboratory, by the number of people and amount of time dedicated
to sample analysis. The idealized number of samples required statistically
can be impractical or simply superfluous once in the field. The correct
balance between site heterogeneity and number of samples must be
adjusted to what can be analysed (see below, this chapter). This may
require narrowing the scope of the project. It is more informative to have
fewer well-analysed samples than too many poorly studied samples.

Soil handling

The soil matrix contains decomposing litter and organic matter that are
a source of nutrients to species of bacteria, protists and invertebrate ani-
mals. The source of some of the litter is animal dung and corpses,
including those of mammals. Since animals carry internal and external
parasites, they can release them to the environment through excretions,
secretions and cadavers. Therefore, viral, bacterial, protist and inverte-
brate parasites of animals can be found in the soil, where some have
intermediate hosts or life cycle stages. To avoid infections, it is necessary
to avoid contact with potentially contaminated soil. Some species are not
normally parasitic to humans, but can still cause a mild infection.
However, non-parasitic soil species can become invasive and infectious,
under certain conditions. These are called opportunistic parasites. For
example, Acanthamoeba castellanii and similar species, which are common
soil amoebae, can proliferate in the eye and cause blindness. Similarly,
many species of soil bacteria are pathogenic, or can become pathogenic
if in contact with a wound, or internalized. There are also fungi that are
inedible and poisonous, so contact can be dangerous, especially if
ingested. Lastly, tissues of certain plant species (roots or leaves) contain
poisonous chemicals, poison glands or trichomes (Colgate and Darling,
1994). These may remain in the litter for some time even if partially
decomposed. Skin irritations (contact dermatitis) can be caused by con-
tact with these molecules in the soil and litter.
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Another source of toxicity in soils is pollution caused by human
activity. These anthropogenic sources can affect large areas (e.g. through
atmospheric deposition) or be very localized (an accidental spillage).
Deposition of air pollutants from the atmosphere causes accumulation
of heavy metals, radioactivity, acid rain and organic poisons. Accidental
spillage of petroleum products and hazardous chemicals, at the site of
manufacturing or in transport, are realistically unavoidable.
Accumulation of toxic chemicals occurs gradually and cumulatively, or
in large discharges. Soil pollution can be legal, for instance at a mining
site, or illegal, by undeclared and improper disposal of toxic materials.
Agricultural and urban applications of pesticides, herbicides and other
poisonous chemicals further contribute to soil toxicity. The dispersal and
range of a pollution event depend on regional and global biogeochemi-
cal cycling, hydrology, soil composition and many other parameters.
Standards for collection, storage, handling and analysis of pollutants,
and other chemical analysis of soils, are set by various national govern-
mental agencies. These sources must be referred to for guidelines on
methodological assays and protocols.

For biological analysis, collected soil must be handled on a clean
bench space and with clean or sterile equipment. Cysts and spores of
soil protists and some bacteria are resistant to desiccation, but also to a
variety of detergents and disinfectants. Thus, contamination of samples
from laboratory surfaces is easy without sufficient care. Moreover, cysts
and spores in spilt air-dried soil can be disturbed and carried in the lab-
oratory air. Once airborne, contamination of soil isolates and cultures is
more frequent. Cysts of colpodid ciliates are notorious invasive coloniz-
ers, and they can be isolated from sinks and floors of most soil laborato-
ries. They are the most common protozoan culture contaminant in cell
biology laboratories. Often, the laboratory space is shared with bacteriol-
ogists who apply sterile techniques, or with invertebrate or plant biolo-
gists who do not. Clean work habits are the best deterrent to permanent
contamination problems.

Soil storage

Storage of soil samples can affect the biological and chemical properties
of the soil. For example, the sorption and release of dissolved organic
carbon (DOC) in soil samples varies with soil storage conditions, which is
effectively a pre-treatment step (Kaiser et al., 2001). The least effect is
observed in fresh samples, but with an increase in soil DOC release of
23-50% depending on the horizon after 1 month at 3°C. Freezing at
—-18°C more than doubled the DOC measured, and air drying the sam-
ples increased the measured DOC by 4.3-4.7 times. Variations in soil
storage and handling are significant in altering the chemical release of
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material from soils. In part this is due to killing and lysis of organisms
and denaturing the chemical-physical properties of the organic matter.
For many soil organisms, biological preservation is possible by fixation of
soil samples in ethanol or formalin at sampling or soon after. This will
preserve the microinvertebrates, fungi and bacteria, but not protozoa.
Biological fixation with ethanol is not suitable for protozoa which do not
have cell walls, because the alcohol dissolves membranes and cells are
lysed. However, the ethanol fixation procedure is suitable for DNA
extraction as the nucleic acids are preserved. This procedure has been
tested with bacteria for DNA recovery (Harry et al., 2000) and is proba-
bly suitable for other organisms with modifications.

Once soil has been collected from the environment, it is no longer part
of the open ecosystem. It is a materially closed system, in that it is held
inside a sealed container. The sample no longer receives nutrient input, or
exchanges material with the outside of the container; only energy can be
exchanged, in terms of temperature. Thus, organisms in the sample will
respond to this new situation, where the only food and moisture available
were those present at the time of sampling. Furthermore, since the
respired, secreted and excreted materials cannot escape, they accumulate
in the sample. Over time, the sample will become depleted of food and
oxygen, and will accumulate CO, and other by-products of respiration and
growth. One can maintain the sample aerated and moist, or even add
nutrients; but by-products of respiration and growth accumulate none the
less. For this reason, over time, the active species in the collected soil will no
longer be representative of the active species at the time of sampling. Some
biological activity continues even in the cold, through cold-tolerant species,
so that moist stored soil is not completely inactive.

Site Variation and Statistical Patterns

One gram of soil can harbour 10*-10!° protists and bacteria, so that
removing some soil will always reveal some living organisms. (These val-
ues are greatly reduced in conditions of stress and nutrient deficiency as
we shall see in later chapters.) However, species are not evenly distrib-
uted through the soil. One must bear in mind that species abundance
and species diversity vary along horizontal and vertical gradients. For
this reason, it is imperative that one has calculated what scale of resolu-
tion is needed before any sampling pattern is adopted. The ideal is to
sample in such a way as to have a statistically robust estimate of species
abundance or diversity at the correct scale of resolution for the experi-
ment. First, there is variation in time over several days with soil mois-
ture and temperature changes (such as rainfall or sunny days), or over
seasonal patterns. Species diversity, composition and abundance also
vary over physical distances: (i) along the soil depth profile; (ii) across a
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distance of an area of field or forest (micrometres to centimetres); (iii)
along local abiotic conditions and microclimate (such as shade, tempera-
ture, rainfall, along slopes with altitude and soil moisture gradients from
riparian zones (stream-side) to hilltops); and (iv) across climatic regions,
from lowlands to hilly or mountainous, and geographic patterns.
Therefore, any single soil sample represents only, and only, the exact
location and depth of the soil at the time it was obtained. To obtain a fair
estimate of species abundance and diversity across scales of time and
space requires previous planning in the experimental design.

Spatial distribution patterns

Multicellular organisms tend to dominate ecological studies of above-
ground processes. The individuals of these species can be viewed as scat-
tered packets of attached cells, where the number of cells in each ‘packet’
or individual varies (i.e. the size of the individuals within and between
species varies). The important distinction with interstitial species is the sig-
nificant distances between each individual or packet of cells, above-
ground. The dominant organisms below-ground are unicellular or
filamentous (bacteria and protists), vermiform (nematodes and enchy-
traeids) or burrowing (mites and Collembola). These individuals are more
evenly distributed spatially, in a more continuous array. One can think of
an ocean of cells and microorganisms between soil particles. This differ-
ence in spatial distribution makes sampling from soil more comparable
with sampling plankton from water than sampling above-ground species.

Before collecting soil samples from an area (field, forest or stream
bank), it is necessary to have clearly defined and delineated the area and
microclimates under investigation. Depending on the size of the area, the
number of samples required to describe the area will vary. Furthermore,
depending on the type of study being conducted, the resolution required
from the data will vary. If general estimates of total protist abundances
are required, few samples may be sufficient. If the aim of the sampling is
to describe species of a taxon from a defined area, it is best to obtain
many small samples. The data are then analysed according to various
species diversity measures. 1f a description of the dynamics of particular
species or functional groups is desired, then many more samples would
be necessary. In the following outline, a procedure is described that can
be easily scaled-up as required, for larger areas, or for more detailed
sampling analysis. As a general guide, protists and nematodes are sam-
pled from 2-3 cm diameter cores, and microarthropods with 5 cm cores.
For larger or rarer species, 25 cm cores may be necessary. For
macroarthropods, pit-fall trap diameters of 2 cm are sufficient for ants
and similar sized species, but normally wider traps <25 cm diameter are
used that will collect a broader array of species.
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The basic unit of study from which samples are removed is the
pedon. It is similar to a quadrat, with the addition of a depth dimension.
The pedon must have a stated area, depth and shape. Each of these
parameters strongly affects the data collected and the accuracy of the
results (Elliott, 1977; Lal et al., 1981). The depth of sampling needs to
be pre-determined for each project requirement. The area of the
pedon, number of pedons and distribution of pedons need to be opti-
mized and established at the beginning of the study. This is to ensure
that the sampling protocol reflects the field spatial distribution.
Theoretically, the spatial distribution of individuals in the pedon can
have three identifiable patterns. The individuals can be randomly dis-
tributed in the soil volume; they can be found in randomly arranged
patches or clusters; or they can have a uniform pattern of clusters.
Motile species can disperse and will tend to have a spatially random dis-
tribution. Immobile species or those with restricted dispersal ability will
tend to be clustered randomly. Individuals aggregate where litter is pre-
sent, or where prey is clustered. Because of heterogeneous litter distrib-
ution on the surface and in the soil, and varying motility of species, the
overall distribution will tend to be a combination of clusters and more
dispersed individuals between clusters, from all species. A more uniform
(periodic) pattern can be obtained in managed forests or agriculture
fields, where plants are regularly spaced, if there is an association
between plant roots and interstitial species. This would also affect the
distribution of symbionts such as mycorrhizae, or root pathogens.

Pedon sampling and enumeration

One cannot enumerate all the individuals in a pedon. Instead, several
samples must be removed to the laboratory for extraction and enumera-
tion. The number of samples removed must reflect the abundance,
diversity and heterogeneity within the pedon. Guidelines to calculate
the number of samples and pedons to use, in order to obtain adequate
confidence intervals, can be found in most standard statistic text books
(see quadrats), using Hendricks’ method or Wiegert’s method, and at
http://www.exetersoftaware.com The latter can be particularly useful to
estimate optimal quadrat sizes and the numbers of quadrats to use, if it
cannot be done quickly on a calculator or with spreadsheets. Figure 3.1
illustrates the effect of sample size and number of samples on a particu-
lar area with the same spatial pattern of a species. The variation is
demonstrated further in Table 3.1. It is possible to use nested quadrats
to obtain an experimental estimate of the best pedon size and sample
volumes for the site under investigation. The idea is to define pedons of
incremental areas (20 X 20 cm, 50 X 50 cm, 100 X 100 cm) and to sam-
ple each with five 2 cm cores, and five 5 cm cores. Each core sample is
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Fig. 3.1. The effect of soil core area on sampling of population abundance from a
hypothetical pedon. The same pedon is shown sampled three or five times with two
different soil cores, at approximately the same locations. The crosses represent
individuals in the pedon. The results are summarized in Table 3.1.

Table 3.1. Summary of data from different sampling choice for the same hypothetical
pedon, shown in Fig. 3.1.

Sample Abundance
diameter (cm) n Enumerated Mean SD (no. cm=2)
2.50 5 2,3,30,2 2.00 1.23 0.41
5.00 3 2,6,5 4.33 2.08 0.22
5.00 5 2,6,5,5,4 4.40 1.52 0.22

then extracted and enumerated in the laboratory. One needs to deter-
mine from these data the minimum number of samples from which area
provides an adequate estimate of field variance, in a timely or feasible
manner. It may be that sufficient resolution is obtained from enumerat-
ing fewer than five samples from each pedon.

Wiegert’s method is useful in choosing a compromise between how
much time one is willing to invest in enumeration and how much reso-
lution is required. An estimate can be obtained as follows: P_ = (relative
cost) X (relative variance of data), where P_ is the cost for a pedon area, in
terms of hours spent in experiment set-up, extraction—enumeration,
and data variability obtained; the relative cost is obtained from
(time/time_. ), where time is the time to enumerate all samples from one
pedon, and time . is the minimum time required to enumerate all sam-
ples from one pedon; the relative variance is obtained from (standard
deviation (sp)?)/minimum sb?), where the sb for the data from a pedon of
a given area is divided by the minimum sp obtained for a pedon.

A hypothetical situation is described in Table 3.2. In this case, the
optimum situation is to obtain five 5 cm cores from the 100 X 100 cm
pedon. However, it may be decided from the table that using 2 cm cores
from a 50 X 50 cm pedon is adequate resolution.
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In the description above, sampling one pedon of different sizes was
considered. These calculations are particularly useful in field investiga-
tions, where a large number of pedons are sampled. In this case, the
total time that each sampling design would require must be calculated,
against the variability of data between pedons, or between samples
within a pedon. Considerable time can be saved if an estimate of these
parameters is known in advance, to avoid oversampling of the study
area, or undersampling that fails to resolve differences over time or
between treatments. Two studies with nematodes have shown that 16 X
2 cm cores, removed at random from a forest site, were sufficient to
obtain 96% of species diversity (Johnson et al., 1972) and that ten ran-
dom 2 cm cores were sufficient to determine abundances in a 7 ha agri-
cultural field (Prot and Ferris, 1992). These experimental values are far
below those estimated theoretically without field data and those recom-
mended by the Society of Nematology in 1978 (Barker, 1978).

Since several samples are removed from each pedon, and each sam-
ple is then subsampled in the laboratory, the correct statistical proce-
dure for error analysis is described by multistage sampling analysis. The
number of subsamples should be sufficient to obtain a robust mean, with
about 10% coefficient of variance about the mean. An inescapable fact
whilst enumerating samples is that different microscopists have different
efficiency and skills. It is particularly important for beginners that sam-
ples are enumerated consistently. Thus, recounts of the same samples by
the same person can be analysed by one-way ANOVA (analysis of vari-
ance), followed by a measure of repeatability. It is calculated from R =
52 /s%, + 5%, where R, the measure of repeatability, is obtained from 323,
the variance between repeats, and SQb, the variance between counts in
subsamples (for further details, see Krebs, 2000). To obtain useful data
requires that enumeration be reproducible. These will improve with
experience and with the skill of the microscopist.

Experimental design and field sampling

The defined study area normally will require several pedons to be sam-
pled adequately. There are a number of ways that additional pedons can
be positioned on the study area. Since the soil is spatially heterogeneous
and patchiness in abundances is expected, two methods are recom-
mended. One is to sample a small number of pedons at random across
the area, the other is to sample 3-5 pedons along 2-5 transects of fixed
length. The latter resemble long and narrow rectangular quadrats which
are usually best for clustered or heterogeneous distributions. They differ
in that they are discontinuous and several samples are removed from
each pedon within the transect (Fig. 3.2). Although applying equally
spaced pedons along a transect is acceptable in most situations, there are
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Fig. 3.2. Random sampling of research areas of different sizes, showing circular
pedons and transects (see text for explanation).

two situations where caution is warranted. One is in agricultural fields
where there is a periodicity to the plough line or seeded line, and the
other is in managed forests or replanted forests. In these study areas, it is
best to avoid a systematic pedon distribution (same spacing between
pedons) in favour of unequal (or randomized) pedon position, or to
ensure the sampling period does not correspond to the site periodicity.
However, in most situations, a systematic pedon distribution, imposed on
a heterogeneous landscape, provides a random sampling.

The frequency of individuals counted from samples is then used to
obtain the statistical distribution of species. If the frequency data fit a
Poisson distribution, then the individuals must be assumed to be ran-
domly distributed in geographical space. In this case, it is best to obtain an
estimate of the mean number of individuals per sample (or in each
pedon) that is statistically robust. Soil species rarely have a completely ran-
dom pattern. Instead, there is a tendency to find clusters of higher abun-
dance of one or more species or functional groups. If the spatial
clustering of individuals is statistically significant, as it could be in a het-
erogeneous spatial space such as a forest floor, then a negative binomial
distribution is often a better statistical descriptor of the spatial pattern. It
is important to distinguish between these two mathematical frequency dis-
tributions, as they determine the correct methods to chose for calculating
confidence limits for the data. The spatial scale at which the distribution
of populations is being described should be tested. Since the investigator
samples from within a pedon (<1 m?), to several pedons across a land-
scape (>100 m?), spatial clustering or non-random distribution of species
can occur within the pedons or between pedons on a larger scale. The
data can be analysed further with indices of dispersion for quadrat counts.

Normally, the soil samples removed from each pedon can be mixed
into a single composite sample, prior to subsampling and extraction.
The resolution of this sampling design can be improved using a strati-
fied random sampling procedure. The procedure is particularly useful
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when sampling soil, because of the variability in habitat over short dis-
tances and the diversity of microhabitats. The idea is to group data from
similar soil samples (each being one stratum). For instance, when sam-
pling a pedon in a crop field, one could remove, from within the same
pedon, samples from the base of the plants (stratum 1, enriched in rhi-
zosphere soil), and from between the plants (stratum 2). During data
analysis, all the samples from the base of the plant from all the pedons
can be compared together, and those from between the plants together.
Another situation would be to sample surface litter in forest quadrats,
but to subsample coarse woody debris, fresh leaf fall or insect frass sepa-
rately. Lastly, it may be useful to compare the distribution of species and
abundances through the profile. In this case, each sample would be sub-
sampled into depths along the profile (0-3 cm, 3-8 cm, 8-15 cm). This
procedure provides improved resolution from the sampling design. It is
more precise than simple random sampling within the pedon, and
should be applied wherever possible.

Extraction and Enumeration

There are two different purposes for extracting and enumerating soil
species. Each requires a different approach. The aim of the first is to
determine how many species in total, active and inactive, are present in
the samples. The aim of the second is to identify the species active at the
time of sampling, and to estimate how many individuals of each species
there are. To obtain estimates of the active species requires more care, as
bacteria and protists respond to changing conditions immediately, and
can become inactive or active within hours once the soil is disturbed by
sampling. Microinvertebrate activity is also affected by sampling, and they
respond physiologically over several hours to 1-2 days. Samples that are
to be analysed for active species cannot be stored and must be analysed
within a day. Soil for total species enumeration can be stored under condi-
tions suitable for the species of interest, or stored after chemical fixation.

Before proceeding with microscopy and enumeration, it is necessary
to have calculated several numbers. The number of cells or individuals
counted, in each replicate subsample, depends on the dilution factor
applied to the collected soil. Therefore, the weight of soil in subsamples
and the amount of dilution must be known in order to calculate the esti-
mate of abundance in the collected soil. To obtain a robust estimate,
about 5-50 individuals must be counted in each category. Normally, the
standard error between three replicates should be about 10% of the
mean value, or better. If the deviation is greater, less dilution or more
replicates should be considered. Lastly, the minimum number that can
be detected in each subsample should be known, i.e. the detection limit
for the subsample, at that dilution.
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Total potential species diversity

This approach aims to obtain an estimate of all species present in a sam-
ple, irrespective of how many were active when sampled and how many
were encysted or otherwise inactive. The collected samples can be air
dried at room temperature, away from places where they can be conta-
minated with cysts and spores from other sources in the laboratory.
Freezing soil samples will damage many cysts, and fewer species will sur-
vive. Even air-dried soil should not be stored at cold temperatures that
the soil would not have been exposed to normally. Most soils can be
stored at 4°C, or below 12°C once air dried slowly.

Bacteria

Identification of bacterial genera and strains requires description of
growth characteristics on various media at different temperatures, mem-
brane chemistry, DNA sequencing of ribosomal genes, or nutrient
uptake biochemistry. These procedures assume sufficient cells are
obtained to carry out growth assays or molecular extractions. However,
many isolates of bacteria are not cultured easily. Therefore, most assays
that rely on cultures provide data on a small subset of bacteria, those
that were cultivable with the particular laboratory conditions and media.
It is recommended that media and incubation conditions be adjusted to
isolate functional groups of species or strains. The following need to be
adjusted accordingly, to reflect soil conditions at the time of species
activity: (i) soil ion concentrations and pH; (ii) PpO,/CO,; (iii) tempera-
ture; (iv) source of nutrients and metabolizable carbon; and (v) availabil-
ity of final electron acceptors for metabolism. Often, multiple carbon
sources or inhibitors in the media will prevent species activity. Too high
or too low concentrations of nutrients will inhibit substrate utilization.
Substrate utilization patterns may vary with incubation conditions and
medium composition for more versatile species. Moreover, substrate uti-
lization may require nitrification or accompanying metabolic pathways
in parallel. The most common mistake is to try to culture too many
species under rich aerobic conditions, at inadequate temperature and
pH. Many bacteriologists are trained with pathogenic strains and
assume glucose is a universal substrate. However, there is not enough
soluble glucose in the soil to support growth of organisms. Nutrients for
growth must be derived from litter and decomposition of soil organic
matter (SOM).

One strategy for identification of bacteria without problems associated
with culture or single strain isolation is by selective polymerase chain reac-
tion (PCR) amplification of target DNA sequences. The target DNA from
the soil extract is probed with PCR primers of varying specificity to iden-
tify bacteria at the appropriate taxonomic resolution (Macrae, 2000). This
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approach has been the focus of numerous studies recently that strive to
optimize soil DNA extraction (Miller et al., 1999; Biirgmann et al., 2001).
Caution must be exercised to remove inhibitory substances from the soil
that co-purify with DNA (Miller ez al., 1999; Alm et al., 2000). These meth-
ods can be used to quantify particular species in soils (Johnsen et al.,
1999). Targeted PCR amplification from 16S rDNA separated by differen-
tial gradient gel electrophoresis (DGGE) is more precise, and the appro-
priate choice of rDNA segments can provide resolution at various
taxonomic levels (Muyzer et al., 1993; Grundmann and Normand, 2000;
Nakatsu et al., 2000). Similarly, temperature gradient gel electrophoresis
(I'GGE) has also been used. A more recent and simpler procedure
involves single strand conformation polymorphism (Peters et al., 2000). By
avoiding plating and culturing of soil samples, which tend to activate or
inactivate many species, and using taxa-specific primers, it was possible to
obtain a high resolution of the sequential activity of bacterial species.

An alternative approach that does not require cultures is based on
whole soil bacterial separation and extraction of membrane lipids. It relies
on differences in membrane chemistry between bacterial taxa, and the
method can detect changes in bacterial community structure between sam-
ples (Zelles, 1999). Whole community phospholipid fatty acid (PLFA) pro-
files are analysed by multivariate statistical analysis to detect shifts in the
profile (White, 2000). Although PLFA does not provide resolution at the
genus level, it is fairly sensitive in detecting community changes caused by
the environment (Griffiths et al., 1999a; Steinberger et al., 1999). Two other
methods based on fatty acid methyl ester (FAME) profiles or the carbon
substrate oxidation pattern on single substrate BIOLOG plates (BIOLOG,
Hayward, California) seem to misidentify or fail to detect certain genera
and should be used with more caution (Oka et al., 2000).

Protozoa

Species identification at the microscopic level is the traditional approach
to protozoa species enumeration, and to protists in general (Table 3.3).
However, in recent years, with an increasing use of specific DNA probes,
phylogenists have come to realize that in many cases morphotypes rep-
resent a cluster of species that vary in behaviour, life history and gene
sequences. Protist phylogenies are in an advanced state and there are
adequate oligonucleotide probes available from the research literature
to identify most organisms at least to the family level. These molecular
methods should be used in more formal studies of protozoa diversity.
Their use in identifying soil protozoa has been timid and limited (Van
Hanen et al., 1998; Fredslund, 2001). These methods are discussed fur-
ther in the next section on fungi, because their use in soil ecology of
fungi is more advanced. This section discusses approaches to the enu-
meration of protozoa by microscopy.
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Table 3.3. Size range and microscope observation methods for protists, listed by
extraction method.

. Microscope

Size
Taxa (um) Enumeration Identification
Naked amoebae 5-100 Compound Compound
Testate amoebae  20-200 Dissecting/compound ~ Compound
Small flagellates 4-8 Compound Compound/SEM
Flagellates 8-30 Compound Compound/SEM
Ciliates 8-150 Dissecting/compound Compound/SEM
Hyphae 5-10 diameter Dissecting/compound Reproductive structures
Reticulate 100 to 1cm Dissecting/compound ~ Compound
Yeasts 5-10 Compound Compound

Most protist species in the soil are inactive at the time of sampling. If
the sample has been air dried for storage, species need to be activated
first. Therefore, to enumerate and identify species, it is necessary to
excyst the individuals. Even before the soil sample is stimulated to
excyst, changes in storage conditions (a pre-treatment) will affect species
excystment. Different protozoa species have different preferences in
pre-treatment requirements for excystment. For instance, some
Gymnamoebae cysts require exposure to slightly elevated temperature
as a stimulus. Other cysts require a period of desiccation before they can
be stimulated to excyst. Thus, pre-treatment storage conditions (espe-
cially moisture and temperature) and duration of storage affect the
excystment response. Usually soil is moistened, with or without pow-
dered litter amendment, to provide an excystment stimulus. Cysts and
spores of various species will respond differently. Some may not be stim-
ulated to initiate excystment under particular conditions. Some species
can abort excystment if the conditions are not adequate. Therefore, one
protocol is inadequate to excyst all species. Common stimuli to initiate
excystment are shifts in temperature (up or down), or changes in mois-
ture, aeration, or nutrient quality or quantity. Variations in temperature,
amount of moisture and aeration, or litter additions can help bring out
other species, gradually over several weeks. Once excysted, cells remain
active only for a certain time. The duration of activity and sequence of
species excystment result in a sequence of species activity in the soil sam-
ples, over several weeks. Species which are stimulated to excyst do not
represent the active community in the soil, because some species can
remain inactive or encysted for several years. Therefore, conclusions
about an experiment at the time of sampling cannot be obtained from
excysted cultures. However, some conclusions pertaining to the soil in
general can be derived from analysis of total species composition.
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In general, manipulation of excysted cells is carried out by hand
with a micropipette or with a bench-top centrifuge. Micropipettes are
made from Pasteur pipettes pulled into a thin tube over a small but hot
flame. Known volumes of the suspension can be obtained with a pipet-
tor. The cone of the pipette can be cut to obtain a wider bore, to prevent
clogging by the soil suspension. For collection of live ciliates and testate
amoebae on to a membrane, gentle suction can be applied. Soil suspen-
sions can be filtered with nylon mesh or cheese cloth, without suction, to
prevent cell lysis. Nucleopore membranes or nitrocellulose membranes
are useful because they are transparent under the microscope.
Nitrocellulose membranes are resistant to the fixatives used and do not
stain. They are made transparent at the end of the staining procedures
by dehydration in alcohols and clearing in xylene. Protocols for general
histology and cell handling are provided in standard texts in protozool-
ogy (Kirby, 1950; Sonneborn, 1970; Lee and Soldo, 1992). Use of ocular
grids and micrometre scales in the microscope eye-piece objective is
needed for estimating abundances or measuring cell dimensions.

Once soil samples have been prepared to stimulate excystment and
organisms extracted, the next step is species identification. Most taxa are
large enough to identify under a compound microscope. However, stain-
ing of cell structures for ciliate identification or scanning electron
microscopy (SEM) for smaller species of protozoa are necessary. Many
species of nanoflagellates are unknown or indistinguishable from each
other unless thin sections are obtained with transmission electron
microscopy (TEM). New species require TEM sections to reveal the ultra-
structure of organelles, especially of the basal body and cytoskeleton. As a
rule, new species require SEM and TEM for formal descriptions and
identification. These are accompanied by descriptions (or video footage)
of locomotion, sampling site description, food preferences, growth rates,
nuclear and somatic division, and other potentially useful observations.
Storing a DNA extract in ethanol is a valuable additional reference.

Ciliates are best obtained from the ‘non-flooded Petri plate’ tech-
nique (see Lee and Soldo, 1992). The soil sample is moistened and, at
regular intervals over several days to weeks, more water is added and
drained from the soil into a Petri plate. The free gravitational water will
carry organisms with it. Many larger flagellated species can also be
obtained with this procedure. The extract can be scanned with an appro-
priate microscope, or fixed and collected on a membrane for staining.
The quantitative protargol staining protocol can be modified for other
stains or soil suspensions, to obtain quantitative estimates (Montagnes
and Lynn, 1987a,b). Species identification of ciliates requires staining of
the ciliature and oral structures with protargol (Foissner, 1991). The gen-
eral antibody against o-tubulin (Amersham, bovine brain o-tubulin) is
also useful for immunofluorescence of the basal bodies and cilia. Many of
the smaller species can only be identified accurately by SEM.
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The amoeboid species can be observed from soil droplets on agar,
supplemented with 0.1% yeast and malt extracts or other appropriate
organic nutrient solutions. The medium provides a source of nutrients
for osmotrophy and for bacterial growth. Different species will excyst
over several weeks of observations. A variation based on serial dilutions
can be used to obtain estimates of abundances (Anderson and Rogerson,
1995). Individuals are identified based on locomotion, overall shape and
dimensions, and details of the pseudopodia. These observations can
provide identification of the family or genera. However, confirmation
requires TEM, and final species identification will require DNA
sequencing of selected genes. Several genera require hyphae, yeast or
other protozoa as food sources. Testate species are not easily cultured
or activated. On agar plate preparations, excystment and activation
occur after >10 days, and some species will only excyst after 3 weeks or
more. However, the tests, which are used for species identification, can
be found in the litter and soil. It is best to sift through the organic hori-
zon and surface litter under a dissecting microscope. Two useful proto-
cols are recommended for species in the organic horizon. One provides
a preparation on a filtration membrane (Couteaux, 1967), and the other
provides a fixed preparation on a microscope slide (Korganova and
Geltzer, 1977). The preparations can be stained to highlight test features
and to differentiate between living individuals and empty tests. The
addition of leaf powder or fragmented macrodetritus can stimulate
growth of some species on agar plates.

Many species have more specialized food requirements, and several
sources must be tried. This approach is called ‘baiting’ with an appro-
priate selection of organic nutrients or other food sources supplied to
agar plates. Although the technique can be applied to many taxa, it is
used primarily in obtaining preparations of Labyrinthulea (including
Thraustochytrids), ~Oomycetes and Hyphochytrea (chromista),
Chytridiomycetes (fungi) and specialized species. More details about col-
lection and isolation of these species are provided in Fuller and Jaworski
(1987). These protists with filamentous and reticulate growth forms are
obtained in liquid or on agar media supplemented with a source of
organic nutrient. Common organic matter ‘bait’ includes pollen, cellu-
lose, chitin, keratin or powdered leaf litter. The soil subsample spread
on the plate is incubated for several weeks on various agar-bait combi-
nations and observed regularly. Reticulate and phyllose forms, such as
Vampyrellidae and the Eumyxa (protozoa), are also obtained on agar
plates. They can be fed with oats, hyphae or macrodetritus.

Most other species, primarily heterotrophic nanoflagellates, can be
obtained from soil suspension dilutions. The suspension can be pre-fil-
tered through 50-25 pm mesh and centrifuged to sediment cells. This
may be repeated several time to separate cells from soil particles and
microdetritus, although with significant loss of cell numbers. The sus-
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pension can be observed under a compound microscope or fixed for
SEM for species identifications. These small flagellates are mainly
osmotrophic and bacterivorous species. The preparations can be supple-
mented with bacterized soil extract, 0.1% yeast extract or a similar dilute
organic medium such as 1% wheat grass powder infusion.

Many species of protists across phyla are tolerant to aerobic and
anaerobic conditions. Other species are adapted for growth in anaerobic
conditions and cannot tolerate long exposures to oxygen. These species
include yeasts, several species from various phyla of protozoa, such as
free-living Archamoebae, and uncharacterized nanoflagellates. They
occur in anaerobic soils, submerged soil or deeper in the profile of aer-
ated soil. In order to isolate or observe these species, the soil must be
anaerobic for excystment and enumeration. For isolates kept a few days
only, an open tube of soil kept saturated with water may be sufficient.
For isolates that need to be kept longer, alternative methods exist. The
anaerobic environment can be obtained by keeping the soil or the
organisms in a sealed container deprived of oxygen. The oxygen can be
removed by placing a small lit candle inside a holding jar sealed tight
(Fig. 3.3), or with commercially available apparatus.

Lastly, one final group of anaerobic protists needs to be considered
in samples. These are endosymbionts of several soil invertebrate taxa.
The symbionts live in the intestinal tract of host species, and contribute
to the host’s digestion and assimilation of nutrient derived from
microdetritus. The most common are species of the phyla Trichozoa and
Metamonada (both protozoa) that reside in the gut of several wood-
feeding termite families, along with specialized bacteria. The protozoan
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Fig. 3.3. Anaerobic conditions can be recreated easily in the laboratory. The
diagram illustrates soil in an open container or tissue culture flask, inside a sealed
canning jar. The candle burns until the oxygen is exhausted.
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symbionts ingest the wood microdetritus ingested by the termite host.
The cellulose is partly digested and some nutrients assimilated for
growth of the symbionts. The remainder is excreted back into the gut,
where the termite can continue the digestion and further assimilate the
wood. The Termitidae family do not contain protozoa, but have bacter-
ial and fungal symbionts. One subclass of ciliates, the Astomatia with 10
families, is specific to the intestinal tract of annelids, especially
oligochaete worms. It is likely that many other species of wood- or detri-
tus-feeding invertebrates, such as some Scarabaeidae, depend on bacte-
ria or protozoa endosymbionts. Endosymbionts are obtained from
dissection or squashed preparations of gut contents. However, most
species are not tolerant of oxygen and will die soon after exposure, so
they must be observed immediately under a coverslip.

Estimates of bacterivorous protists

One popular technique is to assay for total protist species from one
functional group only, the bacterivorous species. Generally referred to
as the ‘most probable number’ (MPN) method, it was devised initially to
estimate the number of bacteria species that could be cultured under
one set of conditions. This approach was abandoned by bacteriologists.
Several modifications were proposed to apply the technique to protists
(see Coleman et al., 1999). The method relies on serial dilutions of a soil
suspension, incubated in a bacterized suspension, and observed at fixed
intervals for enumeration. The method does not assay species that do
not grow in aerated conditions, in liquid, on the inoculum bacteria or
that have been damaged in pre-culture treatments. Furthermore, as
explained earlier, excystment conditions vary between species. Soil han-
dling and storage conditions after sample collection affect excystment.
Several methodological parameters also affect excystment and growth.
These include solution pH (which should be close to that of the collected
soil), heat or cold treatments, duration and extent of soil desiccation,
and soil dissolved nutrients in the solution. As these conditions vary
between laboratories and are not always reported, it is difficult to com-
pare results between laboratories. Moreover, the assumptions of the
method are not met when applied to protists. These assumptions are
that cells can be evenly distributed in the soil suspension, that all species
will grow under the set laboratory conditions on the food provided, and
that encysted cells can be differentiated from excysted cells. None are
met, and growth of small flagellates can be hidden by growth of preda-
tors on them. Among the bacterivorous species, testate amoebae are not
cultured, naked amoebae are grossly underestimated, and ciliates are
overestimated. Early studies showed that direct counts yielded far more
amoebae and nanoflagellate species than culture methods (Sherman,
1914; Martin and Lewin, 1915). The MPN method has poor resolution
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between collected soils from varied environments, and between trials
with the same soil samples, and fails to correlate between variants of the
method (Berthold and Palzenberger, 1995). Because the variations in
protocols between laboratories are not reported, and because they affect
the results, it is impossible to compare results between research groups.
This method is not recommended by protozoologists or bacteriologists.

Besides problems in its resolution and repeatability with collected
soil, the method is also applied to microcosm and laboratory experi-
ments. This is an erroneous application of the method. The soil for these
laboratory treatments is derived from one collected site, and it is then
subjected to the same culture conditions for MPN. It is not surprising,
therefore, that little statistical difference is obtained between treatments
in MPN results from air-dried samples. All the treatments contain the
same species diversity, from the same collected soil and, under MPN con-
ditions, the same species are excysted and enumerated each time. The
variability is then due to systematic errors, variability inherent to the
technique and variations in pre-treatment conditions that affect excyst-
ment rates. Attempts at discriminating between encysted and excysted
species are also not successful with the MPN approach. For example,
HCl-treated subsamples, to kill active species and preserve cysts, were
compared with non-treated subsamples. The study showed that almost
all cysts were also inactivated by the HCI treatment (Bodenheimer and
Reich, 1933). An adequate discussion of problems with this method is
provided by Foissner (1987) and Liiftenagger et al. (1988).

Fungal hyphae

The mycelium of fungal hyphae must be separated from the soil matrix
and collected on a surface prior to examination. It is impossible to
release the hyphae intact from the soil, as they are in large part responsi-
ble for holding peds and soil-litter aggregates together. Soils rich in
hyphae will hold >100 m hyphae/g soil. The soil will also hold yeasts, >1
X 10%g in organic horizons and 600-1800/g in subsurface horizons. The
yeast forms are more easily separated with bacteriological protocols.
Their species identification is by morphology of growth on agar media (if
culturable), with consideration for the range of metabolized substrates
and ability for anaerobic fermentation (see Slavikova and Vadkertiova,
2000). However, for stringency and accuracy, molecular markers are
essential, such as rDNA sequence, mitochondrial DNA restriction frag-
ment length polymorphism (RFLP) patterns or nuclear magnetic reso-
nance (NMR) spectra of cell wall mannans (Spencer and Spencer, 1997).
Separation of the mycelium from the soil can be achieved rapidly by
homogenizing a soil-water suspension briefly (~1 min) in a Waring
blender. This will shred the hyphae into short fragments, but it is suit-
able for many molecular and biochemical protocols. More gentle
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homogenization of the soil by hand in tissue homogenizers provides less
damaged preparations. Alternatively, the soil can be disaggregated with
a suspension of suitable density, and hyphae separated from the heavy
mineral particles by density and collected on a fine mesh or membrane.
This procedure is similar to the invertebrate extraction by density sedi-
mentation/decantation protocols (see below). The latter is possible in soil
with dense mycelia.

For estimates of abundance, a known volume of the suspension or
weighed cellular material is smeared on a microscope slide for visual-
ization of hyphae and slide preparation. Useful stains include calco-
fluor white M2R (a fluorescence brightener which stains fungal cell
walls), and fluorescent DNA stains such as 4’,6-diamidino-2-phenylin-
dole (DAPI) for nuclei. Basidiomycete hyphae can be differentiated
from the Ascomycetes with diazonium blue stains after a KOH pre-
treatment, which stains cell walls of Basidiomycetes red—purple. The
Ascomycete’s simple septate pores between cells in the filaments can be
detected by trypan blue and congo red in NH, or sodium dodecylsul-
phate (SDS). The Ascomycetes cell wall is bi-layered, with a thin outer
and thick inner component. The fluorescent stain 3,3”-dihexyloxacar-
bocyanin (DiOC(3)) is specific for Ascomycetes. Other morphological
characters are useful to distinguish between these two classes (Fig.
1.21). Basidiomycetes can be recognized from dolipore septa and clamp
connections, with monokaryotic and dikaryotic hyphae, while
Ascomycetes have simple septa. However, from most hyphal lengths, it
will be impossible to determine any identity. Hyphae inside macrodetri-
tus, leaf litter or in mycorrhizal associations require staining of the host
material. Common techniques and detailed procedures are described
in Johnson et al. (1999) and Norris et al. (1994). Trypan blue is the rec-
ommended stain, but acid fuchsin, chlorazol black E, cotton blue in lac-
tic acid and rose Bengal can be useful with some root preparations.

Hyphal preparations can be assayed for biomass from estimates of
length/g soil. Common microscope procedures use the line transect or vari-
able area transect method to scan the slide preparation (Paul et al., 1999;
Krebs, 2000). The ratio of nuclei/m is a useful index of living hyphae
material. However, the presence of nuclei does not indicate that the isolate
was active when sampled. Many species are only seasonally active and
become transiently inactive when conditions are unsuitable for growth.

A culture-based approach to identification of fungal species involves
baiting the soil with appropriate litter or specific plant roots (Johnson et
al., 1999). The idea is to stimulate the growth of hyphae from spores,
sclerotia or inactive hyphae. Species that are not abundant can be
detected under suitable conditions. Relatively intact soil cores are neces-
sary so that the hyphal network is not shredded. The soil is then
analysed at regular intervals for the presence of identifiable reproduc-
tive structures, spores or mycorrhizae.
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In order to identify hyphae, traditionally one relied on descriptions
of conidiospores, basidiospores and sporocarps. This procedure
requires the visual identification of morphology to a corresponding
species (see Johnson et al., 1999). The method does not provide quanti-
tative estimates of species abundance, because some species produce
abundant spores, whereas others sporulate infrequently or in small
amounts. One study recommends that at least 5 years of repeated obser-
vations are required to identify most species in an area (Arnolds, 1992).
Therefore, on short sampling periods, even abundant species could be
missed if they are not sporulating during that time.

Modern methods based on DNA hybridization with oligonucleotide
probes provide an alternative approach. The taxonomic resolution to
family or species level is determined by specificity of the oligonucleotide
primers chosen. Extracted DNA from soil samples is purified and the
DNA can be amplified by PCR techniques. Extraction of DNA requires
bead-beating in a lysis buffer. This has been shown to be adequate to
break even dehydrated cysts and spores. Lysis buffers such as Trizol allow
for sequential extraction of DNA, RNA and proteins from the lysate.
Separation of amplified products from nested PCR techniques by DGGE
was able to resolve banding patterns between fungal species and can fol-
low species dynamics and succession trends (van Elsas et al., 2000).
Detection of known sequences is by Southern hybridization with labelled
probes. To quantify known local species of mycorrhizal fungi, RFLP of
amplified rDNA has been useful for identification against standards
(Kernaghan, 1997; Viaud et al., 2000). The usual chromosomal region
for detection of species is the internally transcribed spacer (ITS) region
of the nuclear rDNA. This ITS region is flanked by the conserved 18S
and 28S genes, which are present in hundreds of copies in each nucleus.
It is therefore possible to obtain amplification products from very few
nuclei. These PCR-based methods theoretically are more efficient at
detecting rare species if the protocol is optimized. However, it is more
difficult to quantify species abundances with PCR protocols. Unknown
species can be identified from PCR amplification using more general
primers (such as one targeting the fungi or the Ascomycetes), separated
by DGGE and unknown bands cut out for cloning or direct sequencing.
The detection and identification of endomycorrhizal fungi pose a diffi-
culty, in that the hyphae must be identified from within the plant host tis-
sue. A combination of staining, i siu enzyme reaction assay and
molecular protocols is recommended, as discussed by Dodd et al. (2000).

Invertebrates

Interstitial and litter invertebrates are best separated from the soil by dis-
tinguishing between microarthropods and other invertebrates. The
microarthropods are obtained from soil cores placed on to modified
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Tullgren or Burlese funnel extractors (Farrar and Crossley, 1983;
Coleman et al., 1999). The soil core or litter is heated gently with a low-
wattage light bulb, and the organisms migrate down, away from the heat
and desiccating surface, and fall into a container of 70% alcohol (Fig.
3.4). The efficiency of these extractions is variable, depending on the soil,
and some Collembola families (such as the Onychiuridae) are poorly
extracted. Specimens may remain adhered to the collecting funnel and
not be counted. The extraction is improved using floatation methods,
which are more labour intensive (Walter et al., 1987). These require dis-
aggregation of the soil in an organic solvent or mineral oil. The cuticle of
microarthropods has an affinity for the organic molecules, and individu-
als float to the surface. Alternatively, density gradient sedimentation with
salt or sugar solutions can separate the denser mineral particles from the
less dense biota. These methods are discussed in detail elsewhere
(Coleman et al., 1999). The most abundant individuals are usually the
Oribatida, with up to 40 species in a 20 cm diameter core to 5 cm depth,
and 150-200 species represented in temperate forest soil and litter.

In a comparative study of extraction procedures, Snider and Snider
(1997) examined samples collected over several years. The micro-
arthropods were first Tullgren extracted, followed by three extractions
in saturated sugar solution floatation-decanting. Very little organic mat-
ter was recovered by the final extraction, on 200 mesh sieve, so that it
can be assumed that the invertebrates were also fully removed. The effi-
ciency of the Tullgren heat gradient extraction was compared with total
recovery after a further three floatation extractions. The results showed
that even though Acarina were in general well extracted (>90%) by the

Fig. 3.4. Extraction of invertebrate species from soil and litter samples. (A) Mist
chamber above the sample for gravimetric extraction with water flow. (B) Baermann
funnel with a light bulb as heat source. (C) Density sedimentation and separation of
organisms from soil in a suitable liquid, followed by decanting. (D) Modified Tullgren
and Burlese dry extraction of microarthropods with a light bulb as heat source.
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heat gradient, it was more variable for some taxa. For example, a
Mesostigmata species was only recovered at 14.4 to 42.1% between sam-
ples. The results were more variable for Collembola, with the
Onychiuridae being poorly extracted by the Tullgren method. In partic-
ular, the authors note that greatest variations between heat extraction
efficiencies were obtained between samples on the same sampling date.
There was also date-specific variability at the same site on the same soil.
These observations argue against using one correction factor for all sam-
pling dates, or all soil samples.

Other small invertebrates, namely the tardigrades, nematodes,
rotifers, gastrotrichs and enchytraeids, are wet extracted. The soil or
litter is placed in water in a funnel, and the organisms are collected into
a recipient. The set-up is called a Baermann funnel extraction, and
relies on organisms migrating down through the sample and sinking
into a recipient. For interstitial nematodes, the Baermann funnel is the
easiest method, but it is also the least quantitative (see Grassé, 1965;
Nagy, 1996). Alternative and efficient methods are also recommended at
the Society of Nematology homepage www.ianr.unl.edu/SON/ecology
manual. A variety of centrifugation and elutriation devices have been
described that are more quantitative, but require an initial investment in
set-up (Freckman and Baldwin, 1990; Coleman et al., 1999). The cen-
trifugation method relies on separation of the nematodes from the soil
sediment by floatation in a sucrose solution (454 g/l in water), followed
by sedimentation of the organisms. It is noteworthy that different fami-
lies of nematodes are extracted with different efficiency between tech-
niques, so that choice of procedure should reflect the taxa studied
(Nagy, 1996). One can expect about 50-100 species represented in a
temperate forest, with 30-80 individuals/g of soil.

The wet extraction for the other taxa requires a low-wattage light
bulb above the water, to drive individuals away from the heat source.
More accurate enumeration requires floatation, differential sedimenta-
tion, elutriation or hand sorting, as for the nematodes.

Collection and hand sorting of larger litter invertebrates are
described in detail in Sumner (2000). For the macroarthropods, pit-fall
traps of varying diameter are used. The traps consist of a collecting
funnel or conical-shaped container placed into the soil, with the open-
ing below the litter surface. A trap is placed into the soil below the col-
lector to capture organisms that fall in. The trap consists of a receptacle
that can be capped tight, partially filled with a fixative. Both 70%
ethanol and polyethyleneglycol (PEG) are commonly used. The latter
has the advantage of not evaporating or becoming diluted with dew
and rain, but it is very toxic. Salt water is also an effective and non-
odorous alternative that is non-toxic. The collected samples are hand
sorted and enumerated in the laboratory at a dissection microscope or
with an inverted microscope.
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Lastly, earthworms are best sampled by hand sorting soil. Samples
from pedons (25 X 25 X 25 cm and deeper) are hand sifted with some
washing and sieving to remove the mineral particles. One can expect to
find 10-100 individuals/m? in temperate regions, and about six species
in a given area of forest or agricultural land. Active individuals can be
differentiated from inactive species, cocoons and juveniles. Depth of
sampling varies with soil type, and the anecic and deeper burrowing
species are always difficult to sample. Absence of a species in samples
during certain seasons is probably due to deeper burrowing. A variety of
other approaches exist, such as pouring formalin to irritate individuals
to the surface, and electro-shock pulses. The efficiency of these methods
is usually poor, especially with deeper species, and they cause a sampling
bias for certain functional groups and species. Mark recapture has been
possible using dyes, fluorescent markers and radioactivity. Species iden-
tification can be done visually, but may require dissection, especially in
smaller species. Useful keys are provided in Sumner (2000) and refer-
ences therein.

Active species at time of sampling

The aim is to estimate living and feeding organisms at the time of sam-
pling. This provides a snap-shot of soil activities at a particular moment.
Soil species populations are dynamic, and both the active species and
the number of individuals of each species are continually changing. The
number of individuals of each species will vary over time as cells grow
and divide in favourable conditions, or will encyst or disperse in
unfavourable conditions. The soil environment itself is a continuously
changing environment. It undergoes diurnal warming and cooling, wet-
ting and drying, variable litter input and localized disturbance of micro-
habitats. Superimposed on these changes, there are seasonal climatic
variations. There is a physiological lag between cells detecting a signifi-
cant change in their immediate environment and responding. There is a
further lag in the numerical adjustment of the active population. Thus,
species composition and the number of active individuals reflect past
conditions, and individuals are adjusting to current soil conditions.
Therefore, soil organisms are permanently in a state of adjusting. To
obtain an idea of the rate of change and the direction of change, one
must sample at regular intervals. The correct interval depends on the
resolution required and the nature of the investigation.

For rapid estimation of general cytoplasmic activity by soil organisms,
extraction and quantification of ATP can provide a useful index. This
assay does not give any indication of the species type or functional groups
which are active. However, because ATP is unstable outside cells, with a
short half-life, it is a suitable marker for cellular activity. The levels of ATP
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in inactive cells, cysts and spores are very low, and both cysts and spores
are unlikely to be extracted without bead-beating and lysis buffer. The
method needs to be standardized between laboratories, and efficiency of
ATP extraction optimized for the soil condition (Martens, 2001).

For ecological studies, one needs to focus on species abundances
and estimates of species activity at the time of sampling. Therefore, it is
necessary to extract organisms and enumerate the abundance of differ-
ent species that are interacting. Several precautions are necessary to
obtain living specimens and to prevent the inadvertent inactivation or
activation of species after sampling soil. Rapid changes in osmotic pres-
sure with desiccation, or in temperature, will lyse cells before they
encyst. Gradual desiccation (over several hours) after sampling will
affect species composition, as some will no longer be active when the
sample is analysed. As protists respond within hours to changes in con-
ditions, to observe species active at the time of sampling, it is necessary
to analyse the samples within hours of collection. Some taxa, such as the
filamentous hyphae and reticulate species, cannot be isolated in active
form. They are either destroyed in collection or are too entangled with
the soil matrix and damaged in extraction. These precautions are
unnecessary for bacteria, which are too small to be damaged mechani-
cally by sampling, and cannot be lysed by desiccation as they are pro-
tected by a cell wall.

Bacteria

When sampling for bacteria, it is often assumed that a composite sample
of about 1 g accumulated from multiple milligram quantities of soil ade-
quately represents a sampling area or pedon. Bacteria can be dislodged
from particles of a soil suspension in water using a Waring blender, soni-
cation, mechanical shaker and mild surfactant solutions, with minimal
mechanical damage. However, if applied to eukaryotic cells, these tech-
niques produce lysed homogenates, but cysts and spores will survive.
Once the bacteria are dislodged from the soil mineral particles and
organic matter, differential sedimentation by centrifugation with or
without filtration steps can yield clean separation of the bacterial assem-
blage. These protocols vary with the soil types and purpose of isolation.
The protocol must seek to balance how many bacteria are extracted and
how much damage to cells can be tolerated (see Mayr et al., 1999).
Physiologically, bacteria will responds in minutes to new conditions,
so that they can be inactivated or activated rapidly. Therefore, standard
extraction procedures will tend to inactivate species through dilution of
the soil solution, temporary desiccation, disturbance of the soil pore
microhabitats and changes in temperature. It is a challenge to deter-
mine which species were active before sampling. Probably the least ques-
tionable procedure is to use tracers and assay uptake into cells, before
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the sample is disturbed. Suitable markers with fluorescence, or stable or
radioactive isotopes should be added in solution to the soil core and
quantified after extraction. The tracer molecule should be able to enter
bacteria by active transport reflecting cytoplasmic activity. These could
be amino acids, nucleotides or fluorescent molecules. Common fluores-
cent markers include fluorescein diacetate (FDA) which is activated by a
membrane esterase through cleavage of the acetate, releasing the fluo-
rescent molecule in the cytoplasm (Soderstréom, 1979). Another mole-
cule is 5-cyano-2,3 ditolyl tetrazolium chloride which is reduced by
electron transfer in metabolism (Rodriguez et al., 1992). Another redox
activated dye is tetrazolium chloride (INT) which releases formazan in
the cytoplasm. The latter is not fluorescent, but is visible under trans-
mitted light microscopy. One must verify that the species under investi-
gation do take up the markers under controlled active conditions.

Enumeration of bacteria from soil samples by microscopy usually
requires staining of nucleic acids and cytoplasmic proteins to distinguish
between living cells (with nucleic acids and cytoplasm) and dead cells
(cell wall without nucleic acids inside). This provides an estimate of the
fraction of cells that are potentially active and inactive, or dead. Suitable
stains for nucleic acids include acridine orange, DAPI and ethidium bro-
mide. Common protein stains for the cytoplasm include 5-(4,6-dichloro-
triazin-2-yl)aminofluorescein (DTAF) and fluorescein isothiocyanate
(FITC). A soil suspension extracted for bacteria is smeared and stained
on a microscope slide, or observed in a haemocytometer counting cham-
ber. Appropriate microscope settings include a magnification of 60-100
with phase contrast or fluorescence setting.

An exciting approach to identification of bacteria, without prior cul-
ture of the organisms, exploits a combination of these methods. This
protocol combines the metabolic uptake of radioactively labelled sub-
strates, together with microautoradiography of smears on slides, and
direct microscopy for visualization of fluorescence from rRNA probes
against specific genera (Lee e al., 1999). The procedure is amenable to
modifications to provide microenvironments suitable for the habitat and
organisms studied. Substrate utilization profiles, conditions for activity
and the identity and abundance of the bacteria can be quantified. These
more focused, experimental and functional approaches are the more
informative approach, rather than enumeration by taxonomy or bio-
mass estimations.

Matile protists

The protist taxa are usually separated from the soil matrix based on
their locomotion. Although the mode of locomotion is not related to
ecologically relevant functional groups, it provides a convenient method
of separating the cells from the matrix for identification. The following
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locomotion categories are proposed: (i) amoeboid with lobose or conose
pseudopodia; (it) amoeboid with filose pseudopodia; (iii) reticulate or
phyllose amoeboid species; (iv) ciliated and swimming; (v) with cilia but
at least partially amoeboid and surface associated; and (vi) filamentous
or hyphal growth. To avoid technical problems associated with sampling
fragile cells, soil desiccation and excessive perturbation, the soil portion
to be analysed is briefly and gently mixed with a spatula in a watch glass
or suitable container. Once evenly distributed, a subsample is removed
and weighed for microscopy, and another to obtain the oven-dried
weight (Fig. 3.5). Deionized water is added to the subsample for
microscopy, to prevent further desiccation, which occurs within minutes
if the soil only contains capillary water. Table 3.4 summarizes common
methods that have been shown to be suitable to obtain these species.

SOIL SAMPLE mmmm)> OVEN-DRY WEIGHT

DILUTION _____
l SOIL SUSPENSION

AGAR PLATE

HAEMOCYTOMETER
Fig. 3.5. Subsampling flow chart for enumeration of active protists. The moisture
content from oven-dry weight for each sample is required. Weighed subsamples are
then placed in various containers for enumeration of taxa at the microscope (see
text for explanation).

Table 3.4. Typical abundances of active protists and total species in soil samples. Taxa
listed by motility group based on extraction method.

Extraction method Numbers (g dry soil)
Taxa Active species Total species Cells/g  Species/g
Naked amoebae Non-nutrient agar plate  Nutrient agar over time 10%-106  10-100
Testate amoebae Soil dilution, litter sections Litter bait agar plate 10-10* 1020
Small flagellates  Soil dilution Dilution, nutrient amendment 10-108  10-50
Flagellates Soil dilution Non-flooded Petri plate over time ~ 1-102 <10
Ciliates Soil dilution Non-flooded Petri plate over time  0-102  10-30
Hyphae Ergosterol:chitin ratio Nutrient agar or bait m/g <10
Reticulate Agar plate & membrane  Agar plate bait ? <10

Yeasts Radioactivity Nutrient agar or bait 0-10* <5
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The amoeboid species in the Amoebozoa (protozoa) (except the
Testacealobosea) and the Labyrinthulea (Chromista) can be obtained
from non-nutrient agar plates. This preparation also reveals
Actinobacteria, Myxobacteria and sometimes other bacterial taxa, which
can be identified from reproductive structures or colony morphology.
Soil droplets, with or without dilution, are placed on a thin layer of 1.5%
non-nutrient agar. The plates are incubated overnight and observed
with an inverted microscope under phase contrast, at appropriate mag-
nifications (this is not possible if the agar is too thick). The active amoe-
bae can be visualized at the periphery of the soil droplets, as they crawl
looking for food. As some cells will remain in the soil, this only provides
an estimate of the number of individuals which are active. The number
of cells remaining within the soil can be reduced by decreasing the
quantity of soil used in each droplet. These eventually will encyst. The
advantage of this technique is to provide sufficient moisture for amoe-
boid species, but not for swimming species to disperse. It also provides a
clean preparation of living amoebae required for species identification.
Amoeboid organisms are recognized by their overall shape, type of
pseudopodial locomotion and details of pseudopodia.

The Testacealobosea and most Filosea (protozoa) need to be sepa-
rated from the litter or particulate organic matter. These organisms are
best observed in soil smears, collected by filtration on membranes, or by
dissecting through litter and detritus. The filamentous or hyphal
species (such as Thraustochytrid, Oomycetes and Hyphochytrea
(chromista), the Chytridiomycetes and other fungi) cannot be obtained
intact or active from collected soil. These species are not motile, except
for the zoospore dispersal stages, or not at all. Similarly, the reticulate
interstitial species of amoeboid organisms cannot be obtained intact.
These are normally damaged during sampling, caused by movement
and friction between soil particles. However, some can be isolated from
relatively undisturbed soil by placing a wet membrane or tissue of large
mesh on a soil sample. The organism will crawl through the pores or
mesh, and can be separated from the soil beneath. Although some of
these species are known, their abundance cannot be estimated, as they
are not usually assayed.

The Ciliophora species in the soil consist of species that swim in the
gravimetric water, as well as species that crawl along surfaces and on to
microdetritus. They can be identified by their characteristic swimming
and locomotion. Less abundant, larger species of other taxa that swim in
the gravimetric water can be observed along with the ciliates in this
preparation (such as Sarcomonadea and Euglenoida). This preparation
requires the soil subsample to be water saturated, then decanted into a
Petri plate several times. The wash water will contain mostly the larger
free-swimming species (>20 wm) that tend not to hold on to particles.
Alternatively, decigram quantities of soil can be disaggregated in a Petri
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plate with a large quantity of deionized water and observed. For identifi-
cation, the preparation is scanned with a compound microscope at
appropriate magnifications. Most species will require staining of the cil-
iature or, for smaller species, SEM observations are necessary.

All other taxa of swimming species (with one or more cilium), in the
chromista and protozoa, are best observed in centigrams of soil subsam-
ples in water, with an inverted microscope or compound microscope,
and phase contrast (Fig. 3.6). These species tend to be about the size of
small soil particles (4—12 pm long and smaller diameter), and tend to
hug particles with a cilium. It is best to scan between soil particles, at the
bottom of wells, and to look for movement. Transects of known dimen-
sions can be scanned across the wells, or an ocular grid can be used to
scan known areas of the well bottom. If the abundance of the nanofla-
gellates is >5 X 10*individuals/ml in the suspension, the Neubauer grid
of a haemocytometer can be used to count cells in smaller grid areas.
(The haemocytometer grid is also useful to enumerate bacterial cells in
soil suspensions, as their abundance is sufficiently high.) These small
protist species are difficult or impossible to identify without a compound
microscope. In general, SEM of fixed preparations is recommended to
avoid misidentification and guessing. Many species of the soil ‘nanofla-
gellates’ are still unknown.
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Fig. 3.6. Manipulation of living soil organisms with a calibrated pipette and
micropipette, from soil in a watch glass into recipients for enumeration. (A) Soil
suspension in droplets on an agar plate. (B) Soil sample in liquid medium on a Petri
plate. (C) Soil dilution on a haemocytometer counting chamber. (D) Soil suspension
in a depression microscope slide, with Vaseline edges to prevent evaporation. (E)
Soil suspension under a coverslip on a microscope slide, with Vaseline edges to
prevent drying and squashing of the specimen.
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Foissner (1987) provides a discussion of recovery rate of species
from soil samples. Known numbers of individuals can be recovered
from a subsample to estimate the efficiency of a protocol. He reported
generally good success with species of ciliates (55-100%, mean 76%),
and testate amoebae (30-100%, mean 60%), and passable rates for other
large cells (~50%). However, the diluted soil suspension was inefficient
for amoebae and small cells (<10% recovery).

Attempts at staining protists within soil samples have not been suc-
cessful. There are several problems that cannot be avoided. One is that
cells attach to particles, and background staining of the soil matrix
hides the cells. Furthermore, some stained cells will remain hidden
behind particles, away from the microscope objective. Counts of
stained soil protists are 100 times lower than direct counts of live sam-
ples, and the nanoflagellates and most amoebae are simply missed.
Secondly, methods that would detach bacterial cells from particles will,
in general, lyse protists and cannot be applied. Lastly, once stained,
cell shape, locomotion and behaviour are no longer discernible. Thus
identification becomes impossible. Staining is not recommended for
counts of active species. Instead, it is preferable to look for motility
under phase contrast, at the correct magnification, in each prepara-
tion, as it is a true sign of cellular activity.

Fungal and filamentous species

Approaches to the enumeration of hyphae and spore abundances
were described above for total species counts. To distinguish between
active and inactive species at the time of sampling, one should rely on
fresh samples. Stained preparations are scored for the presence of
cytoplasm and nuclei in hyphae, as a ratio of total hyphae. However,
as for the bacteria, confirmation of activity at the time of sampling is
by uptake of labelled substrate from intact soil cores. The label can be
in the form of radioactive atoms ('*C, *H and 3°S) or stable but rare
isotopes (1*C and 'PN). Choice of substrate needs to account for the
diversity of species function as saprophytes. Monosaccharides or oxy-
gen isotopes are not suitable markers because they tend to be lost
through respiration as CO,. However, they are adequate for total res-
piration rate data from soil cores or microcosms. Generally, amino
acids, thymidine or ergosterol precursors are suitable substrates.
Radioactively labelled cells can be identified by autoradiography on
microscope slides, or assayed in scintillation counters. Their incorpo-
ration into proteins, DNA or cell membranes is an indication of sub-
strate intake and growth. Stable isotopes need to be quantified by
accelerator mass spectrometry or using a thermal combustion elemen-
tal analyser for stable isotope analysis by gas chromatogram separa-
tion (new instrument Delta-plus XL) (Werner et al., 1999). These
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techniques are suitable for detection of growth in other soil taxa, but
need to be exploited further. They are becoming sensitive enough for
detection of change and quantification of rates from microcosm
amounts of cells.

Invertebrates

Invertebrates do not reproduce and change in abundance within hours
or days as protists and bacteria do. They are also more resistant to
manipulation. They can be enumerated as for total species counts
described in the previous section, from soil samples within 1-2 days
after collection. The specimen can also be scored into age categories,
from eggs and juvenile stages, to reproductive adults.

Number of Species in Functional Groups

Species isolated for enumeration by motility or by an extraction
method do not represent trophic functional groups. Instead, they
represent those species extracted by a particular method. It is not very
useful to report the number of individuals or species in various motil-
ity groups, or in broad taxonomic categories. Ecologically useful infor-
mation is obtained by categorizing the species into functional groups,
based on feeding preferences and periods of activity. Consideration for
other species that interact together through competition, symbiosis or
predation is also necessary. Trophic interactions convey information
about the structure of food webs and decomposition processes.
Alternatively, one can assay the number of species in each functional
group by baiting with particular nutrients or food items. In baiting or
other culture methods, it is important to use abundances and condi-
tions that are naturally encountered. The main functional groups that
can be identified in decomposition food webs are: osmotrophy, bac-
terivory, fungivory, detritivory on microdetritus, predation on protists
or on microinvertebrates, and saprophytic on litter. Table 3.5 lists com-
mon habitats and food preferences of protists that are co-extracted.
These are discussed extensively in Chapter 4. Some species are spe-
cialists that have a narrow range of food alternatives (for instance on
bacteria of a specific size range, or on pollen). Other species are more
diversified in their food preferences. These less specialized species
may interact with one or several functional groups, depending on food
availability. Generalist species that belong to several trophic groups
are omnivorous. Recognizing species is useful, because functional
groups, seasonal periods of activity and feeding preferences can be
determined from what is known of their biology.
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Table 3.5. Preferred habitats and common functional groups of protists. Groups do not
represent taxonomic categories, but are based on the extraction method.

Taxa Habitat Food preferences

Naked amoebae Interstitial, some in litter  Bacterivory, fungivory, osmotrophy, predatory

Testate amoebae Litter, organic horizon Saprotrophic, predatory, detritivory,
(fungivory?), (bacterivory?)

Small flagellates Interstitial, some in litter  Osmotrophy, bacterivory

Flagellates Interstitial, some in litter  Bacterivory, detritivory, others possible

Ciliates Interstitial, rare in litter Bacterivory, fungivory, predatory, detritivory,
osmotrophy

Hyphae Litter, interstitial Saprotrophic, predatory

Reticulate Interstitial, some in litter  Bacterivory, osmotrophy, fungivory, others
possible

Yeasts Interstitial, litter Osmotrophy

Summary

The aim of soil collection is to obtain a representative sample of the
species diversity. The sampled soil is delicate and subject to crushing
and drying, which damage soil organisms. Storage and handling of col-
lected samples affect species activity and the composition of species that
can be enumerated. The number of samples required to describe a site
over time completely is usually very large. Soil ecologists must balance
the number of samples with the amount of time spent on each sample.
In practice, the experimental design tries to limit the breadth and depth
of analysis to what can be achieved in a timely manner. The organisms
are extracted from the soil for species enumeration and estimation of
their abundance. One must be aware of what taxa are not extracted by
each procedure. Similarly, there is no one culture medium that is suit-
able for all bacteria or all protozoa. Different taxonomic groups require
different methods that are appropriate for their biology. There are two
strategies for extraction of species from soil. One approach aims to iden-
tify as many species as possible, and the other aims to identify only those
species active at the time of sampling. In general, wet extractions have
focused on nematodes, at the expense of all other co-existing wet-
extracted species.
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Reconstructing the Soil Food 4
Web

The top soil is a skin over the earth’s surface which functions as a natural
compost. It receives a continuous input of dead tissues from primary pro-
duction on its surface, and below-ground from roots and soil organisms.
The trophic interactions within the soil are responsible for decomposition
and biomineralization. Certain soil organisms invade fresh litter, while
other species continue to feed on older organic matter within the profile.
Once the sampled soil has been extracted for various organisms, the spa-
tial structure is lost and the organisms are outside their natural environ-
ment. One needs to determine: (i) what the role of each species is in the
soil, in terms of feeding preferences; and (ii) what their spatial preferences
are in the soil structure. In this chapter, we discuss the ecological role of
species, based on what they feed on. Similarities in feeding preferences
and in mechanism are used to group species into trophic functional
groups. Using knowledge of the biology of species to place them into
functional groups simplifies the task of dealing with many interacting
species. It is more convenient to describe interactions between the func-
tional groups. In this chapter, we define interactions between functional
groups that are responsible for the primary and secondary decomposition
of litter. In Chapter 5, we will discuss species distributions vertically
through the soil profile, horizontally across the landscape, and species
succession through time.

Functional Categories
The sources of substrate for decomposition food webs are litter from
above- and below-ground sources, other organisms in the soil, and the

excreted and secreted material from all these trophic interactions. Litter
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is used as a general term for all that was recently living together with
excreta (see Chapter 2). The organic matter derived from tissues in the
litter is increasingly digested by repeated cycles of ingestion and excre-
tion. Species participate in the ingestion of food, its partial digestion and
absorption, and excretion of the remaining portion. Therefore,
repeated cycles of biological processing and chemical modification of
organic matter have two effects. One causes an accumulation of increas-
ingly indigestible (or recalcitrant) organic matter. The other supplies a
steady source of soluble nutrients into the soil solution. The end result
of decomposition trophic interactions is the return of nutrients into pri-
mary production food webs, in the form of soil solutes, carbon dioxide
and other gases (Figs 2.1 and 4.1).
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Fig. 4.1. Flow of nutrients between primary production and saprophytic species.
The diagram does not indicate the biomass and amount of flow, but shows the
direction of flow between living and decomposing biomass. Numbered arrows
indicate (1) uptake of nutrients from the soil solution by roots and rhizoids; (2)
uptake of nutrients by mycorrhizae; (3) litter from plant-derived tissues; (4) plant
tissue digestion by symbionts of consumers of primary producers; (5) consumption
of primary producers; (6) litter from consumers in the primary production
subsystem; (7) litter from saprotrophs; and (8) consumption of saprotrophs by
consumers in the primary production subsystem.
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Primary decomposition is initiated in part by organisms called pri-
mary saprotrophs, in that they release digestive enzymes into their envi-
ronment to solubilize a source of nutrient, or substrate. It is a form of
external digestion that releases soluble nutrients from previously insolu-
ble organic matter. Most primary saprotrophs are found in several
classes of the bacteria kingdom and most families of the fungi kingdom,
but some are also found in other kingdoms. Decomposition also
requires fragmentation of litter. It is performed by a broad variety of
species that facilitate the access of other primary saprotrophs to the litter
and its permeation into the soil. Species that carry out fragmentation
are also called shredders, and occur mostly in the Arthropoda classes
Insecta, Arachnea and Crustacea, in the Annelida, and very few in some
Aves and a small number of Mammalia. Invertebrate shredders often
require a symbiotic association in their gut to carry out the digestion.
These are specialized anaerobic protozoa which are usually Ciliata but,
in some termites, they are Hypermastigota, as well as a variety of bacte-
ria. Further decomposition is achieved by organisms that feed on micro-
scopic particles of organic matter that become released from the litter by
fragmentation. These are called detritivores and include species in the
Nematoda, Oligochaeta, Testacealobosea, Gymnamoeba (Lobosea),
some Colpoda and other protozoa. Another functional category includes
the osmotrophs, which absorb soluble organic matter present in their
environment, mostly released from the above interactions. These species
differ from primary saprotrophs because they do not secrete enzymes to
solubilize their nutrients. Although some classes and species are exclu-
sively osmotrophic, many species throughout the protozoa, chromista,
fungi and bacteria are only partially osmotrophic. An important and
large category responsible for most biomineralization is consumers (sec-
ondary saprotrophs), which include species that feed on primary sapro-
trophs, fragmenters and detritivores. The consumers are subdivided
into bacterivores, fungivores and cytotrophs on unicellular species, or
predators on invertebrates.

Primary Decomposition

Primary decomposition involves the initial processes that modify the
dead tissues and excreta from primary production, which constitute the
litter. The litter was defined in Chapter 2, to include shed leaves, fallen
trees and branches, animal cadavers and shed body parts, shed repro-
ductive structures, animal excretions and all secretions. These accumu-
late primarily on the soil surface (Table 4.1), although tree canopies also
accumulate litter, particularly in wet tropical forests. A substantial por-
tion of below-ground litter accumulates in the form of dead roots and
growing root tip exudates. Primary decomposition involves the initial
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lysis of cells in the dead tissues, release of soluble molecules, physical
fragmentation of the tissues, and colonization by primary saprotrophs
which further dissolve and partially ingest the organic matter. The
organisms grouped together as primary saprotrophs secrete enzymes
for the extracellular digestion of litter, and participate in the uptake of
soluble nutrients from the soil solution. These primary saprotrophs are
in part dependent on litter fragmentation by the macrofauna and other
litter invertebrates.

Plant senescence and necrosis

Senescence of leaves involves a massive modification and mobilization of
cytoplasmic components, out of the living cells, in preparation for shed-
ding the organ. A similar process occurs in shedding other plant organs,
such as roots and reproductive organs, but the biochemistry is less stud-
ied. By the time the plant organ is shed, the tissues are low in nutritional
value compared with the living cytoplasm. The exception is when viable
parts of plants are physically broken by animals or the wind.

The chronosequence of events is coordinated, and involves the dis-
mantling of organelles and translocation of nutrients to growing tissues
(Smart, 1994; Biswal and Biswal, 1999). There is a total loss of chloro-
phyll and degradation of macromolecules (proteins, lipids, nucleic acids
and starch). The genes that regulate this process are known as senes-
cence-associated genes. More than 30 such genes are known from a variety
of plants. Senescence is initiated by environmental cues through plant
physiology. It is driven by the accumulation of abscissic acid and involves
other plant hormones. It ends with the abscission of the organ or its
physical breakage from the plant. The fall of incompletely senesced
leaves therefore contributes a greater supply of nutrients to the soil.

Translocation of nutrients from tissues during senescence aims to
salvage nutrients from the parts to be shed, and use them in the grow-
ing parts of the plant. Nitrogen from proteins is removed as NH, and
used for the de novo synthesis of glutamine and asparagine. The two
amino acids can be translocated to other parts of the plant.
Gluconeogenesis enzymes use lipid substrates (primarily from thylakoid
membranes) through the glyoxylate cycle to form sucrose. Sucrose is the
primary plant sugar for transport. Nucleic acids are released as purines
and pyrimidines. These are degraded further into smaller soluble forms
for translocation. The phosphate component is also salvaged, as well as
sulphur and other minerals and metal ions. The main plant cell storage
compound is starch. It is hydrolysed into monomers and other sugars
which can be transported.

A variety of species of bacteria and yeast adhere to living leaves
(Beatty and Lindow, 1999). These species are mostly osmotrophs. They
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benefit from the increase in available soluble nutrients from senescing
tissues, prior to leaf fall. It is an adaptation for earlier access to plant sol-
uble nutrients, compared with species that reside in the litter. Many
mildews, rusts and other fungi also proliferate in senescing parts, as tis-
sues lose their natural resistance to infections.

Plant species have adopted different physiological thresholds for
shedding older or less efficient organs. There are also different mecha-
nisms for survival through stress. These adaptive strategies to variations
in seasons and to climate result in a variety of patterns of senescence
(Leopold, 1961; Larcher, 1973). Some are evergreen, others are season-
ally deciduous, and others are annuals that survive as roots or bulbs.
Therefore, the pattern of annual and seasonal contribution to soil litter
depends on plant species composition. The quantity and the quality of
litter input are determined by plant-driven primary productivity.

Physical degradation of tissues

Several factors contribute to the initial degradation of dead animal and
plant tissues in the litter. The first is the continued autolysis of cells that
begins with cell death. Autolysis involves an internal digestion of cell
organelles and components. In senesced leaves, cell lysis begins before a
leaf falls. In a fallen tree, some cells may continue to live for weeks. Cells
of animal tissues begin autolysis soon after death of the tissue. Autolysis
increases leakage of soluble molecules from tissues, especially when the
cell membrane is lysed. However, the cell wall of plant cells is not lysed
and prevents larger molecules from being released by leakage. Instead
they are trapped inside a cellulose box which must be broken into.
Further abiotic degradation of tissues occurs as a result of desiccation.
Loss of cell and tissue water causes a clumping of denatured cytoplasmic
molecules. It further contributes to the physical breakage of plant cells
and tissues as the litter becomes brittle and easily fragmented. A similar
effect on the cytoplasm results from freezing. Repeated cycles of drying
and wetting, or freezing and thawing, further denature the cytoplasm
and fragment the litter, releasing soluble molecules. Storage of leaf litter
for decomposition experiments usually involves drying of leaves. It is a
pre-treatment step which can alter the initial character of the litter and
the survival of organisms that have already colonized it.

Macrofauna invertebrates
A large variety of taxa are represented in the macrofauna. It is necessary

to distinguish between those that are predatory on litter organisms (such
as spiders), those that are part of the above-ground primary production
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food webs and those that contribute to decomposition as saprotrophs.
Some species have a particularly significant impact on the initial frag-
mentation and comminution of the litter. The macroarthropods, earth-
worms, onychophorans and gastropods contribute to this. These
organisms feed on the litter by removing small pieces and help break it
up into smaller fragments. This has the effect of increasing the surface
area of exposed tissue. The salivary secretions and excretion of partially
digested litter contribute to the initial litter decomposition. They
increase leachate from the lysed cells in the litter, and facilitate its colo-
nization by primary saprotrophs. Since the sites of ingestion and of sub-
sequent excretion are not the same, these organisms also contribute to
the redistribution of the litter, both vertically into the profile and hori-
zontally across the soil surface.

A comprehensive treatment of species implicated in comminution
and initial litter breakdown by the macrofauna can be found in several
books (see Swift et al., 1979; Dindal, 1990; Coleman and Crossley, 1996).
A few brief points are made below as examples of their contribution. The
principal macroarthropods include the Isopoda, Diplopoda (millipedes),
Isoptera (termites), Coleoptera (beetles) and the Hymenoptera family
Formicidae (ants) (Table 4.2). The earthworms include the epigeic (litter)
and anecic (vertical burrows with permanent surface openings) species
(see below, this chapter). Several families of Coleoptera have species that
contribute to litter and macrodetritus fragmentation. Anobividea and
Blattodea are important on detritus in general, or leaf litter and softened
wood. Several genera prefer animal matter and cadavers, in the Plinidea,
Dermesidea and Nitidulidea. Some Dilphinidea species also have a strong
preference for cadavers. The genus Necrophorus buries cadavers by dig-
ging under them, and a reproductive couple will then feed on it through
time, in the burrow. Several species prefer mammal dung, such as
Scarabaeus sacer, Hister quadrimaculatus and in the genera Copris and
Ontophagus. Typhoeus typhoeus hoards dung inside deep tunnels. Some
insects in the orders Diptera and Coleoptera are important particularly
in the initial decomposition of animal cadavers (Byrd and Castner, 2001).
Many ant and termite species are efficient scavengers of detritus which
they accumulate in nests. As with the action of some earthworms, these
have the effect of mixing litter into the soil, as well as breaking it up and
carrying out a first round of digestion-excretion. However, the organic
matter may not become accessible to the soil outside the nest, while the
walls are maintained by the colonies. Finally, the function of invertebrate
larvae in the soil can be very different from that of the adults. Species
that may not participate in decomposition as adults may contribute to
decomposition as larvae or juveniles.

The macrofauna are also important shredders and saprotrophs on
animal cadavers. The impact of animal cadavers, especially those of
large animals, affects soil nutrients and plant species composition in the
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Table 4.2. Invertebrate taxa with usual habitat preferences and food preferences.

Taxa Habitat Food preferences

Rotifera (phylum) Wet litter, riparian Water current capture or predation on
nematodes, protozoa, bacteria

Nematoda (phylum) Interstitial, litter Bacteria, hyphae, roots, predation or
omnivorous

Tardigrada (phylum)  Wet litter, bark, moss Nematodes, detritus

Platyhelminthes Litter Earthworms

(order Tricladida)

Lumbricina (class) Litter, interstitial Litter and log fragmentation, soil

Enchytraeid (family)  Interstitial Protists, bacteria and invertebrate excreta

Isopoda (order) Dark and wet Litter fragmentation, plant consumers

Diplopoda (class) Litter or interstitial Litter fragmentation and detritus, Ca

Chilopoda (class) Litter All predators, some fragmentation

Pauropoda (class) Litter Hyphae, fungi-infested litter, logs and soil

Collembola (order) Litter, top soil Hyphae and nematodes, some are live root
and plant consumers

Protura (order) Litter, top soil ?

Diplura (order) Litter, top soil Predation on microarthropods, or
detritivore

Thysanura (order) Bare rocks Protists and detritus

(family Machilidae)

Isoptera (order) Nests Wood, soil, detritus, or hyphae cultured on
detritus

Hymenoptera (order) Nests Predators, detritus, other

Coleoptera (order) Litter Predation, varied

Scarabaedidae Litter Wood, litter, dung

Aranea (order) Litter Predation

Pseudoscorpionida  Litter, top soil Predation on small invertebrates

Acari (order) Litter, top soil Nematodes, hyphae, detritus

immediate vicinity. Large carcasses, such as ungulate species, constitute
an intense localized disturbance, which releases a concentrated pulse of
nutrients into the soil, and changes the vegetation for years after
(Towne, 2000). It is unclear to what extent soil nitrogen supply is
derived from invertebrate and vertebrate animal cadavers and excreta.
The effect of cadavers (or animal detritus) has been much less studied
than plant-derived litter, presenting opportunities for further research.
The impact of macroinvertebrates on litter decomposition is usually
demonstrated using mesh bags enclosing leaf litter. Leaf litter is placed
on the field site, using mesh sizes to bias against size classes of the litter
fauna (exclusion of fauna), and against larger mesh sizes that do not
(control litter bags) (Fig. 4.2). Using mesh of 1-2 mm, most macrofauna
are excluded, but this often increases moisture content in the litter bag
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Fig. 4.2. Litter bags of plastic mesh holding decomposing leaf litter. The large mesh
allows access to macroarthropods and the larger organisms, while fine mesh bags
limit access of macroinvertebrates.

(Vossbrink et al., 1979). The rate of litter mass loss in control and exclu-
sion litter bags is obtained from weight loss through time. This is approx-
imated by a simple decay equation W, = W,_ e™, with the decay constant
k representing the rate of mass loss through time ¢, and W, and W_ repre-
senting the final and initial dry weight of litter. The decay constant k can
be obtained from the slope of the natural logarithm of the graph, from
InW, — InW_ = —kilne. However, the actual pattern of mass loss is often
multiphasic, with periods of rapid loss and periods of stable or slow mass
loss (Fig. 4.3). The effect is caused in part by seasonal variations and by
species succession on the litter. The pattern mostly reflects plant-specific
differences in litter nutrient composition, timing of leachate of toxins and
rate of decomposition of the cell walls. The procedure can overestimate
the rate of decomposition, because macroinvertebrates will chew on the
litter, but defecate the unassimilated portion at a distance outside the lit-
ter bag. Furthermore, a portion of litter fragments falls out of wide mesh
bags that permit access to macroinvertebrates. The rate of mass loss can
be underestimated by a variable amount, due to an increase in mass of
organisms in the litter tissues. This value is normally low, but can be
more significant in some cases. For instance, pine needles can be embed-
ded with enchytraeids, Collembola, oribatids and other organisms
(Ponge, 1991; Edslung and Hagvar, 1999). The presence of primary and
secondary saprotrophs inside the litter does, however, contribute signifi-
cantly to the litter nutrient content (such as elemental nitrogen).
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Fig. 4.3. Rate of mass loss over time in several leaf litter species. Representative
data from single species of leaf litter placed in large mesh litter bags, in a temperate
forest in North Carolina.

Litter mass loss rates

The rate of initial litter decomposition from mass loss studies in litter
bags varies with climate (temperature and moisture), litter chemistry
and faunal composition (Table 4.1) (Cadish and Giller, 1997).
Comparison of leaf mass loss across climatic regions shows that the
effect of climate is the principal predictor of the initial decay rate (Swift
et al., 1979). This was shown further in a review of leaf litter decompo-
sition from 44 varied geographic locations (Aerts, 1997). The climate
was characterized from the actual evapotranspiration (AET) from monthly
temperature and precipitation data (Thornthwaite and Mather, 1957).
This value is superior to temperature or moisture values used alone. It
is an index of climatic energy and the availability of capillary water
from soil and litter (Meentemeyer, 1978). Several generalities were
observed from the comparisons reported by Aerts (1997) (Tables 4.3
and 4.4).

1. After the actual evapotranspiration value (climate effect), leaf litter
chemistry was the next most important parameter determining initial
decomposition rate. Climate exerts the strongest influence on initial lit-
ter decay rate (k) between geographic regions, but litter chemistry
(nutrient content, lignin and secondary metabolites) is a better descrip-
tor of variations in decay rate locally.

2. A threefold increase in AET from temperate to tropical regions is
accompanied by a sixfold increase in the decay constant.
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Table 4.3. Summary of data of 44 leaf litter decomposition studies, from temperate,
Mediterranean and tropical sites (modified from Aerts, 1997).
Region Temperate Mediterranean Tropical
Lignin (%) 22.7 15.6" 20.9
Lignin:N ratio 32 29.4 24.2*
Lignin:P ratio 848 660 764
C:N ratio 62.2 78.9 53.8*
Decomposition rate, k (per year) 0.36 0.35 2.33*
AET (mm/year) 590 571 1475*

*Significant difference between data along one row.

Table 4.4. Selected most significant regressions (coefficient of

regression, r2) between decomposition rate (k) and a single or two

other parameters (litter chemistry and AET), with statistical

significance level (P ) indicated.

k versus single parameter r2 P
Temperate regions
N (%) 0.05 <0.05
Mediterranean regions
N (%) 0.08 <0.05
Lignin:N ratio 0.24 <0.005
Tropical regions
N (%) 0.24 <0.0001
Lignin:N ratio 0.57 <0.0001
C:P ratio 0.39 <0.005
Total data set
N (%) 0.24 <0.0001
Lignin:N ratio 0.24 <0.0001
AET (mm/year) 0.46 <0.0001
k versus two parameters
Temperate regions
No significant multiple regressions
Mediterranean regions
AET + lignin:N ratio 0.58 <0.0007
AET + C:N ratio 0.38 <0.0251
Tropical regions
No significant multiple regressions
Total data set
AET + C:N ratio 0.57 <0.0001
AET + lignin:N ratio 0.53 <0.0001
AET + C:P ratio 0.52 <0.0001

Modified from Aerts (1997).
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3. Much variation exists between specific leaf litter chemistry and the
decay rate. In temperate climates, there was no suitable chemical predic-
tor of mass loss rates. In Mediterranean and tropical climates, the
lignin:N ratio was the best chemical predictor.

However, the effect of soil mineralogy on the overall process of
decomposition and nutrient recycling must not be neglected (Fig. 4.4).
For instance, the more weathered tropical soils (often oxisol or ultisol)
are usually poor in phosphorus (P-limited soils) (Vitousek and Sanford,
1986). In contrast, temperate forest soils tend to be nitrogen limited
more often (Vitousek and Howarth, 1991).

Litter chemistry and decomposition

The interaction between nitrogen and lignin content of leaf litter was
characterized further in Hawaiian tropical forests (Hobbie, 2000). The
study used leaves of Metrosideros polymorpha, a dominant tree in Hawaiian
forests, because its lignin content varies with the environment. Leaves
from drier areas have <12% lignin concentration, and those from wetter
areas have >18% lignin. The litter bags were constructed with 2 mm
mesh, which minimizes macrofauna grazing on the litter, but permits
microbial and microarthropod decomposition. Litter mass loss rates are
slower with increased lignin content, or higher lignin:N ratio. Since
these sites are naturally poor in nitrogen, rates were compared with N-
fertilized sites. There was an increase in mass loss rate (k value) in fertil-
ized plots, regardless of lignin content (Fig. 4.5). However, the amount
of increase was much lower in the high lignin litter. The study concludes
that on these N-limited soils, litter decomposition is naturally limited by

ROOTS

1

LITTER
DECOMPOSITION
CHEMISTRY # COMPOSITION | dgmp| SOIL SOLUTION

CLIMATE

MINERALOGY

Fig. 4.4. Overarching effect of climate and soil mineralogy on regulating the rate of
decomposition. This affects the rate of biomineralization and soil solution composition.
In turn, the effect is seen in plant nutrition and subsequent litter chemistry.
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Fig. 4.5. Implied trends of lignin and nitrogen decrease, in high and low lignin
litter of Metrosideros polymorpha, in a Hawaiian forest. Data for N in high-lignin
litter are scattered in the circle (data modified and adapted from Hobbie, 2000).

insufficient N nutrient. (According to Liebig’s law, organism growth is
limited by the most limiting nutrient.) The pattern of lignin loss was lin-
ear with litter mass loss. However, for N content, there was little
decrease until about 60% of the initial mass was lost. This may reflect the
stage at which sufficient cell wall breakdown permits nutrient loss from
within the leaf litter, and tissue comminution. However, the cytoplasm of
primary saprotrophs, especially active hyphae, will contribute signifi-
cantly to litter N content. In temperate forests, there were several
reports of inhibition of lignin digestion in the presence of sufficient
nitrogen (Keyser et al., 1978; Fog, 1988; Berg and Ekbohm, 1991; Magill
and Aber, 1998). No such inhibition was observed in the Hawaiian study.
It raises the question of whether the inhibition observed in temperate
sites can be extended to all regions. There may be species and regional
differences. In general, there are no clear trends between studies of fer-
tilization with inorganic nitrogen on litter decomposition rate (see
Hobbie, 2000).

Mesofauna diversity and climate effect on initial litter decomposition

The following study was established to consider the added effect of
macro- and microarthropods on initial mass loss rate of litter (Gonzalez
and Seastedt, 2001). The experiment consisted of litter bags represent-
ing two leaf litter qualities, compared at two subtropical sites (wet and
dry sites), and at two subalpine sites (north- and south-facing slopes)
(Table 4.5). Each was replicated with and without arthropods. Normally,
studies and models begin with the assumption that decomposer organ-
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Table 4.5. Percentage composition and ratios of two leaf litter species, in a control and
arthropod exclusion experiment, at four climates.

Litter species Site

Initial content C:N ratio Lignin:N ratio  Lignin % Cellulose %
Quercus gambelii 63.6 26.0 20.0 41.2
Cecropia scheberiana 35.6 26.7 34.6 46.1
After 1.5 years Control C:N  Exclusion C:N

Quercus gambelii Tropical dry 28.7 26.7

Cecropia scheberiana  Tropical dry 20.7 19.9

Quercus gambelii Tropical wet 23.8 27.8

Cecropia scheberiana  Tropical wet 19.7 21.3

Quercus gambelii Subalp. North. 34.4 40.0

Cecropia scheberiana  Subalp. North. 33.5 29.4

Quercus gambelii Subalp. South. 39.0 404

Cecropia scheberiana  Subalp. South. 30.9 29.6

Data from Gonzalez and Seastedt (2001).

isms are totally constrained by the climate (AET) and litter chemistry
(quality). For example, among tropical sites with less variability between
seasons, there should be less climate influence on decomposition, and a
more important role for the fauna, whereas in more northern or south-
ern latitudes, temperature constrains cellular activity, and thus the rate
of decomposition. However, this is not a complete argument, since the
abundance and diversity of the decomposer species also vary with cli-
matic region, ecosystem and latitude (Swift et al., 1979; Gonzalez and
Seastedt, 2001). This experiment attempted to measure the impact of
arthropod functional diversity and abundance on initial litter decompo-
sition between climatic regions. In this study, macroarthropods were
removed by sieving the soil, and by preventing recolonization with a
physical barrier and chemically with naphthalene (an arthropod repel-
lent). The naphthalene has the added effect of also greatly reducing the
microarthropod abundance. The control plots were also sieved, and had
a physical barrier. The macroarthropods were not removed and naph-
thalene was not added, to maintain the arthropod abundance. One indi-
rect effect of sieving soil is to destroy soil stratification, many organisms
and the hyphal mesh. In all plots, the 2 mm mesh of litter bags would
have reduced macroarthropod access.

The results of this arthropod exclusion study (Table 4.6) show that
climate, litter substrate and the biota component each independently
influenced the decomposition rate. The abundance of the microarthro-
pods was much greater in the wet tropical site than at the other sites.
The functional diversity (per g dry litter) was also greater at the tropical
wet site. The effect of arthropod exclusion in slowing the rate of mass
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loss in litter bags was greatest in the wet tropical site, followed by the
subalpine sites, and least affected was the tropical dry site. The climate
effect (measured as AET) correlated with the abundance of microarthro-
pods in the litter bags in the control plots. Instead, the climate effect
correlated with the decomposition rate (k) in the arthropod exclusion
plots. There was no difference between the effect of the arthropods on
the two litter species chosen in this study (Tables 4.5 and 4.6).

Normally, there will be litter from several plant species accumulat-
ing together. One can speculate that in mixed species litter, faster and
more nutritious litter types can promote the decomposition rate of
slower litter. This can occur through the release of particular nutrients
into the soil solution (Seastedt, 1984; Chapman et al., 1988).
Alternatively, the overall rate can be slowed through leaching of sec-
ondary metabolites, tannins and phenolics from some litter species
(Harrison, 1971; Swift ¢t al., 1979; Chapman et al., 1988). In some com-
binations, there may be no effect at all on the mass loss rate in mixed
species litter (Blair et al., 1990; Prescott et al., 2000). Blair et al. (1990)
also reported a significant effect of mixed litter on the composition of
the decomposer community (microarthropods, nematodes, hyphal
length and bacteria) and on the pattern of nutrient release (such as
nitrogen). Hansen (1999) also observed that some combinations pro-
moted mass loss in litter bags. Prescott et al. (2000) further observed that
with mixed litter, initial mass loss rates (1-2 years) did not always predict
the effect of treatment over several years (5 years).

Secondary Decomposition

Most biological studies of decomposition have focused on primary
decomposition, using fresh litter (usually roots or leaves) placed in mesh
bags and sampled for 1-2 years. At this point, only 20-80% of most
fresh litter is broken down into organic matter. Observations are contin-
ued longer more rarely. Animal sources of litter, such as insect parts,
excretions and frass, or animal dung and cadavers, are largely
neglected. These are an important source of pulsed nitrogen into the
soil food webs. With time, the litter is fragmented and decomposed into
humus by a succession of species within and between functional groups.
As fresh litter accumulates on top, the older litter becomes part of
deeper soil horizons. A fraction of the decomposing organic matter is
respired by saprotrophs (CO,), a fraction is metabolised into new cellu-
lar biomass and exoskeleton, a portion is excreted by the saprotrophs,
and a portion is abandoned as fungal cell wall material. The excreted
and abandoned portions become part of the soil humus or organic mat-
ter. Secondary decomposition occurs in the soil horizons below the A
and A, horizons. It involves the decomposition of organic matter that
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has already been partly decomposed from fresh litter. Not all of the
organic matter below the A horizon is in secondary decomposition. The
deeper horizons also contain fresh litter from below-ground sources,
such as roots and dead organisms. In some ecosystems, such as forests
and prairies, the predominant flow of carbon into the soil is from roots,
particularly fine roots <2 mm in diameter (Coleman, 1976; Fogel, 1985;
Fahey and Hughes, 1994; Wells and Eissenstat, 2001).

Secondary decomposition cannot be studied from litter in mesh bags,
and it is more difficult to trace and study i situ. The controlling roles of
community structure and trophic interactions in secondary decomposi-
tion are best studied in the laboratory using intact soil cores and soil
microcosms. The main sources of substrate in secondary decomposition
are excreted pellets, microdetritus in varying stages of decay, colloids and
amorphous organic matter. The faecal pellets can constitute >80% of the
organic matter in the forest floor horizons (Pawluk, 1987). The role of
the food web in the decomposition of this fraction of organic matter has
been detailed insufficiently. The effect of community structure in regulat-
ing the rate of secondary decomposition is poorly understood. There are
reviews based on chemical extractions of the organic matter in secondary
decomposition (Stevenson, 1994; Sollins et al., 1996). These analyses
highlight the increasing influence of clays on soil solution composition
and dissolved organic matter in the solution. The adsorption of organic
matter and ions to clays is greatly affected by the mineralogy and cation
exchange capacity (Sposito, 1989; Kalbitz et al., 2000). However, almost
none of the studies were conducted in situ or taking into consideration
the biological species that release the organic matter into the soil solution.

Primary Saprotrophs

Species that first colonize litter and are involved in its digestion are called
primary saprotrophs. Most of these are prokaryote and fungal species
that release extracellular enzymes. The digestion is extracellular, and
complex molecules and polymers are hydrolysed to smaller molecules
which can be absorbed through cell membranes. The transfer of nutrient
molecules into cells through the cell membrane is called osmotrophy.
Yeasts and testate amoebae are also important early colonizers of litter
and contribute to its decomposition and soil nutrient absorption.

Saprotrophic bacteria
Bacteria obtain their nutrients from the soil solution by osmotrophy.

They rely on nutrients and minerals already dissolved from litter. Most
species secrete small enzymes that can pass through the bacterial mem-
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branes, or that assemble on the outer membrane (White, 1995; Van
Wely et al., 2001). These enzymes digest specific chemical bonds of sub-
strate compounds in the soil environment. The soluble molecules
released into the soil solution become accessible for uptake by the bacte-
rial cell membranes, and other osmotrophs. The secretion of specific
enzymes, and the activation of substrate molecule transport mecha-
nisms, depend on chemical detection of the substrate. In the presence of
sufficient nutrient molecules, nutrient intake can be sufficient to main-
tain cell growth to division. This condition also requires adequate pH,
salt balance, temperature and moisture. Some species have single sub-
strate requirements for growth. Other species require more than one
source of nutrients or may need cofactors in the soil solution. Most
species can grow on a variety of substrate molecules, such as the
Pseudomonads which are particularly versatile in their substrate utiliza-
tion. In these species, when a preferred substrate is absent or at low con-
centration in the soil solution, an alternative substrate is obtained for
growth. The switch to new substrate usually involves synthesis of new
enzymes by the bacterium. Availability of a preferred substrate inhibits
the uptake of alternative substrates. In order to understand substrate
use and regulation of nutrient intake by bacteria, one must understand
the metabolic regulation of their operons (Lengeler et al., 1999). The
substrate preferences of bacteria are key in assigning their taxonomic
species name, genus and family. Their main sources of organic nutrients
in the soil are indicated below.

Cellulose
The ability to digest cellulose is significant, because it is about half of the
total biomass synthesized by plants, which returns to soil as litter. The
plant cellulose cell wall holds the more nutritious cytoplasm remaining
inside. Therefore, breaking into these cellulose boxes provides access to
a better source of nutrients. It consists of chains of B-p-glucopyranose in
1,4-glycosidic linkage that are polymerized into long fibrils, about 80
units in length (Fig. 4.6). The fibrils are held together in a three-dimen-
sional matrix by inter- and intramolecular hydrogen bonds. The
enzyme subunits assemble on the external cell membrane surface into
cellulosomes. Aerobic digestion of cellulose occurs through the action of
several genera, such as Archangium, Cellovibrio, Cellulomonas, Cytophaga,
Polyangium, Sorangium (Myxobacteria), Sporocytophaga, Thermomonospora,
the Actinomycetes Micromonospora and several Streptomycetes. The anaero-
bic digestion is also possible by species in the genera Acetovibrio,
Bacteroides, Clostridium (C. thermocellum and C. cellubioparum) and animal
rumen bacteria such as Ruminococcus.

Digestion of the lignin component of plant cell walls is discussed
below with the fungi. Some bacteria have been implicated in lignin
decomposition, but they are poorly studied. Usually, mixed species are
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Fig. 4.6. Common saccharide and polysaccharide molecules in litter. (A) Glucose
monomer of cellulose, starch and glycogen polymers. (B) Starch or glycogen branching
structure of glucose polymer. (C) End of a cellulose chain of glucose monomers. (D)
Monomer of chitin polymer found in fungi, other protists and invertebrates.

required to provide the adequate combination of enzymes by syntrophy
(Blanchette, 1995; Boddy and Watkinson, 1995). Only moderate diges-
tion of the lignin occurs. These species occur more commonly in water-
saturated near-anaerobic conditions, or where fungi are inhibited by
wood chemicals. They have been recognized in high lignin hardwoods
which are difficult for hyphae to access. For example, they occur in
Eusideroxylon zwagei wood which is very resistant to decomposition
because it contains fungal inhibitors. In general, a good working
hypothesis is that bacteria will be out-competed by fungal hyphae in
lignin decomposition.

Xylan

Xylans are part of the heterogeneous group of molecules known as
hemicelluloses. These are the next most abundant after cellulose in
plant cell walls (Table 4.7). These fibrils consist of 1,4-glycosidic links of
B-p-xylose, but also of a variety of other pentose and hexose sugars. The
polymer forms branched structures, 30-100 units long and partially sol-
uble in water. The variety of xylanase enzymes synthesized by species
have preferences for different specific bonds of the fibrils. In Clostridium,
secretion of xylanases is constitutive, although it is under inducible reg-
ulation in other bacteria. Similar branched structures of other sugar
polymers occur and are collectively known as hemicelluloses. Mannans,
for instance, contribute <11% of conifer wood dry weight, and are also
produced by some yeasts in their cell walls. Fructans occur as storage
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Table 4.7. Example of plant and an Ascomycetes cell wall composition for selected
molecules (% dry weight) in several litter substrates.

Substrate Lignin  Cellulose  Hemicelluloses Protein Sugars Chitin
Lucerne stem 6.0-16 13-33 13-33 15-18 0 0
Wheat straw 18-21 27-33 21-26 3 0 0
Beech wood 18-21 45-51 45-51 0.6-1.0 0 0
Aspergillus nidulans 0 0 0 10.5 78.4 19.1

Data from Paul and Clark (1996).

compounds in some plants such as Phleum pratense (Timothy grass).
They are also excreted by some bacteria when grown on sucrose. In
some cases, it was demonstrated that the fructans are then used as sub-
strate when sucrose runs out (in Azotobacter, Bacillus and Streptococcus)
(Schlegel, 1993). The genus Erwinia belongs to the soft rot (see below)
and, when present, is an important contributor to hydrolysis of hemicel-
luloses, pectins and cellulose.

Starch

This is the primary plant storage compound, and therefore a rich
source of energy for organisms that can metabolize it. However, since
plants translocate nutrients from senescing organs before shedding
them, much less starch becomes litter than one would anticipate. Starch
consists of aggregates of two polymers, amylose and amylopectin.
Amylose consists of 1,4 a-glycosidic links of D-glucose, forming
unbranched, water-soluble chains of hundreds of glucose units in
length. Amylopectin consists of the same polymerized units, but with a
1,6-branching approximately every 25 units, with PO3~, Mg®* and Ca®*
ions incorporated. Numerous bacteria synthesize glycosidases to dissolve
amylose and amylopectin. o-Amylases are endoglycosidases and release
glucose, maltose and various soluble oligomers. B-Amylases are exogly-
cosidases and release monomers until the branch points.

Chitin

Chitin is the most abundant polysaccharide in the soil after cellulose. It
is one of the main components of the cell wall of fungi and of inverte-
brate cuticle, and has been reported from numerous protozoa in cyst
walls and tests, as well as in the zoosporic fungi and chromista. It con-
sists of the polymer of N-acetylglucosamine, linked in 1,4-B-glycosidic
linkage (Fig. 4.6). The chitin polymer is usually associated with other
fibrils, which hold the matrix together. Therefore, it is important to note
that as for plant cell walls, digestion of one wall component alone,
although it may loosen the matrix, will not dissolve or remove it. For
example, invertebrate cuticles also contain fibrous proteins and fungal
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cell walls may contain B-glucans. Many bacteria have the ability to digest
chitin polymers, such as species in the genera Bacillus, Cytophaga,
Flavobacterium, Micromonospora, Nocardia, Pseudomonas and Streptonvyces.

Murein

This component of bacterial cell wall consists of repeated units of two
amino sugars, N-acetylglucosamine and N-acetylmuramic acid dimer,
with amino acid side chains which cross-link the chains together. They
are digested at the glycosidic linkage, or at the peptide linkage, by gly-
cosidases or peptidases. Murein contributes <10% of Gram-negative bac-
teria dry weight, but that of Gram-positive bacteria is 30-70% murein.

Proteins, lipids, nucleic acids and other cell components

These are the richest source of nutrient input into the soil and are most
readily digested, because most species have enzymes to digest them.
Therefore, their half-life in the soil is short, in the order of minutes to
hours. However, a portion of peptides cross-react with other compo-
nents of the soil organic matter to produce less accessible compounds.
Furthermore, even some labile and soluble DNA can be stabilized from
enzyme digestion by binding to clays (Stotzky, 2000). These enzymes are
part of the metabolic pathways of most prokaryote and eukaryotes.
Proteins are digested by endo- and exoproteases at the peptide bonds
between amino acids, releasing more soluble and less hydrophobic pep-
tides, or soluble amino acid monomers. Deamination reactions release
NHY from amino acids or amino sugars. Lipases have low substrate
specificity and digest lipids (sterols, phospholipids and other membrane
lipids), releasing the fatty acids from the alcohol moiety. Nucleases
digest nucleic acids into nucleotide monomers. These are a rich source
of soluble phosphates that are easily absorbed by living cells. RNAs are
naturally unstable and denature rapidly outside the cytoplasm.
Intracellular decarboxylation through cell autolysis or bacterial diges-
tion, especially from animal cadavers which are rich in proteins, releases
a variety of nauseous amines (such as cadaverine from lysine, putrescine
from ornithine and agmatine from arginine).

Hydrocarbons and phenolics

A variety of alkanes occur naturally as a by-product of metabolism, or
from digestion of other molecules. Aromatic compounds accumulate
from plant cell wall lignins. Other sources of alkanes and polyphenolic
compounds are petroleum (naturally occurring or from pollution), and
anthracene, asphalt, graphite or naphthalene. There are bacteria that
can grow on these substances, usually through aerobic respiration. They
tend to be enriched in chronically polluted soils or sediments. For exam-
ple, a mixture of xylene, naphthalene and straight chain aliphatic
hydrocarbons (C,,~C,,) was decomposed by natural soil microorganisms
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to low levels in 20 days (xylene), 12 days (naphthalene) and within 5
days (aliphatic hydrocarbons), under aerobic conditions (Eriksson et al.,
1999). The decomposition of substrates occurred above threshold tem-
peratures. This may be due to inactivation of particular species or too
slow metabolism of one or more participating species. For example, a
study conducted on biodegradable plastics showed that both tempera-
ture and O, availability modified species that digested the plastics
(Nishide et al., 1999). Interestingly, only a small number of isolates could
decompose the plastics in the laboratory. This emphasizes the cooperat-
ing role of multiple species co-occurring naturally, in providing a combi-
nation of enzymes to digest substrates. For example, in nitrogen-poor
substrates, the role of nitrogen-fixing bacteria in the soil is important to
provide an input of fixed nitrogen. Sometimes both functions can occur
in the same species (Perez-Vargas et al., 2000).

Overall, a useful working hypothesis is that one can always find a
bacterium to digest almost any compound, under suitable conditions.
There are even unpublished reports of bacterial growth in old glu-
taraldehyde, a rapid penetrating biological fixative used in light and
electron microscopy. An area of bacterial nutrient acquisition in soil
which remains understudied is the correlation of species that are active
together on one substrate, and cooperate by syntrophy to digest litter.
Activity of several species on one substrate provides a diversity of
enzyme functions, that together more effectively digest complex mole-
cules into soluble nutrients. This may be the prime mechanism of bacte-
rial function in natural systems.

However, one must not ignore the role of other soil species in the
decomposition of hydrocarbons and phenolic molecules. Most inverte-
brates and protists ingest the soil solution when feeding and are in con-
tact with contaminated soil. Bacterivores and osmotrophs in particular
can be severely affected as they ingest bacterial cells and the soil solu-
tion. These higher order consumers will accumulate the organic mole-
cules to toxic levels if undigested. Many species of protozoa and
invertebrates can be isolated that tolerate or digest hydrocarbons to var-
ious levels (Rogerson and Berger, 1981, 1982; Rogerson et al., 1983).

Saprotrophic fungi

In terms of function (enzymatic activity on substrate), many of the
enzymes found in primary saprotrophic fungi are similar to those
described above for bacteria, and they are not repeated here. Several
points are made below simply to distinguish between bacteria and fungi.
Most notable is that as eukaryotes, fungi can synthesize larger proteins
for secretion, in much greater quantities (see Chapter 1). The impact on
the immediate microenvironment is far greater. Unless bacterial cells are
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protected from fungal proteases and other enzymes (through capsules
or inhibitors), they will be partially digested. Unlike many bacteria
which tend to focus on one substrate at a time, fungal cells can secrete
enzymes for several substrates at the same time. This is advantageous
because usually many compounds are mixed together. For example,
plant cell walls contain cellulose, proteins, lignins, hemicelluloses and
pectins mixed into a matrix (Table 4.7), and sometimes with additional
components that can be defensive. To disentangle the cell wall and
obtain soluble substrates, the whole structure needs to be dissolved. This
can be achieved by bacteria if multiple species contribute their panoply
of enzymes (syntrophy). Fewer species are required for simpler sub-
strates or if a species can produce diverse enzymes.

Based on their ability to digest plant cell walls, these fungi are recog-
nized as three groups. The white rot include about 2000 species of mostly
Basidiomycetes, which can digest cellulose and lignin components of the
plant cell wall. The brown rot include about 200 species of mostly
Basidiomycetes which are unable to digest the lignin component, but only
cellulose and hemicelluloses. The soft rot consist of those Ascomycetes
and mitosporic species (deuteromycetes) which are efficient on cellulose
and hemicelluloses, but digest lignin slowly or incompletely. Another
important group of species is involved in the invasion and digestion of
plant seeds (Watanabe, 1994). It is estimated that up to 80% of seeds are
naturally decomposed by fungal digestion. These species need to break
into the seed protective coats but, once penetrated, obtain a rich supply of
starch, protein and oils that are common seed storage molecules.

Cellulose, xylan and pectin

Cellulase activity is from a complex of several enzymes which assemble
into a cellulosome (Lemaire, 1996) similar to that in bacteria. It consists of
several endoglucanases, exoglucanases and B-glucosidases (or cellubiases)
which attack the polymer at multiple sites. The brown rot cellulase activity
generally results in more complete digestion of the cellulose polymer than
white rot fungi. The reason is believed to be the synthesis of H,O, and
ferrous ions which reach fibrils embedded in lignin and contribute to
hydrolysis of cellulose (Moore, 1998). The accumulation of ferrous ions
from ferric ions is through oxalate. This non-enzymatic process occurs
through the Fenton—-Haber—Weiss reaction and involves siderophores and
lignin, which becomes chemically modified but not degraded. It helps
loosen the cellulose fibrils, which are otherwise packed too tightly to allow
the large cellulosome enzyme complex into the fibrils. Brown rot are com-
mon on coniferous wood, which is decomposed almost fully, leaving the
lignin matrix on the forest floor. This chemically altered but undegraded
lignin which remains is very recalcitrant to digestion. The reticulum of
tunnels that remain functions as a sponge. It is an important sink for
water and nutrients, and a refuge for microorganisms.
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Xylanases are also complex enzymes formed from two endoxy-
lanases and one B-xylosidase. Pectinases are particularly important in tis-
sue invasion by parasitic fungi (and bacteria), as they involve loosening
the pectin which holds adjacent plant cells together. They consist of
polygalacturonases and pectin lyases, with arabanase and galactanase to
hydrolyse pectin-associated sugars.

Lignin

The next most abundant plant cell wall component after cellulose and
hemicellulose is lignin. It is particularly abundant in woody tissues, and
becomes more abundant in older tissues, late season cells and other
stressed conditions (Table 4.8). It provides reinforcement to the cellulose
fibrils in the secondary cell wall deposition. It represents 18-30% of the
dry weight of wood. Lignin is a complex compound derived from phenyl
propanoid units, but polymerized variously through chemical reactions,
not through precise enzymatic activity, so that its structure is variable
(Fig. 4.7). The proportions of the lignin precursors coniferyl, sinapyl and

Table 4.8. Estimates of lignified material in roots and aerial parts of plants, from various
ecosystems.

Biome Roots (%) Above-ground perennial parts (%)
Tundra, alpine 75 12

Desert, semi-desert scrub 57-87 2-40

Temperate grassland 83 0

Tropical savannah 28 60

Temperate deciduous forest 25 74

Northern coniferous forest 22 71

Tropical rainforest 18 74

Data from various sources (see Boddy and Watkinson, 1995).
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Fig. 4.7. Several lignin precursors. (A) Coumaryl alcohol. (B) Coniferyl alcohol. (C)
Sinapyl alcohol.
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coumaryl alcohols in lignin vary between angiosperms and gymnosperms
(Moore, 1998). The reason for slow decomposition of lignified tissues is
the relative scarcity of primary saprotrophs that are able to digest it. This
implicates some Basidiomycetes, fewer Ascomycetes and some bacteria
(Table 4.9). Most of the data on lignin digestion are based on two species,
the Basidiomycetes (fungi) Phanerochaete chrysoporium which can com-
pletely digest lignin to CO, and H,O, and the Actinobacterium
Streptomyces viridosporus. The fungal enzyme is a complex of up to 15
lignin peroxidases (ligninase), Mn-dependent peroxidases and Cu-oxyge-
nases (laccase) which oxidize o- and p-phenols. The enzyme activity has
been reported to occur when available nitrogen sources are depleted,
through a cAMP-mediated activation pathway. It is unclear if this is a
generalization, as too few species have been investigated.

The white rot fungi which digest lignin are grouped in two func-
tional groups (Blanchette, 1991, 1995). One group is non-selective and
will digest both lignin and cellulose in varying proportions. Examples are
Trametes versicolor, Ganodermer applanatum, G. tsugea and Heterobasidion
annosum. The other group is more selective and will digest lignin more
completely. Examples are Phlebia tremellosa, Inonotus dryophyllus, Phenillus
pimi and P migrolimitatus. There is variability between the proportions of
cellulose, hemicellulose and lignin which are digested by different strains
of one species, and even by the same strain through various regions of
the substrate. The white rot also digest the middle lamella of pectins to
loosen cells, and deposit MnO, and calcium oxalate at zones of digestion,
and siderophores are involved. The white rot ligninases have a substrate
preference for syringylpropyl against gualacylpropyl They predominate
in angiosperm wood decomposition, but also occur in gymnosperms.

Table 4.9. Amount of remaining molecules in well-decomposed wood (% remaining) after
decomposition by different types of fungi, compared with average initial plant cell wall
content (g/kg).

Initial composition (g/kg) Lignin Cellulose Hemicelluloses  Protein
Plant cell wall 1 41 386 463 110
Plant cell wall 2 117 352 477 64

In decomposed litter (%) Lignin Glucose Xylose Mannose
White rot (selective) 30 47 6 13
White rot (non-selective) 1 97 1 1
Brown rot 60 20 1 2
Soft rot 61 13 2 2
Bacteria 80 6 1 9

Data for lignin from Kleson analysis, and from HPLC for sugars: glucose from cellulose
polymer; and xylose and mannose from xylan and mannan hemicelluloses. Data from
Blanchette (1995) and Cadish and Giller (1997).
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The soft rot fungi tend to predominate in excessively wet or dry
regions where the brown and white rot species are not favoured. For
example, they are more significant on the north American Pacific coast,
in the temperate rainforests of the northwest USA and in British
Columbia. These form cavities in conifer wood, or cell wall erosion in
angiosperm wood (Blanchette, 1995). Implicating their role involves
observations on the ultrastructure of the decomposed wood or identifi-
cation of the fungal DNA, because there are few easily recognized mor-
phological characters.

Starch, glycogen and chitin

These polymers also require several enzymes for complete digestion to
monomers. Starch digestion occurs through enzymes which, in sequence,
produce smaller molecules. These include (endo) o-amylases, (exo) B-
amylases, glucoamylases (found in fungi only), pullulonase, and finally o-
glucosidases which release glucose monomers. Glycogen (a fungal,
protozoan and animal storage compound) is probably digested through
the same enzymes. Chitinase activity is the result of glucan hydrolase on
1-4 glycosidic bonds, which release chitobiose disaccharides. These are
hydrolysed by chitobiase to N-acetylglucosamine monomers.

Fungal proteases are mostly studied in two species which are used
routinely in cell biology: Neurosora crassa and several Aspergillus species.
Most other fungal enzymes were studied in parasitic species, to under-
stand mechanisms of plant infection (de Lorenza et al., 1997).

Osmotrophy

This is the only mechanism of obtaining substrates for metabolism and
growth from the environment in primary saprotrophs. These include
primarily species of hyphal fungi and yeasts, chytrids, prokaryotes and
several taxa of chromista (such as Oomycetes, Labyrinthulids and
Thraustochytrids). It involves passive diffusion, and primary and sec-
ondary active transport mechanisms through cell membranes (Fig. 4.8,
see Chapter 1).

Small molecules and substrates of <600 Da molecular weight can
pass through cell walls and cell membranes relatively easily. Smaller and
more lipophilic molecules can pass through cell membranes most easily.
The process occurs through simple diffusion along concentration gradi-
ents. It is not an important mechanism for nutrient acquisition, but more
important in the uptake of water, ions, non-polar toxins, etc. The limiting
regulator in allowing substances into cells is the cell membrane. The
membrane contains substrate-specific proteins which function as enzymes
to transport nutrient molecules into the cell by facilitated diffusion and
active transport. Details of these mechanisms are explained in introduc-
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Fig. 4.8. Examples of mechanisms of substrate (S) entry into cells through the cell
membrane. Carrier proteins transport substrate using an ion gradient (here H"),
substrate level phosphorylation or ATP-derived energy to accumulate transported
molecules in the cytoplasm.

tory bacteriology or cell biology texts and will not be elaborated here
(White, 1995; Lengeler et al., 1999). Briefly, transport of a nutrient sub-
strate through the cell membrane involves permeases and translocases,
which are substrate specific. It is important to note that the exact mecha-
nism of transport of a substrate into cells depends on the species, i.e. the
same molecule can be transported by a different mechanism in a differ-
ent species. The enzyme system that receives, transports and metabolizes
each substrate, especially in bacteria, is usually inducible by the substrate,
i.e. detection of the substrate initiates the synthesis of the proteins that
will be necessary to obtain that nutrient. Bacterial species have a hierar-
chy of preferred substrates, so that the presence of a preferred substrate
inhibits the synthesis of proteins that deal with less favoured substrates.
Detection of the substrate and its transport through the membrane are
linked to cell chemosensory detection, i.e. motile cells orient the direction
of movement towards higher substrate concentration where more sub-
strate is available. Where directional motility or growth occur towards a
chemical, cells are said to respond by positive chemotaxis.

Facilitated diffusion involves binding of a substrate to a permease,
which facilitates the transfer of nutrients through the cell membrane.
Transport occurs along chemical concentration gradients and does not
require cellular energy. Therefore, accumulation of the molecule in the
cell above the external concentration is not possible. The in-flow halts
unless the molecule is used rapidly in the cell. Active transport can be
subdivided depending on the chemical processes that drive it. Primary
transport involves the movement of ions across the membrane together
with the substrate. This modifies the membrane electron potential. It is
usually driven by respiration electron transfer reactions, ATP-driven ion
pumps, through decarboxylation of metabolites (oxaloacetate, methyl-
malonyl-CoA and glutaconyl-CoA), or by photosynthesis. Because
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energy is used to transport the substrate into the cell (e.g. ATP hydroly-
sis), the molecules can be accumulated in the cell, against the chemical
concentration gradient. Secondary transport is driven by the membrane
electrochemical gradient. The electron potential is maintained by con-
stantly pumping H* and Na* across the membrane (White, 1995).
Modification of the substrate during or after active transport into the
cytoplasm prevents the reverse transport out of the cell.

The substrate-specific permease and translocase enzymes involved
in active transport are the principal mechanisms of nutrient acquisition.
In bacteria and protists, it occurs at the cell membrane—environment
boundary, but in multicellular organisms, such as the soil invertebrate
species, it occurs along the digestive tract cells. The transport enzymes
between species, for the same substrates, differ in their affinity for the
substrate, as well as the rate of translocation, optimum condition for
function and mechanism of substrate modification. Therefore, in the
fluctuating soil environment, the presence of a diversity of species
ensures that at any one time at least some species exploit the available
nutrients, through a range of abiotic conditions. The diversity of mecha-
nisms between prokaryote taxa that drive metabolic reactions is a fasci-
nating subject that unveils the ecological success of these species.

Other means of obtaining nutrients from the soil solution exist.
Several ciliates rely on dissolved organic matter for nutrition, while oth-
ers supplement their ingestion of bacteria with soil solution. Many other
small protozoa also rely on dissolved nutrients for part of their nutrition,
by endocytosis. Some soil solution is ingested in the process of acquiring
bacteria or small flagellates by phagocytosis. Similarly, nematodes that
suck in soil solution to obtain bacteria, protists and other food benefit
from the dissolved organic matter. In fact, if the solution is rich enough,
such as with artificial media, some bacterivores (notably Rhabditida and
several Diplogasterina) can be grown axenically (Yeates, 1998). Smaller
mites and Collembola that feed on bacteria film, algae and other protists
in the soil solution also benefit from the dissolved organic matter. These
were (incorrectly) called filter-feeders (Walter and Kaplan, 1990) and
include the Histiostomatid (Astigmata) mites. They have short generation
times, and feed on wet decomposing litter and fruits. The chelicerae and
pedipalps are brush-like and sweep solution towards a 5 um mouth open-
ing. Similarly, some Collembola are specialized to feed on bacterial films,
such as Archisotoma besselsi and Isotomurus palustris.

Secondary Saprotrophs

In this functional group, we group species that are not involved in
directly digesting soil litter. Primary saprotrophs were characterized by
extracellular digestion of litter in the soil, and the absorption of dis-
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solved nutrients through osmotrophy. Secondary saprotrophs are con-
sumers of primary saprotrophs, or of litter partially digested by primary
saprotrophs. Several functional groups can be distinguished, based on
which type of organisms are ingested, and the mechanisms used for
ingestion (Fig. 4.9).

Bacteriotrophy

Species that consume prokaryotes are referred to as bacterivorous.
They include species from most taxa found in the soil. Ingestion of bac-
teria does not occur at random. Experiments show that, typically, pro-
tists and invertebrates exhibit clear preferences based on bacterial
species, dimensions and other criteria. Therefore, even when bacteria
are abundant, many bacterivores may not be active or may grow poorly,
because preferred bacterial species are absent. Examples of bacteria
choice are numerous in the literature, particularly for nematodes and
protozoa.

Prokaryotes

Within the bacteria, many species of Myxobacteria release enzymes that
lyse bacterial cell walls. They are the principal bacterivores amongst
prokaryotes (Chapter 1). They grow as motile colonies that spread over
bacterial colonies and digest them. Myxobacteria enzymes also digest
other SOM molecules, which contribute to general decomposition and
nutrient release. The role of bacteriophages should be mentioned
because these viruses can infect and lyse susceptible bacterial strains and
species that become infected. The lysis of bacteria reduces the popula-
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Fig. 4.9. Representation of interactions between several functional groups in
decomposition. Arrows indicate direction but not quantity of flow.



166 Chapter 4

tion and releases cytoplasm into the soil solution. The abundance and
impact of bacteriophages in soil food webs are studied infrequently
(Williams and Lanning, 1984; Lipson and Stozky, 1987; Angle, 1994),
although they have been studied in aquatic food webs.

Protists

Protist consumers of bacteria are the most numerous bacterivores. These
include the nanoflagellates (<12 um long) from several phyla, which are
abundant species of protozoa in the soil. Most protozoan species found in
the soil are bacterivorous. However, not all consume bacteria exclusively.
The smallest species complement growth by osmotrophy on the soil solu-
tion, or may be exclusively osmotrophic. Many small ciliates complement
their nutrition by obtaining soluble nutrients from the soil solution. For
example, Tetrahymena (a freshwater ciliate, that normally feeds on bacte-
ria) can be grown in the laboratory on an axenic medium of sterile, rich
solution of soluble nutrients. The small ciliate Coleps and several other
genera of small ciliates aggregate about lysed cells and freshly dead or
dying microinvertebrates to feed on the cytoplasm. These also ingest bac-
teria that grow on the lysate. Certain filamentous and saprotrophic fungi
supplement their nutrition by bacterivory. This was observed in several
ligninolytic species in the genera Agaricus, Coprinus, Lepista and Pleurotus
(Barron, 1988). In these examples, saprotrophic enzymes are released
from coralloid haustorial hyphae to digest the bacterial colony, and the
nutrients are absorbed by osmotrophy.

The mechanism of ingestion of bacteria by protists is phagocytosis.
Phagocytosis is stimulated through membrane receptors and mediated
by the cytoskeleton, which invaginates the cell membrane to form a food
vacuole (or phagosomes). Bacterivorous protists often have an area of
the cell membrane which is specialized for capturing bacterial cells,
called the oral region or cytostome. The cytostome can be a simple
depression on the cell surface, or an elaborate structure with many spe-
cialized organelles associated with it. The cytostome can be an invagi-
nated gullet, or funnel-shaped structure, as in many Ciliata,
Cryptomonad or Euglenid. Capture of bacteria by the cytostome often
involves movement of cilia (Fenchel, 1986; Balczon and Pratt, 1996;
Boenigck et al., 2001). In the simplest case, one cilium is used to direct
bacteria on to the cytostome area, where phagocytosis is initiated. In
other cases, one cilium can be used to hold on to soil particles, while the
cytostome is held against a surface for phagocytosis of suitable bacteria.
The cytostomes of ciliates are more invaginated in many cases and pos-
sess many specialized cilia, sometimes in bundles (Lee ef al., 2001). The
oral cilia direct a current into the cytostome, and phagocytosis occurs
inside, at the cytopharynx. Larger ciliates may have an elaborate
cytostome, such as many stichotrich families which are common and
ubiquitous in the soil.
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Phagocytosis by amoeboid species is distinct because most of the cell
membrane is sensitive to detection and capture of bacteria. Cell exten-
sions (pseudopods) which explore the immediate environment capture
and engulf bacteria. Many soil nanoflagellates can be partially amoeboid
in film water, and some can extend filopodia to search their environ-
ment. The Sarcomonadea (Cercozoa or amoeboflagellates) in particular
are abundant in soils, though understudied. Filopodia can be <1 um in
diameter and extended into narrow spaces to explore and obtain bacte-
ria (Fig. 2.3). Therefore, even if the cell body cannot reach small spaces,
the filopodia can. Pseudopods, including filopodia, are strong enough to
exert force on soil particles. This is easily observed under the micro-
scope, and causes some movement and repositioning of particles. Lastly,
the Mycetozoa (protozoa: Amoebozoa), which includes the slime moulds
(Dictyostelia), are abundant bacterivorous soil amoebae. Under suitable
conditions, they excyst in large numbers.

Bacterivory and predation by protozoa in general were reviewed
previously (Clark, 1969; Griffiths, 1994). Most experiments on feeding
preferences of bacterivorous ciliates were carried out with aquatic
species (Sherr et al., 1992; Perez-Uz, 1996 and references therein).
Bacterial selectivity by soil amoebae was addressed by Singh (1941,
1942). Selectivity of nanoflagellates and other soil protozoa has been
addressed more recently. One study (Ronn et al., 2001) compared the
growth response of indigenous soil protozoa on two dissimilar species of
bacteria, Mycobacterium chlorophenolicum and Pseudomonas chlororaphis. The
former did not stimulate grazing in soil microcosms, whereas the
Pseudomonas permitted growth of naked amoebae and heterotrophic fla-
gellates. High-resolution video-microscopy has been useful in examin-
ing the mechanisms of prey ingestion, digestion and excretion of food
vacuoles. These observations on various prey items are useful in deter-
mining feeding strategies, prey capture and retention, and optimal for-
aging (Boenigk and Arndt, 2000). Characteristics of bacterial processing
can be used to differentiate between optimal feeding conditions and
niche differentiation within microhabitats (Table 4.10). The process can
be subdivided into time budgets for different prey items (contact time,
processing time, ingestion time, refractory time and handling time) (Fig.
4.10). In some instances, a bacterium or particle that is partially ingested
is ejected without food vacuole formation or digestion (Fig. 4.11).
Ejection occurs if it is too large, too long or unpalatable. Important
parameters that determine growth efficiency on a bacterium include dif-
ferences in the time allocated to each portion of the time budget. They
also include the nutritional and chemical composition of the bacteria
(palatability). Actively growing species are often more palatable and
selected for. This video-microscopy approach is suitable for modelling
bacterivory rates and selectivity by a variety of nanoflagellates (Boenigk
et al., 2001) and other ciliates or amoebae.
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Table 4.10. Bacterial capture in four nanoflagellates based on video-microscopy.

Cafeteria
roenbergensis  Bodo saltans  Spumella sp. Ochromonas sp.

Cell volume (um?d) 18.5 25.8 75.4 163
Cilium beat (Hz) 39.5 479 61.1 68.7
Particle speed (um/s) 105.6 91.6 50.3 112
Ingestion rate

(particle/ind/h) 14.1 34.3 36.7 63
Non-capture rate (%) 82 87 88 63
Ingested volume

(wmd/ind/h) 9.3 14.8 14.5 26.8

Data from Boenigk and Arndt (2000).

Search time (variable with
food abundance), handling
time (fixed duration)

Capture efficiency (ingestion
/evasion), refractory period
(fixed duration), processing
time (variable)

Retention time (variable), growth
rate (assimilated/excreted),
maximum food vacuole number

B

Fig. 4.10. Parameters that regulate the rate of food intake affecting optimal
foraging, here represented with a biciliated cell ingesting a bacterium cell. The
durations of fixed and variable periods both vary with temperature.

Invertebrates

Invertebrate consumers of bacteria are also common in the soil and sur-
face litter (see Chapter 1). These include several families of rotifers (par-
ticularly the Bdelloides), gastrotrichs, tardigrades, nematodes and
Collembola. Both the enchytraeids and earthworms are bacterivores
indirectly, because they ingest whole soil or litter. Many invertebrate lar-
vae in the soil will feed on bacteria directly or indirectly. The majority of
bacterivorous invertebrate species lick or suck thin water films on soil
particle surfaces. They feed by ingestion of bacteria and soil solution.
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Fig. 4.11. Prey selection by protozoa. Contact and initiation of phagocytosis of a
bacterial cell, followed by its rejection and evacuation, without phagosome
formation or digestion.

The Bdelloides (Rotifera) and vorticellid ciliates depend on water cur-
rents created by the oral cilia and require at least capillary water in soil
pores or litter surfaces for feeding. They encyst in less moist conditions.
Although it is possible theoretically for soil mites to feed on bacterial
films, there is scant evidence that it occurs or supports growth (Hubert
and Lukesova, 2001). Feeding structures of many species, particularly in
the smallest forms, could permit some bacterivory by ingesting soil films
and slime layers. Most species probably ingest bacteria indirectly, by
feeding on micro- and macrodetritus that would sustain bacterial
growth. Small Collembola such as species of Micranurida feed on soil
solution and films on particle surfaces through sucking mouth parts,
ingesting bacteria, yeasts, protists and similarly sized particles.

Nematodes

Ingestion of bacteria is by sucking in soil solution (Fig. 4.12, Table 4.11).
The fraction of cells lysed depends on the bacterial species. Some can
even be excreted alive (undigested). A review of nematode selection of
bacteria and growth efficiency on different bacteria was provided by
Yeates (1998). These were elaborated further (Vanette and Ferris, 1998)
by observing that some bacteria did not support growth of nematodes at
all. Other bacteria could not support maturation of juveniles or egg-lay-
ing by females, although they could support growth of adults. In gen-
eral, a mixed diet is probably more efficient. This study further points
out that a minimum abundance of bacteria is required to sustain growth
(~10% bacteria/nematode/day). Optimal growth rates can be obtained
with about 10°-10° bacteria/nematode/day at 20°C. These values vary
between species of nematodes and bacteria available. In particular, the
nematode oral morphology, metabolic rate, reproduction rate, nutrient
requirement, population size and abiotic conditions contribute to the
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Fig. 4.12. Functional groups of Nematoda, based on the morphology of oral
structures. (A) Bacterivorous without appendages. (B) Bacterivorous with some
reinforcement of the mouth cavity. (C) Bacterivorous with denticles and reinforced
cavity. (D-F) Tubular stylet for penetrating eukaryotic cells of protists, hyphae,
invertebrates, roots or mosses. (G) Predacious with wide tubular stylet. (H)
Predacious with denticles and reinforced mouth cavity. Scale bar 25 um. Based on
Yeates and Coleman (1982), Yeates et al. (1993) and Yeates (1998).

Table 4.11. Nematode functional morphology of stoma wi