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John Field and David Little

8.1 INTRODUCTION

The effects of biota on the Earth’s regolith occur at
scales from 107° to 10% metres {Figure 8.1}, Organisms
- ranging from organic molecules and bacteria
(Chapter 7), through those visible to the naked eve, to
the largest living organisms (the giant trees) — all take
part in the formation and distribution of the regolith
(Field 2003). Although the importance of the biologi-
cal component of the regolith was recognised hun-
dreds of years ago (Chapter 1.5), re-emphasis has been
given to it by the recognition that life depends on the
environment provided by the ‘critical zone” (Brantiey
et al. 2007).

At the small scale, initial weathering by organisms
may be physical, such as when fungal hvphae and root
hairs disrupt mineral grains but that physical dis-
ruption expedites the chemical breakdown of miner-
als by releasing CO, and, in a moist environment,
vastly enhances the levels of carbonic acid above the
abiotic concentrations at the weathering interface,
while exuding low-molecular-weight organic acids
(LMWOAs) (see also Chapter 7). At larger scales,
material brought to the surface by burrowing animals
has even led to the discovery of major mineralisation,
such as mglachite lumps in material excavated by
wombats at Moonta, South Australia (Pryor 1962).
Finally, at the regional scale, there is the general

protection and moistening effect of vegetation and
litter, which encourage the ecosystem to colonise,
exploit and grow, while maintaining moist conditions
for mostly organic acids to attack the alumino-sili-
cates and enhance weathering effects. This chapter
considers the effects of biota on regolith materials at
smail to large scales (the effects of microorganisms
having already been discussed in Chapter 7).

8.2 BIOTIC EFFECTS AND PROCESSES AT
SMALL OR MICRO SCALES

8.21 Microorganisms and weathering -
geomicrobial reactions
A huge variety of microorganisms is involved in the
breakdown of rocks and priveary minerals: bacteria
and archaea (discussed in Chapter 7), algze, fungi,
including mycorrhizae (Figures 8.2 and 8.3; Section
8.2.2}, protozoans, and symbionts such as lichens (see
Section 8.3.4}. A few examples will be used here to
demonstrate the widespread distribution and critical
roles microorganisms play in weathering and regolith
formation {see Banfield er al. (1999} for an excellent
overall review).

The cycling of some elements is controlied by
microbes: for example, the cycling of N (sec also
7.3.2),

Section Nitrogen is not available from
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Figure &.1: Scales relevant to biota in the regolith: mineral and biclogical constituents of seils and the size and function of

pores.

alumino-silicate weathering, but is fixed from atmos-
pheric sources by microbes both in a symbiotic relation-
ship with plants and as free standing organisms. The
mineralisation and nitrification of N in the regolith are
processes carried out almost exclusively by microorgan-
isms, and the movement into plants that are not N fixers

is managed by the soil fungi. Nitrogen is moved out
again during decomposition of plant remains by a suite
of micro (and macro) organisms (such as the gut flora
of all the invertebrates from woodlice to earthworms).
Algae have been shown to be involved in active
weathering in local topographic lows — even in arid




Figure 8.2; Root hair and mycorrhizal fungal hyphae (scale
bar = 5 uym).

environments (Smith ef al. 2000), where endolithic
and epifithic algae are responsible for algal boring and
plucking and etching of limestones (see also Section
8.3.5).

Soil fungi, and especially soil mycorrhizae, are an
extremely important component of the regolith and
have been studied extensively because they ave criti-
cal to plant growth, and thereby all forms of agricul-
ture and forestry. Fungi are implicated in all the
myriad processes in the rhizosphere and are gener-
ally studied in conjunction with a host plant.
However, they can be shown to take part in weather-
ing reactions even when isolated from all plants. For
example, Yuan ef al (2004) demonstrated that
several isolates of mycorrhizal fungi were capable of
replacing interlayer K with protons and effused
oxalate - leading to further weathering of both
phlogopite and vermiculite,

The minerals (scil and primary), organic matter
(living and dead) and microorganisms are three ¢rit-
ical components of regolith that control weathering
(Huang 2008) and none of these can be considered
in isolation. The regolith ecosystem has to be consid-
ered as a whole and understood at the atomic, molec-
wlar and microscopic level to make sense of
weathering changes. The most important location
for these changes is the rhizosphere, where the ki nds
and combinations of biomolecules are at a maximum
{enhanced biological activity) and are also often dif-
ferent to the bulk soil (Theng and Orchard 1995).

and Diota

Figure §.3: Fungal hyphae physically eich mineral grains
{scale bar = 50 pm).

$.2.2 The rhizosphere, rhizoplane,
rhizodeposition and root exudates

The rhizosphere — the narrow zone of soils surroand-
ing plant roots and directly impacted on by their activ-
ity (Allaby 1998; Eggleton 2001) — and rhizoplane {the
surface of the root or root hair in contact with the
organisms, organic matter and alumino-silicates in
the rhizosphere) are of particular interest because this
is one of the most biologically active zones in soils and
regolith (for example, Bolan e al. 1997; Jones el al.
2003) (Figure 8.4). Root exudates and the rhizosphere
microbial community are likely to prove particularly
jmportant in soil weathering because the exudates are
likely to increase mineral weathering through their
acidity and complexing ability, and also provide nutri-
tion for microbial communities that mine metal nutri-
ents from soil minerals — thereby indirectly increasing
chemical weathering rates (for example, Chorover and
Amistadi 2001; Martino et al. 2003). However, there is
still considerable controversy regarding specific pedog-
enic implications of many rhizosphere processes
{Drever and Stillings 1997; Jones et al. 2003).

8.2.3 Soil mineral-organic acid-
microorganism interactions

There is a diverse set of organic acids involved in the
biochemical reactions taking place in the regolith.
These include ascorbic, aspartic, citric, fulvic and

numic (individual acids and acid groups), bvd
benzoic, malic, oxalic and tannic acids. The
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Figure 8.4: The rhizosphere

commonly grouped as the carboxylic acids, or the
LMWOQAs (the term used in this chapter; see also
Appendix 1), In general, organic acids form (and are
often called) lisands by accepting an electron, and
they can react with ions (particularly metal and met-
alloid cations and anions} to form (organic) com-
plexes. This group of biochemical reactions are at the
core of alumino-silicate mineral weathering ~ with
rates markedly increasing in the presence of virtually
all organic acids (Chapter 7.4.3).

There are multiple sources of these organic acids,
but ane is from root exudates. Little {(2007) found that
Al was accumulated as either clay minerals or Al
oxides in the rhizoplane, and for up to 100 pm beyond,
with Fe and Ca showing slight accumulation in the
outer parts of the root (Figure 8.5, page 159). Little et
al. (2005a) showed that concentrations of elements
such as Al, and Fe were up to 10 times higher, while Si
was 2-5 times greater in solutions containing the di-
carboxylic LMWOAs (oxalic, malic and citric acids)
when compared with control solutions such as NaCl.

However, these acids cannot be considered in isola-
tion because each particular acid, and its concentra-
tion and distribution, is, in turn, controlled by the
microorganisms, the location in the regolith as related
to the surrcunding rhizosphere(s) and the alumino-
silicate mineral context.

8.2.4 The rhizosphers as an ecosystem and
the effects on regolith

The soil microbial community is heterogenous —
varying between vegetation and soil type, soil hori-
zons, between rhizosphere and non-rhizosphere soil
compartments, and at even finer scales (Marilley and
Aragno 1999; Marschner er al. 2005). What is clear,
however, is the extent of influence. Root length and
distribution — as well as fungal hyphae and other
organisms associated with roots — are so extensive
that virtually all the active soil (A and B horizons) is
involved. Thus, up to 1.6 m of soil is involved for
grasses and much greater depths for large trees

(Figures 8.6 and 8.7), There are a number of ‘guilds’ of
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Figure 8.6: The root system of rye (a grass) grown in dry
sandy soil showing only primary and secondary roots (from
Citkes 1998).

soil microorganisms — bacterial and fungat - respon-
sible for biogeochemical processes of metal elements
in soils. Saprotrophic fungi are responsible for much
of the litter decomposition in forest soils: liberating
elements from dead plant and animal materials back
into the surface soil environment (Cairney and
Meharg 2002; Smith 1982). Two imporiant compo-
nents of these recycling processes are dissolved CO, (a
weak acid) and LMWOAs, which are abie to change
soil solution pH, provide vital nutrition for other
microorganisms or directly react with soil minerais
{Jones ef al. 2003; Marschner and Kalbitz 2003). Inan

Regolith and biota

Figure 8.7: Exiensive tree roots {2.5 m of soil in photo)
aliow greater infiltration of water and provide organic
matter throughout the regoliith — driving weathering.

ideal forest, the mobilised elements would then be
readily available for uptake by tree roots, although
this is not necessarily the case due to the inabi

the trees to take up all forms of dissolved m

rela-

o

ents. It is nevertheless possible to observe mutu
tionships between saprotrophic and mycorrhizal
fungi, which overcome this barrier — at lcast in part
{Cairney and Meharg 2002; Stone 1697).

QOne aspect of the rhizosphere that has received
considerable attention in recent years is the forma-
tion of mycorrhizul symbioses, which have evolved as
an improved nuirient uplake pathway for most ter-
restrial plant species (Brundett 2002). Mutualistic or
symbiotic relationships are observed between plant
roots and microorganisms that are able to extract ele-
ments such as N and P from the regolith, transform
the elements into forms that can be taken up by, or
transter the element directly to, the plant roots (Curl
and Truelove 1986; Hagerberg er al. 2003). These
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2002). In addition, there are many studies that deman-

are much karger
rhizosphere soils

strate the ability of mycorrhizal fungl and symbiotic
bacteria to enhance metal nuirient uptake (such as Fe
and K in plants —as well as to accumulate trace metals,
such as Cd, Cu, Fb and Zn, thus reducing their toxic
effects (Cromack et al. 1979; Hulme and Hill 2003; van
Hees et al. 2004; Raapana and Field 2006). There are
three major groups of micro svimbionts associated with
teee roots in Australian ecosystems that show varying
degrees of host specificity. The Frankia spp., mycor-
rhiza and some Rhizobium spp. are particularly impor-
tant for nutrient uptake in plants of the Casuarinaceae,
Myrtaceae and Mimosaceae families, respectively
{(Reddell et al. 1997; Brundett 2002). These micro sym-
bionts expand the surface area of infected tree roots,
make otherwise unavailable nutrients available for
uptake and extend the effective thizosphere into parts
of the regolith that tree roots cannot reach (Hoffland
efal. 2003; P
profound influence on chemical weathering in soils.

aris ef al. 1993) —thus having a potentially

Recent technological advances have improved th
investigation of root growth, as well as in situ samphng
of rhizasphere soil water {Vogt ef al. 1998; Arocena el
al. 2004). Rhizotrons fitted with small digital cameras
and micro suction cups allow detailed, non-destruc-
tive examination of root growth — as well as nutrient
and water uptake and exudates from plant roots {Pan
et al. 1998; Arocena et al. 2004}, T
be installed beneath mature field-

hese rhizotrons can
grown trees or agri-
cultural lands — or scaled down versions (such as root
study containers or rhizoboxes) can be used as
contrelled environments in nursery-scale microcosm
and mesocosm investigations of rhizosphere biogeo-
chemistry (for example, Arocena ef al. 2004; Sandnes
et al. 2005). Rapidly developing methodologies are also

being applied in order to understand a wide range of
wl T

maolecular-scaled  microbe-to-mineral  interactions
and Kunc 1987; Welch

useful in

that occur in seils (Vancura and
Banfield 2002), and might be particularly
helping to distinguish between rhizosphere communi-
ties — where root exudates are major sources of micro-
nutrition — from non-rhizosphere

hial adiacent

comamunities, Tt
{IDNA)
tien (PUR) and Biolog sole C source utilisation experi-

1ents — when used in combination ~ are particularly

an be argued that deoxy ribonuclease

) extraction followed by polymerase chain reac-

etfective tools for examining microbial community
structural and functonal diversity in samples from a
range environments (Zak et al. 1994; Hernesmaa er al.
2005; Little er al. 2005Db). Investigation of organic acid—
soil mineral interactions in the rhizosphere is becom-
ing more common as the importance of root and
microbial metabolites in soil biogeochemical processes
is increasingly recognised (Qin ef al. 2004; Little et al.
2005z), In addition, there have been growing numbers
of studies examining bioturbation {Holt er al. 1980;
Field and Anderson 2003), and the effects of hacterial
and fungal communities and organic acid anions on
disselution from pure mineral separates (Barker et al,
1998; Welch and Banfield 2002; Welch et al, 2002). The
remainder of this section covers the application of a
range of analytical techniques adapted for, and used
in, fine-scale investigations of some of the different
aspects of rhizosphere biogeochemistry.

Since the rhizosphere is such a complex micro-
environment, it is difficult to develop analytical tech-
niques that are specifically targeted at the biotic and
abiotic components and the interactions berween
them. In most cases standard techniques for examina-
tion of bulk soil samples can be modified for use in
the rhizosphere (for example, Kirk er al. 2004; Seguin
et al. 2004}, These techniques are often very expensive
—and can be time consuming - as well as being limited
in their application due to small sample sizes, difficul-
ties associated with sampling live roots from field
grown plants, and changed conditions when examin-
ing the rhizosphere in nursery and/or microcosm
experiments (Haag and Matschonat 2001; Singh ez al,
2004). It is therefore imperative to understand the
biogeochemical processes that are likely to be impor-
tant in the selected environment in order to target the




specific biogeochemical processes under investiga-
tion. In addition, it is often difficult to replicate ail
soil habitat factors without introducing artefacts to
the experiment {Haag and Matschonat 2001). Never-
theless recent advances in geochemical sampling tech-
niques — and the application of molecular biclogy and
genomic studies to soil ecosystems — now allow soil
ecologists to begin elucidating nano- to micro-scale
biogeochemical pathways in soils and regolith. To
date, few investigations use truly multidisciplinary
approaches to examine the organic acid-microbe-
mineral interactions occurring in the rhizosphere
{Little ef al. 2005a, b), which is surprising given that
the complex root-microbe—mineral interactions, and
their importance in soil formation, were first eluded
to in 1904 {Hiltner 1904), which was nearly 40 years
before Jenny restated soil formation as a function of
interactions between climate, geology, topography
and biology — all acting over time {Jeniry 1941}.
Understanding soil biogeochemistry in the rhizo-
sphere of forest soils is particularly challenging due to
the Fine scales of investigation and the myriad of root-
microbe—soil interactions occurring there. A particu-
larly important consideration is which combination of
molecular and culture-based approaches are most
suitable for examining the resident soil micrebial com-
munities. Culture-based technigues, such as Biolog,
give an indication of different microbial characteris-
tics to those measured using restricted length fragment
polymerisation (RLFP), fatey acid metal esters {(FAME)
or polymerase chain reaction denaturing gradient gel
electrophoresis (PCR DGGE) techniques (Buyer and
Drinkwater 1997; Ramsey et al. 2006), However, while
these techniques are all capable of identifying poten-
tial shifts in microbial community structure and func-
tion, the differences identified by one method may not
necessarily be reflected by the results of other tech-
niques. For example, when using FAME profiling in
combination with PCR DGGE, Kozdroj and van Elsas
(2000) found that a greater response to artificial root
exudates were observed in the culturabie fraction of
the soil microbial community. In another study by
(Widmer e al. 2001), it was demonstrated that DNA
extraction with RLFP, phospholipid fatty acid and
Biolog techniques identified a number of similarities
and differences between microbial communities from

Regolith and biota

different sites — showing also that differences in com-
munity structure identified by one techaique may not
necessarily be reflected by similar differentiation using
another, because each takes advantage of different
aspects of the microbial community. Thus, the com-
plementary use of two or mare technigues can give &
more comprehensive view of specific aspects of the
potential structural and functional diversity of soil
microbial communities.

8.2.5 Biotic paleoforms in regolith
Rhizomorphs, root channels and pore casts have been
recognised in paleosols by a variety of workers (for
example, Anand and Paine 2002}, Their interpreta-
tion can lead to paleociimate analysis and recognition
of the processes acting at the time that the paleosol
formed. Palecsols between basalt flows have been
shown to contain ‘fossilised’ root traces among a suite
of other characteristics, such as horizonation, ped
structure, fossil plants and gastropods, and weather-
ing indices consistent with pedogenesis, such as high
K in paleosurface horizons (Sheldon 2003). In the
sandstones of McMurdo Dry Valleys, Antarctica,
Wierzchos ¢f al. (2006) have demonstrated that endo-
iithic microorganisms have their structures, such as
cell walls, mineralised after death —~ along with alloch-
thonous clay minerals and sulfate-rich salgs filling the
sandstone pores.

8.3 BIOTIC EFFECTS AND PROCESSES AT
LOCAL OR MESO SCALES
As seen in Section 7.4, there is a complex interaction
between the biotic and abiotic components of the
regolith. Organisms are highly dependent on the soils
in which they grow and, in turn, the physical struc-
ture and chemical and mineralogical composition of
the regolith depend on the actions of these same
organisms {Corbet 1935; Vancura and Kunc 1987).
Locally active soil fauna and flora are important in
maintaining soil stability and soil turnover — as well
as organic matter addition and turnover {Burges 1958;
Nannipieri ef al. 2003), which all have important con-
sequences for pedogenic and regolith evolution.

At the local scale, individual organisms such as
large trees may become ecosystems in their own right.
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Other organisms such as termites or ants may be
organised into groups or colonies.

€.3.1 Biochemical uptake and redistribution
of regolith materials by plants

Plants include the largest sedenta rY Organisms — frees
- and, as a result, their effects can be seen at the local
and meso scale and on a limescale allowing direct
ohservation by humans. However, and despite the
obvious feedback between organisms and the soils
they depend upon, there has been little vesearch on
how organisms affect regolith characteristics — par-
ticularly the biochemistry and geochemistry — and
especiatly in Australian landscapes (Hamilton 1972;
Leonard and Field 2003, 2004). Rather, most studies
aim to understand plant physiological processes, such
as nuirient uptake, where essential and metal elements
are either in deficit or in excess (Gadd 2004: Fomina
et al. 2005), or where they are only biologically avail-
able (bicavailable) in specific forms. For example,
most plants require Fe®™ for their nutritional require-
ments rather than Fe?*, but Fe* is relatively insoluble
in soils (Figure 5.7).

Some groups of metals can be regarded as both
biologically important and derived from weathering
(X, P, Ca, Mg, Zn, Cu, Ni, Co, Fe, Mn and Si)and
these appear to vary less across organisms and space
— particularly when compared with the non-nutrients
{such as Al, Na, As, Ag, A, Pb and U). The important
elements range from highly deficient levels, where
they are individually or collectively so low as to be
limiting factors, to levels so high that they are toxic. In
addition, plants of different genera take up a variety of
elements at quite different rates and in different ionic
and chelated forms (Leonard and Field 2004). For
example plants, and plant parts, that are highest in Fe
may or may not be the highest in Mn. Plants can be
divided into accumulators {and hypo accumulators),
passive plants and excluders (Baker 1981).

Biogeochemical cycling, geobotany, bioprospecting

and biointrusion

Of particular interest to this study is how trees alter
soil mineralogy and geochemistry as a result of
biogeochemical c¢ycling processes, such as rainfall
modification through stem flow and canopy drip,
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surfaces % growtht
Stemilow and canooy

e

Nutrients added to
soil as leaf, wood
and bark litter

drip deliver dissalved
nutrients to soil surface
for uptake

Soil fungi and
bacterta decompose
litter to give humic
acids + metal fons
T for re-uptake

I
/

|
i

}

N

Water uptake plus minor

. N . Smalt leaching losses
inputs from parent material

to groundwater

Figure 8.8: A simplified biogeochemical cycle based on a
single tree.

litter fall and its decomposition (Figure 8.8), and the
alteration of the underlying soil by uptake of metal
nutrients (Figure 8.9) (Field 1983; Gilkes 1998; Gobran
et al. 2001), However, from a geochemical-exploration
point of view (Section 13.8), very Httle is known about
the processes of uptake, distribution, redistribution
and loss from plants in Australia,

Plant biochemistry reflects the chemistry of the
materials in which plants grow. Hence, gecbotany,
bioprospecting, biomining and bicintrusion are all
fields of active research. Geobotany can be defined as
the study of the relationships between the geochemis-
try (and mineralogy) of the substrate lithology and
overlying regolith and the biochemistry of the differ-
ent organs of the plant. Bioprospecting is a process
whereby plant organs are sampled within an area to
search for signs of concealed mineralisation. Because
plants draw on large quantities of regolith, soils and
groundwater within the rooting zone, they act as inte-
grators and concentrators. The use of accumulator
plants can increase the likelihood of finding geo-
chemical anomalies because the plants actively collect
particular elements and concentrate them in specific
organs {Section 13.8). Work by Hulme and Fill {2003)
has begun to differentiate amalgamators {usually per-
ennial piants that sample a wide area of regolith) from
penetrators (plants with deep tap roat-type accession
in the regolith} and to establish geobotanical associa-
tions of widely dispersed plants that can be used in
geobotanical mineral exploration. Biomining uses
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olants to concentrate elements — usually metals from
otherwise sub-economic ore deposits — into plant
organs which are then harvested and ‘mined’ (com-
monly by ashing and then extraction). Biotntrision is
the study of the ways in which plant roots {and other
organisms such as vertebrate and invertebrate biotur-
bators) access materials that have been buried or
sealed off to prevent leakage or contamination of the
environment by toxic material. The role and efficacy
of clay seals on waste dumps and tailing dams can be

radically affected by colonising the surface with dif-
ferent plants and their concomitant ecosystems.

Species-specific differentiation and internal
redistribution

For some time, the different paths of elements into,
within and through the biota have been recognised.
These paths vary between even closely related organ-

isms. The ability of many Australian species of plants
to internally recycle elements is also well known,

whereby nutrients are red istributed within the leaves,
twigs, branches, bole and roots in response to growth
points, atrophy and abscission, so as 1o maintain criti-
cal elements within the organism for its advantage
and ongoing growth [Banks 1989; Litile ¢f al. 2003;
{conard and Field 2004: Heinrich and Banks 2006}.
Additional adaptations include:

s verv deep roots {for example Eucalyptus camaldit-
lensis down to 10 m vertically: Davies 1953; Hulme
and Hill 2003)

¢ very widespread rooting systems (out 20 m from
the bole and well beyond the generally accepted
distribution under the drip zone: Mylius 19923
Dexter 1967)

e extensive shallow root mats and fungal mat asso-
ciations {Rap 2005).

However, the variety of elemnents and the ways in
which they are transferred and stored s not well o nder

stood (Leonard and Field 2003; Raapana and
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2006). The plants that accumulate high levels of
particular elements that may be toxic in other plants
{(such as Ni) are being researched because these accu-
mulator plants (amalgamators or penetrators) repre-
sent options for industry to mine biologically (biomine)
by growing particular plants on sub- economic miner-
alisation or stock piles and subsequently harvest the
plants and process them as ‘ore’ (Baker 1981,

The recent research of Leonard and Field (20603;
2004), Moerkerken (2005) and Raapana and Feld
(2006) demonstrated the differences in uptake and
redistribution between species. In particular, whether
or not a plant species fixes N, becomes a major factor
inn regolith bulk chemistry, as do root architecture,
soil organic matter and the depth to which weathering
is effective. Some organisms require more or less of
cach element and concentrations do not always reflect
the generally accepted levels for macro or micro nutri-
ents {and non-nutrients) — particularly when concen-
trations in individual organs are examined (Raapana
and Field 2006; Leonard and Field 2004},

In terms of redistribution within a tree, Leonard
and Field (2004) have shown that the individual tree
species is very important (including root architecture,
rooting depth, rooting volume and the distribution of
roots versus the regolith horizens), but Hulme and
Hill {2003) have shown that, in addition, season and
proximity to rainfall events in the arid zone — and the
regolith in which the tree Is growing, including source
lithelogy, groundwater chemistry, regohith geochem-
istry, and landform setting — can all contribute to
plant uptake and distribution within the plant. Roach
and Walker (2005) also demonstrated the importance
of aspect and season for sampling vegetative organs,

All these characteristics alse seem to contribute to
the processes of redistribution within the plant, and
aiso whether or not particular elements are macro or
rmicre nutrients, whatever their relative abundances
in the regolith on which the tree is drawing. Both
Leonard and Field (2003) and Hulme and Hill (2003)
showed that Zn (an important micro nutrient) does
not seem to be differentially redistributed, and that
other element concentrations can vary between siles

even if only a singie plant species is considered. On the
other hand, Zn was shown by Reid er al {2005} to have
higher concentrations in spinifex over mineralisation.

Hulme and Hill {2003} concluded that many elements
were preferentially concentrated in particular organs
of the River Red Gums. They also showed that con-
centrations of elements, such as As, can be used in
addition to Au for Au prospecting. Leonard and Feld
{2004) demonstrated the different ways that trees deal
with macro and micro nutrients. Thus, K is not with-
drawn from Acacia leaves before abscission fo any-
where near the extent that it is in & eucalypt; and the
converse is trae for Fe in the branch tissue, but notin
the bole {Figure 8.10).

Although Hulme and Hill {2003) discuss a simple
model of uptake that does not include microorgan-
ismes, it is clear that the effects on elemental, fonic and
complex concentrations, the affinity of these to rego-
lith particles, and bonding and synergistic and antag-
onistic reactions, are amplified if microorganisms are
interposed at the interface between roots and regolith
(Little and Field 2003; Little ef al 2005h).

Of course, individual members of the biota and the
regolith interact in & multi-dimensional space, with
cause and effect becoming bidirectional; that is, a
two-way feedback loop is created. The niche that an
organism finds most favourable (has a competitive
advantage in) becomes the niche that the organism
inhabits and, in so doing, creates feedback mecha-
nisms, whereby that organism enhances the very con-
ditions that make it most competitive in its niche: is
this a chicken or egg question?

Aluminium, iron, manganese and silica mobility in
the presence of biots

Metal oxides are ubiquitous in the regolith and are very
significantand reactive molecules, particularly in acidic
to neutral environments. However, organic compounds
exert very strong controls on the environment —and on
the metal oxides, their formation, and surface proper-
ties {Kwong et al. 1977). For example, the microbial
oxidation of Mn can preduce Mn oxide coatings on soil
particles up to 5-10 times faster than abiotic oxidation
{Tebo ef al. 1997}, The metal oxides have important
reactions with soil nutrients, such as B, and therefore
have enormous influence on ecosysters functioning
and biomass. The extraction of nutrients such as P from
the bulk matrix often leads to the precipitation of metal
oxides such as Mn, Fe and Al on the sheath of fungal
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hyphae, and on the surface of root halrs — demonstrat-
ing the power of the biochemical processes fuelled by
the biota (McLean ef al. 2002). Recyeling of elements,
such as S and Al between the s0il and trees has been
documented by Gilkes 1988; Figure 8.11).

Phytoliths

Phytoliths {often, and literaily, called a ‘plant stone’]
are icroscopic crystalline formations made up from
a variety of elements and minerals {Hart 2001) that
oceur in various parts of many piants. The Si {or opal)

Regolith and blota \

phytolith is most common — and varies in

anct ornmmentation, depending on the plam

(stem, leaf and root) and taxa,

Generally, phytoliths have a similar distril

in regolith to organic matter {Alexandre ef 4/

although specific patierns develop in different soit

types (Hart and Humphreys 2003). In general, most

biogenic Siis in the form of phyteliths, which seem

to form two pools — those that are bein recycled

{about 90%)
shytoliths for much longer periods of time (Alexan-

o
o
h

and those that remain in the soil as

dre et al. 1997). In systems that are high (or even
saturated) in Si phytoliths appear Yo remain for
longer and Si re-precipitation may take place close to
he base of the active soil profile. In the case of an
cquatorial rainforest, the uptake by plants of 5i
increases the weathering and breakdown of alumino-
silicate minerals, but does not increase the denuda-
tion rate because the Siis being cycied by the biota
(Alexandre efal. 19875
1

biogeochemistry, with the control over alumino-sili-

Phytoliths represent a direct impact on regoiith
b

cate weathering by uptake of 51 by plant roots (remove
the products and move the reaction forward}, the
relocation of this 51 onto, and then into, the scil hori-
zomns, and then ils cedistribition back down through

the regotith.

8.3.2 Redistribution of regolith materials by

plants and animais

Plants redistribute regolith materials 1 a number of
obvious ways, bug, in general, some of the processes
responsible for the greatest quantities transferred are
far less ohvious. The chemical transfer of materials in
solution by nutrient cvcling, the uptake and storage of
regolith materials in sotution and storage in organic
solids, and the control of hioiransfers {even in the
absence of vegetation such as following a conflagra-
tion) probably amount to the transfer of exponentially
greater volumes of material, than the more obvious
ohysical transfer. The latter also has many processes
of redistribution, including root growth, that proceed
very slowly making them less obvious, although the

lifring of paths and general bulging upwards of il

soil surface close to the boles of trees are easiiv m
i

ured once identified.
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Figure #.11: An approximate biogeochemical cycle for (a) Siand (b) Al in the solum and vegetation of temperate deciduous

farests {after Gilkes 1998).

Root growth

Root growth and expansion occurs as a result of

rapidly proliferating cells, and their subsequent
expansion, at the tip (apical meristem), immediately
behind the root cap and, to a lesser extent, along the
sides {lateral meristem) of the roots and root hairs
causes the regolith material to be moved upwards and
ter the sides with considerable force (1.45 MPa axially
avid 0.91 MPa radially; Bennie 1951) (Figure 8.12).

nA .
Mater:

at usually doesn’t return to its initial tocation at
e in the futare on even siightly sloping land

i 1T
il

| creates 2 micro topography of pit and mound

on slopes, and Norman et al. (1995} showed that the
steeper the siope the greater the down-slope (and not
back into the pit} movement of regolith material,
while pits also became more elongate than round on
steeper slopes (greater than 45 degrees).

Tree fail breaks up, and brings to the surface,
bedrock, saprolite and sub soil (B horizons}, increases
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Figure 8.12: Wedging apart of rocks in regolith by large

roots and tree boles.
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the heterogeneity of almost all soil chara

soil processes, such as metabolic and imiisﬂ rates,

soil horizo-

R

and may destroy (or sometimes enhance

nation. The pit and mound topography may have a

micro relief of vp to (.5 m above and below soil level
with mounds and pits being round to elliptical in shape
and up to 3 m in diameter on average (Figure 8. 14].

Coverage seems to range widely, w ith northern hemi-

covered by this micvo topogr aphy {Denny and Goo
1956), while
conditions (Putz 1983), The pif;.s

sphere forests having up to 40% of the landscape

dlett
less than 1% is reporied under tfopiml
wppear to fill more

.J.Qldlf than the mounds flatten (Denny and Good!

Regolith and biota I

Figure 8,14: An exarmple of the root plate from a large

falien eucalypt.

1956, Puty 1983), but the process seems to take several
thousand vears {Gabet et al. 2003). In fact, Osterkamp
et al. {2005) have shown that partial rock veneers from
tree fall (or root throw} can stabilise slopes in a sub-

alpine setting over periods of several hundred years.
Thus vegetation may not only stabilise a landscape

during its life, but also once iop?ﬁea and decompaosing

Litter fall and litter dams

Litter fall is an integral part of nutrient cycling, but is
& much less obvious part of the effects ol vegetation on
the formation of regolith (Section 8.4.4). Lis impacts

include the redistribution of regolith components
from depth to the surface (nuirients, non-nutr ients,

and so on. b

water, alumino-silicates,

within ihe egetation froni shallow and deep roots.

Litter dams have been described in recent decades
by workers such as Mitehel] . Humphreys (1987),

Fddv er al, (199%) and Hows gl (2006). Gnce flow
, \
o is a pervicous dam or weir

i

is impeded by litter,
against which more Htter is deposited, along with alu-

ming-silicates and and dead organisms. As a

result a micro- through fo meso-patterned ground

develops, with varying areas of bare ground or fresh
sediment. Litter dams represent an important surface
storage for both meisture and crganic and aluming-
silicate materials and can substantially reduce the
movement of all materials to drainage lines.

£.3.3 Bioturbation and biotransfer
Bioturbation is the physical rearrangement

sorting, mixing, churning, compacting, Ingests

187




188

Regotith Science

B and C horizon materials
redeposited on soil surface,

reincorporated into A horizens

by wind and water

A horizon organic
rnatter + resistates

B and € horizon materials
cemented into mound with
organic matter and released

after mound abandoned

Organic matter from
sofl surface imported
to mound

A

L Tree fall .
| B horizon organic S X
! matter + resistates //A mial (Ants
i r_/ burrow,
i

C horizon
L.

Flgure 8.15: A schematic diagram of common forms of bioturbation and the scil horizons affected.

digesting) of regolith and soil by the biota — both from
within and acting externally. In common usage, the
tserm is applied to animate activity, with th I
Biota ¢
regolith for mutrition, for protection and shelter

¢ geners
cxploit the
and,

in the process, create a new bio-fabric. Bioturbation 1s

exception of the inclusion of tree fall.

most ohvious when it results from macro (vertebrates)
and meso fauna (invertebrates) (Figure 8.15), As a

result of bioturbation, regclith particles are dislodged,

\

dislocated, buill up (aggregates), broken down,

reworked biolegically, biechemically, chemically and
physically and relocated to become loose, or com-

pacted and/or cemented and more or less resistant 1o
ercsion. Some authors (for example, johnson et al.
2005) use terms such as ‘conveyor belt’ {ants, termites

and worms), ‘mix master’ (mole rats and pocket
gophers), ‘crater maker’ {wombats and rabbits), and
‘mound builder’ (prairie dogs and viscachas) 1o
While these

nid therefore the terms. may sometimes be

describe the activities of organisms.
actions,
descriz

apt and tive, they also somewhat misleading

because most bioturbator species in fact carry out
combinations of more than one of these processes {(not
to mention varving levels of blochemical alteration as
well) and the termin
the additional jar;

Compared with i

esses such as soil formatio

is not mutually exclusive, so

ot be used here.

» rates of other regolith proc-

1, bisturbation rates are

of 30 m*/Ma (30 cm
n 2001}, which is

¢ sig-
nificant: turning over a1 aver g
of topsoil in <10 000 yrs; Ander

:

comparable to the corrected soil formation rate of
Ma (Heimsath ef gl, 2000; Wilkinson
et al. 2004). Individual and local processes, such as
tree fall (700 m?/Ma) and wombat burrowing/mound-
ing {100 m3/Ma), have rates an order of magnitude
higher .16), The
to the surface by all these processes far exceeds the

from 91027 m'/!

(Figure & e rate of addition of material
rate of erosion by a factor of three or four (for example,
Anderson 2001).

In addition fo bioturbation semsu stricto, many
hiotic effects cnhance or tetard other less- or non-
biotic processes. For example, the production of loose
regolith materials from burrowing plOVidLb easily

erodible material for slope-wash or guily erosion.
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Figure 8.16: Rates of soil formation and bioturbation
tvolumes of material moved} in a dry sclerophyll forest,
Southern Tablelands, NSW (Field and Anderson 2003).
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Animals trample and compact regolith materials and
concentrate flow along tracks, enhancing erosior;
fauna add nutrients in faeces, urine and dead bodies
altering nutrient cycles; and the combined biotic and
abiotic processes may at the same time or
sequentially (Carr et al. 2004).

Changes to the processes of biochemical alteration

cCur

also occur as a result of bioturbation in all its forms.
The exposure of soil that was previously at depth (cven
very shallow depths) allows erosion by raindrop
impact and concomitant feaching and oxidation in o
more oxic environment. Material brought to the
surface by earthworms as casts has a new microorgan-
ism load — substantially altering organic contenl
gut

altered microorganism load, and so on). The stor

{weathered, decomposed, digested, TIUCOUS,

£y
termites is simiiar, with the addition of intestinal ﬂol Q

via their facces and saliva which they add to the mate-

Regoelith and biota

accumulation of
organic matter and
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Dorminant
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they use to construct the mound. The

rial

chemically and physically altered so thariti
s
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: bryophytes.

additional organic crusts, Hehens and

Mammals and marsupials not only dig and burrow,

they defecate and urin tliese processes cause

localised, hu‘r intens s1o @ whole range of bio-
logical popul
and processes

tion of a i*w 111

however low Lhe slope angle; Figure
sfer in the divection of the dominant
ssses of wind or water movement (Figure 8.17).

ation also leads to the creation of micro-
by, and large {and very large} pores and
3P

anil

s of preferential permeability ail lead to Lh.‘swu

3

in the movement of fluids (air, water and s
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into, and through, the regolith. Air, containing C Uj
and O, and soil water and dissolved ions all gain pref-
erential access to larger volumes of regolith — increas-
ing all
and other regolith processes.

forms of chemical (hinchemi

3 weathering

In this discussion, bioturbation will not include

strictly physical pz‘ec&ssas {such as frost heave, frost

shattering, wetting and drying,

el 7

s situations whe

and shrink—swell)

although there are mas re these proc-

esses may be retarded {such as insulating organic

matter W 131’0()(}5565) (834 augmemed

of organic colloids and cations 1o the
(Hupy and
wament explosion)

{ads

shrink-swell process). ‘Bombturbation’
Schaetzl 2006: the effects of ar
srid other human induced changes, such as plough-
ing, ripping, mounding, crealing temporary or per-
manent beds, clearing of vegetation and the effects
of domestic ivestock, will also not be considered in

this chapter.

Bioturbation by veriebrate fauna

Practically all vertebrates cause bioturbation. A brief
jist of the macro fauna in an international context
(vertebrates, including warm and cold blooded} impli-
cated {from a briel review of the Literature) in blotur-
bation shows the diversity: aardvarks, anteaters,
armadilios, badgers, beavers, canids (covotes, dingoes,
dogs, foxes, jackals, wolves), chinchillas, elephants,
felines, fossorial animals such as moles, mole rats, and
gophers (pocket and other sorts), ground squirrels,
kangaroo rats, lizards, skinks and monitors, marmots,
birds),

prairie dogs, rodents of various sorts (mice, rats, and

megapodes (mound building ~ incubator
50 on), snakes, susliks (s type of ground squirrel), tor-
toises, tuco-tucos (@ type of rodent or hamster), visca-

<ha 5

id viverrids (civets, genets, mongoose}. While

an even more eclectic collection includes

{of wvarious types) bettongs (various),

birds, brush

baover

turkeys, dingoes, echidnas,
goannas, lrards and skinks, lyrebirds, macropods
(kangaroos,
fowl, (the pos
platypus, snakes, 3
the numbers and v
part in bicturbation are
or so of all the Australian birds (White 2003} biotur-
hate soils or regolith:

storeos, wallabies, and so on}, mallee

bility of) marsupial meles, numbats,

k-nest rats and wombats. In fact,

arieties of fauna actively taking

engrmous: for example, 15%
p

. ten species extensively probe the soil during
26 nest in soil

Burrows; 44 nest i ;\‘f?(i;’?ovp‘ scrapes in the

m.’z!mg; 1] rake the forest litter;

ground, often i colomies; 3 budld incubating
mounds; and 10 construct mud nesis in rrees

and caves,”

Most recent Investigations of bioturbation by
undertaken in Africa
and the Americas (Ekundavo and Aghastise 1997,
Whitford and Kay 5999, Aufreiter ef al. 2001) and

ENCes; for f,'(ﬁj'l’ipit, a sub-

meso and macro fatma Were

often outside the geosci
stantial review of mammals
and Smith {1990). In 4
strated the contributions of bioturbation to soil for-

by zoologists Reichman
Australia, studies have demon-
mation in the context of deep, old weathering profiles
across the Australian continent: for example, Hum-
phrevs (1981, 1989, 1994), and Mitchell (1985, 1988)

1985; Hum-
phreys and Fleld 1998; Wilkinson er al. 2003) and,
more recently, Field and co-workers (Field and
Anderson 2003; Field 2003, 2004, 2004},
turbators, such as wombarts,

and their co-researchers (Cowan et al.

Large bio-
rabbits, echidna, rep-
create obvious

tiles, Iyrebirds and scrub turkevs all

regolith changes in bhuman timescales and hence
they have been the focus of this research,

Many vertebrates have a distribution that relates to
particitlar regolith and soil characteristics and/or
tvpes: for example, regolith moisture conditions (and
landscape pasition; wombat burrow versus floodplain
distribution; Anderson 2001, texture, depth or stoni-
ness, or the distribution of resources on which to feed
such as particular invertebrates in well-drained soils,

Animals can alse create the circumstances that
s to change the rego-

tith: for example, beavers construct dams that cause

cause other %{SOQ’BOIPE i Processe

sedimentation, avulsion and the creation of new chan-
nels; and various animals burrow inte stream banks,
leading to bank collapse and stream changes, both
within and alongside the drainage lines.

Vertebrate bioturbation is broken down into thres
broad classes:

1. the refugia - burrows, dens, warrens, nests and
8.1) — essentially long-term and
tairly stable structures

maounds {(Box

2. foraging structures, such as tunnels, diggings,

scrapes and scratchings {Box 8.2), which are an




Regolith and biota

:; or' nests {‘f{}r xamp!e,

each) or dﬁ‘erent type:> of tmne!s (for- example,

L FOWS becomes mounds

: "susilk hurrows:in Ru551a Ognev and Tomi fin 19477,

_ male wombatk have two. Gi”_:_': iaomg, the d%stnbuc ion: o vegetat;on and Dlhi‘f
three dens or: burrows, “with'a female :nhabxtmg_'_'

U, af fected by ioca’l

- aardvarks dig some tunniels for foad and other bur-
' rows for temporary of permanent nests; Smathers-_f
1983). There'is a contmuum through two or more -
tunpels and/’or openings, with animals such as sun-_. }
icates and moagooses to: “those animals that either. "
singly. ot in pairs, “or as’ communities, build ‘much’
more e abora‘te multi- tunnel it entrance burmwﬂ
-systems l\/%ateriai remeved from tume!s and bur-.

'_moumﬁs of ‘the Wes’cem USA {up ta 2 hagh by_"_'-
;'other regolith: mateﬂals by gophers
:_ iong lived and ofzen zompiex networks of burr'_'

“and chambers 1o those’ that i;have relatlveiy ST
: 'i-'aﬂd short- lived excavatiom

moles. Sl fghtly more. comp
: .-1 burrews are. construct

. iarger cawty a‘L the deepest
Tcan. range i iength from. 1"metre; to: more han__._
metres anc% in. dlameter fr{}r

sites, shape ang: orzenta‘{zon of opemngs tha{ are:.
| quite’ specxﬁcito' he: 'ammais constructmg them- 3
- They can also be built over time by the same indi- .
~vidual or by groups as the family’ expands (such as':.':.'-
_'_3pra|r|e dog systems;. Longhurst 1944; and evo vmg_;i_

.'IS usually iimitad to bn’ds this can range fromm sim

Nori:h Amer;can karzgaroo rats create mounds.-

j;_{30 cm high and up to. 4 min dnameter} tha{ take‘} : and 4=5m. lsng)

in

fauna. The: pa‘ttem of dlsmbutaon of mouﬂds is,
ed: togographlc condlttam_
1! texiure and dram&ge)

{such’ as regghzh andl-.

25-50 min di ameter), Whlch are: made of SOJ| and'

B:Qturbaﬁlon varies frem animals: that produce---:.:

I¢ refugaa, such as most
but stil E eniy liriéar,

o n_t Wombat _u'

: 50 centtmetres 1o

almost a metre R

The constructlon of 'nests and nestmg @ehav;ourn:
pie_..-"
nest construction on the surface to the moundinests .
produced by megapodes (‘i m high, 2~3 m Wide"ﬂ

almost continuous process as animals seek food
and other resources throughout their ives

3. the surficial effects of grazing animals (Box 8.3).

Each of these forms of bioturbation has the poten-
tial to initiate or enhance other geomorphic and rego-
lith processes, such as the interaction of overland flow
with litter dams, and rill formation, but larger scale
processes, such as piping and gully initiation, often
result from tunnels and burrows, and bank collapse
along drainage lines.

Bioturbation by inveriebrate fauna

Soil and other regelith material provide an environ-
mentally stable, nutrient-rich, moist habitat for inver-
tebrates. As a result, there are anywhere from a few
tens to tens of millions of individuals beneath a square
metre of surface litter (Viles 1988; Gabet et gl. 2003)
and 10-15 000 kg/ha (Coleman and Hendrix 2000).
The quantities moved or bioturbated by invertebrates
are considerable, and frequently compare favourably

with rates of regolith and soil production and erosion.

The muacro invertebrates, such as soil-living bees,
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farvae {such as scarabs), cicadas, crayfish, crickets,
dung beetles, earthworms, mites, nematodes, spiders
(trapdoors and funnel webs in particular), springtails
and, particularly, ants and termites move through t?*e
repolith, pushing materials aside, creating tunne

chambers, mounds and nests — some of which are
these organisms have many cffects that
These effects

s to permeability, destroying and creat-

obvious, but

are not seen without measurement.
include change
ing regolith horizons and layers, and causing biochem-
ical weathering within their gut, as well as the effects
of saliva, mucilage excretion and digestive excreta,
Invertebrates can bring large volumes of relatively
unweathered materials (or subsoil) to the soil surface,

which can then be redistributed across the landscape

via the actions of water and gravity. For cxample,

earthworms, ants and termites may be responsible for
from 0.5-10, 0.004-18 and 0.013-0.4 m*/m?/ka,
respectively {Mitchell 1988; Whitford 2000). Obvi-
cusly, conditions do not favour all three organisms at
the same time (termites dominate dry-seasonal envi-
fORINents, dominate under
humid conditions) so these rates are not additive {(see
Boxes 8.4 and §.5).

Many invertebrate animals move within the soil

whereas earthworms

by forcing themselves into interstices and pushing
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'mmor miermnnectmg _'pdres.a'nd chambers +h i"'i
i '_allcw exponentza by higher quaﬁtmes of water; it

: __."and gases, such as C{Z)Z o mave thraugh the. reg
Clith and soil.

Termites’ can remforce hemzonatlor”f
when C(}mbmed thiﬁ other processes such 8§ B10+

particles and aggregates apart, while others excavate
by eating or digging and can move quite large quanti-
ties of material from the voids they are producing to
form mounds or nests. At a landscape scale, the
mixing or slow stirring of the regolith and soil causes
displacement cutwards towards lower densities and
pressures (and may leave a void) — usually perpen-
dicular to the surface. On a slope, the subsequent
“fall’ back to the surface (or into a void) is likely to be
vertical under gravity, The result is & slow creep of
material down-slope, which is analogous to particle
diffusion (Figure 8.13). Heimsath er gl (2002) showed
that grains keep being exposed at the surface, only 1o
be buried again and so a net down-slope trajectory is

produced, despite a Monte Carlo pattern of move-
ment in the first place

Box 8.5)
the majority
through
the soil (such as termites gating roots), but gut micro-

Some invertebrates (such as carthworms:

actuaily ingest alumino-silicaies while

only consume organic matter as they move

organisms affect weathering, both in the gut and, sub-
sequently, in the soil — particularly in faecal material
and castings. Dung beetles produce a nest filled with
acquired dung formed into neat balls, which also
contain dung beetle eggs {or an egg). The nest may be
connecied to the surtace by a cylindrical tunnel back
filled with dung by the adult on departure. Tsolated

cyE- ‘shdi ed cocoons LGHRM'}EI}E‘, @Bﬂﬂ' beetls CEgs
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worrrscan
from within

brate faJna bemusa of ihear re atwe!y Earge s:ze aad

and :ngestmg -

'_hemlsphere species - and more for some %arge Alis-
_trahan ﬂative -'a’rthwsrmsg The'sé iunr‘té%i.be‘c’am'e'

SRS

chemaca! bso%ag;cé% and physical breqkdown durmg

_ aE changes Lhat_v‘

Stheir abundance in soils with miatweiy higih orgamc “querit processes. of microorganisms: A muiutude of -
matter and high ievels of ‘activity in: tﬂmperate and

“warrnier environments: Earthworms have & number_

of effects, Firstthey: create voids: exuavatmg tunnelso
Soil materials in the process: The'tun- create organosmi
nels ‘can e up to 5 mm in diameter for northern
ing so;% uormng processes in the actual casts (Edwards

-f_';_'ai (EQ?Q) have showh 'that castmg ¢an, ;ncrea’se er'
CUsiony Pastures thhi‘gsf}d :ve!s of earthworm activity:
" had sed:mez";t P

cohten‘ts are sub ected o noth'bxcmfﬁzi '

' 'dsges&son The process also removes Sume nutrients,
mixes piarzt and ﬂmgai fibres from the mgcsteé sofl -

_ tevels of organic matter favoursﬂg bicturbatior- byf_:
ong with’ secret ions from the gut wall and coms :

/ aﬂ‘ect tha b:achem:caé reac :
from then orwards. he resu%taﬁt casts’ are bound
together by all thie secretions, cfenvatwes and. subs :

chemical reac:u(}ns arepromotet’ thhln ﬁt%
be?;ween c:rcsamc: *natena!sf aturnino-silicate *‘mer--

als -and living and dead microorganisms and can
era? bonds _ e
Soime authers arguie that earthworms restx icto o=

10.1998), _wha le others, such as’ Sharp :

Toads almos% an Of‘dél‘ of miagh

s ;tudes, IOWET 'pr czpltatzon'z-.
£ss Bfthe’ continent and very:low .

other xnvartebrates sw:h ‘as tefmues and ants:

and/or larvae may also be located contiguously. Dung
beetles are the best example of the incorporastion of
relatively fresh, inocuiated organic materials into top-
soils. Spiders produce burrows that are essentially ver-
tical, widening upwards, which may, or may not, have
a capping. Solitary ground-living bees construct flask-

shaped chambers with a smooth internal wall, which

are connecied o the surface.
Less-obvious processes include use of saliva and

gastrolith (Box 8.6).

8.3.4 Consequences of bloturbation within
the regolith

Invertebrates that burrow and mound sail tend io

sroduce a biomantle of tonseil, subsoil and overlving
3 I8 ¥

saprolite and, as such, are primary agents producing
hortzonivation. On the other hand, uprooted trees
break up bedrock, transport soil up and ento the
surface and increase the heterogeneity of soil, and
disrupt soil hovizenation. Blomantles form as single
layers in fine-fraction parent materials, and two layers
when formed on mixed fine-and-coarser materials
{Figure 8.17).

Within the solum or biomantle, there is a complex
interacting set of fast and slow, often countermanding
translocations, taking place, as material is loosened
andt then transferred, The result can be several differ-
ent formis of biostratification or horizon formation, or
the destruction and homogenisation of layers, Biorur-

bation can, depending on the balance of organisms,




tmut_ aiiva The _geochemxcai mterarj{ ons;.
between these cherf’"ca fly. very-active ‘organic -
substances. (enzymes : orgamc acids, cheiates;_
sﬂ(}cuiants contammg complex and diverse micro-
: organi isms, andhso oﬁ) and regoiith are only pos- -
Ctulated. “currently and’ {equwe furtner _research.
. ;The death of any: orgamsm and subsec;uem incor-
_-'i-peration onto, and into, the regolith pmvades
-fﬁ:anether exampie of ancred;b y rlz:h organic mate-
rial (both as orgamc substrates Har more biota,
piu_ 'moca.iants chemxcally aggressive and active
“substances, and so on) being added to the ongo@

-mg'weathermg of aiummo»s:hcates
;astroliths. are’ stones swal iowed by ammais-
‘s ally alumino- sﬂicates but tmy e.:aﬂ beformed .
stomach b preq_ tation . rather. fike -
ere much msre}:-

.'tine grmd;ng meci um {sar d gr:% gravel, even::
B cobbies, and shell grit, ang so on) in the very mus-
“cular gizzard for physucaiiy reduamq food material -
;'i_durlng dlgesaon Gastroliths may be highly pol
fished (most of those. recognised from the fossil
-:_"recorcé are) or may have little or no pelish and be
wite: anguiar in modern btrcis Gastre%aths from -
'_lncsaurs can, be several kil ograms in wezghr and
; Qdern ostr&ches can have stones.up fo-10 cems—_"'
netres in }eng‘th {ngs 2003) Gastrohths may or
may: not be folind among: the skeletons of dead.
pimals; but are. not oftem re!eased from the giz--;i-

ard: of hea thy, Eivmg ammais

either create horizonation or homogenise the bioman-
tle (Figure 8.17},

Whether biota actually incorporate saprolite and
rock into the biomantie depends on the processes

involved. Tree fall on shallow regolith brings fresh

Regolith and biota

and weathering material to the surts
doubtful whether gophers or rabbits actus
even saprolite to the surface. However, the
tion of regolith and soil does not require the |
transfer of rock or saprolite upwards and ¢
surface. Many authors are mistaken in their b
that biota, such as gophers, do not accelerate the pre
duction of regolith or produce soil, because they do

not burrow amoeng rocks or dig up the saprolite (
example, Gabet ef al, 2003; cf. Heimsath ef g, 2000},
However, virtualtly ait bioturbation processes increase
the infiltration of water and the incorporation of
organic material through increased porosity, reduced
bulk density and the mixing of litter from both the
surface and the root biomass, Also, the rate at which
rock weathers nearly always increases with shaliow to
moderate burial, because molsture and temperature
condirions within the regolith are more conducive
than exposed conditions on the surface to all biotic
chemical weathering processes, as well as even strictly
abiolic geochemical weathering - if such a thing
exists, The only exceptions to such a generalisation
are predominantly abiotic physical processes such as
reeze—thaw or frost shattering.

There is an argument that invertebrate bioturbators,

such as ants, termites and earthworms, can turn finer

material in the biomantle layer over to the exclusion of

coarser particles (such as gravel and stones), and

place a stone line or a texture contrast :

foams or 30&11}}? sands over Cl‘d}’S or clav los

{to be an

Some larger bioturbators, 15 rabbits, wombats

and tree fall, can also o sy the texfure con-

trast by Inverting or remixing them.

Wowever, others — use their activities are limited

te only one or two horizons or layers — will enhance

horizonation, i«

ither than destroy it {Figure 8.15).

There | cape vonation of specific bioturba-

tors with particular environments. For example,

wombats generally dig into softer floodplain and
drainage line solis, rather than shallower, and more
and
heavier texturcs in mid and upper slope positions
{iid

arguing that either

resistant solls with stronger texture contrast,

1 and Anderson 2003}, Some authors go further

Ciii'ﬂlﬂ1CIlﬂl{Ii‘OC1}ﬁ}&UL LONEY OF
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vegetation types can be use to predict levels of biotur-
el al. (2004}
reaches a maximum under temperate humid Califor-

bation. Carr argue that bioturbation
nian grassland {about four times the volume on
average; arcund 100 cm®/m?) when compared with
shrubland or forest. The dominance of burrowing
. but the
sample size is very small. On the other hand, Ander-
son {2001) and Field and Anderson (2003) clearly
showed that in a similar
humid NSW) -

different biota

rodents in these sites may explain the result,

environment (temperate
bu‘( on another continent with very

ee fall moved the most materials,
and in gr asmmda there are no other bioturbators 1o

eplace these processes (Figure 8.16).
Stone lines can be seen as a residue of bioturbation.

As organisms cycle the materials they are capable of

moving, some larger, denser particles o7 apgregates are
left behind. I any sort of random wall process (ot

eally random because most movement is at least partly
upwards towards lower densities, aeration and/or away
from saturation) can move some materials but svstern-
atically leave others behind, eventually a horizon, or
layer with just that residual materizl, concentrates near
the base of the bioturbation and a stone line is created
(Figure 8.17). For example, North American gophers
can produce a stone layer, just below the typical depth
of burrows, from pebbles and cobbles that are too large
for the animals to move during their burrowing and
tunnelling activities {Johnson 1989},

In addition, if a particle that is too Jarge to he moved
by bioturbators lands on the surface (dropping stone,

th, bone, shell, or man-made article, such as
15, points, ceramic fragments), it will slowly, but
tically, be lowered under gravity through the

{almost literally, as maierial is moved up
- on top of i) until it reaches the stone
on the surface due to wind or water
i?“*hu,i
o1
Lo
i

face s also likely to armoured

ey material is being bioturbated

ot

only will the artifacts be left

atthe s

with la s but itislikely to belowered

in the E,‘ﬁl”(_‘ik:{‘fm. = j_;ﬂ__isfm 2002}, or a stone

not form where there

laver (Paton e ol Care

no resistant large

imes with the
s water,

In a similay
assistance of winnowing | fexiure

contrast soils are formed.

£.3.5 Biotic processes on regolith surfaces
The regolith surface is the main interface between ajr
and water — where a truly diverse biota has a domi-
naat role. On fresh rock surfaces, the endolithic bac-
terta carry out forms of biogenic weathering — as do
lichens, The following ail alter the run-off or infiltra-
tion, while enhancing or retarding weathering:

e the surface effects of Hiter fall — the mulch effect
of keeping the surface moist

» the biochemicals in litter that lead to hvdro-
phobicity and run-off, or to aggregation and
infiltration

e the fungal mats from symbiotic partnerships
between the higher plants and microorganisms

» the cryptograms constituted from algae and fungi

or algae alone.

The following manage erosion and sedimentation,
while enhancing weathering:

e litter dams

¢ root holes

»  bioturbation pores
& lichens

iz
i

e lverworts, and other bryophytes.

Biotic surface processes are critical to the functioning
of most landscapes,

Biogenic weathering, biofilms, biotic crusts,
biomineralisation and endolithic microorganisms
Biogenic weathering is where ‘life processes’ dominate
the formation and evolution of regolith. A biofilm isa
complex aggregation of microorganisms, which is
marked by the excretion of a protective and adhesive
matrix and characterised by surface attachment,
structural heterogeneity, genetic diversity, compiex
communiity interactions and an extracellular matrix
of polymeric substances. Some, such as desert varnish,
impede further weathering when they form; others,
such as lichens, lead to enhanced weathering. Biotic
crusts result from the growth effects of bista and reor-
ganise the alumino-silicates in, and on, the surface of
the regolith - often positively altering its stability, and
composition and physical
characteristics. Biomineralisation is a simple combi-

changing the chemical

nation of the biota causing changes to alumino-sili-
cate materials 1o produce new or secondary minerals.




Endelithic means living within, or penetrating deeply
inte, stony substances. An endolith is a {micro) organ-
ism (usually an archaeon, bacterium, or fungus) that
[ives, at least partly (fungi and lichens), within rock
{coral, animal shells, or in the pores between mineral
grains) and includes endolithic lichens,

The overlap between biogenic weathering and dis-
cussion in carlier sections (for example, Section £.2) is
complex. Specific examples will be given here under
each named process and then, where relevant, these
will be referred back to earlier subsections. Biogenic
weathering occurs within one or two years of exposure
of a fresh carbonate surface (Hoppert er al, 2004) in
humid temperate environments. It also takes place
when lithobiontic organisms, both epilithic {external
to the alumino-silicate mineral surfaces) and endo-
lithic (or cryptoendolithic) species colonise the surface,
induce and accelerate weathering and actively penetrate
the rock independently of pre-existing pores, flssure or
other inhomogeneities in sandstones and volcanogenic
rocks — even in environments as cold as the Antarctic
{(Johnston and Vestal 1991; Guglielmin er af. 2605).
Initial colonisation takes place as algae and ascomyc-
etes penetrate the rock and slowly — over several vears
—a more complex colonisation pattern by lichens devel-
ops. The rates of weathering are very much climate-
dependent and also vary across lithologies. Biogenic
weathering can also be demonstrated to occur in a lab-
oratory setting (Cervini-Silva ef al. 2003) using the
same biogenic substances that are ubiquitous in soils
(ligands such as oxalate, ascorbate, citrate and humic
acids, and chelating agents) to weather P-bearing min-
crals, such as rhabdophane, to form more- or less-solu-
ble organic complexes (ligand plus an ion) with both Ce
and phosphate.

Surficial root mats, fungal mats, surface
hydrophoblcity, surface crusts, and
cryptogamic crusts

These phencmena are special cases of concepis ti
have been discussed already in this chapier or coversd
later, However, they also represent more intensc cxarm-
ples, more extreme processes and ever greater inflo-
ence of biota over regolith evolution. Surficial rost
mals are generally described for rainforest envirom-
ments, where high inputs of precipitation and high
temperatures lead to very rapid leaching of very

Regolith and biota

quickly decomposing organic materizls on, and in,
the surface soils. The vegetation has evolved dense
shallow root systems {plus deeper systems, including
tap roots) to efficiently absorb the results of the very
high turnover nutrient cycle. Rao (2005) demon-
strated that fungal mats, and underlying root mats,
redistribute low levels of both nutrients and water in
the surface soils under dry sclerophyll forests and
woodlands on the Southern Tablelands of NSW. The
ecolegical system biases the distribution of both nutri-
ents and water, so that the eucalypts get the lion’s
share and competitors are starved of both. Symbiotic
fung! enhance the effects of the root mat, The fungal
mat is hydrophobic — shaped into what resemble
octagenal or hexagonal ‘tiles” about 10-15 mum thick,
lying immediately below the cucalypt litter and above
the Al horizon that contains the eucalypt root mat.
The fungal mar appears to be an effective barrier to
the germination of any plants — either simply by its
aridity, but possibly also through allelopathic chemi-
cals, including biphenols of various sorts. By so doing,
this combination of regolith surface phenomena is
used by the eucalypt overstorey to control compeli-
tion for scarce resources.

Biological soil crusts are highly specialised commu-
nities of living cyanobacteria and tiny mosses a

lichens that combine with their by-products

mino-silicate minerals to form a crust miili
thickness bound together by organis

crust can reach cenmtimetres in
their makeup o Include o

combinations of live

e surface
o nigher plants and
ohy with their fila-
en algae. The latter
ting, creating additional
is the soll further, holding it
: biotic crusts stabilise surfaces,
beth wind and water erosion, pro-
istire retention, fixing N for plants,
r nuirients, increasing infiltration and
ater retention and promoting seedling germina-
and plant growth. The growth of the filaments
the fungl in the symbiosis further adds to soi!

stability, when they exude polysaccharides — aiding in

the comenting together of aggregates of soil (as distinet
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Figure 8.18; Early stage succession, as higher plants
colonise wealhered material shed by surficial weathering of
a granitic face.

from lichens and mosses that bind soil with additional
rhizines or rhizoids). Non-filamentous soil crusts can
actuaily reduce surface roughness, reduce soil infiltra-
tion and restrict the entry of air, germination of seed-
lings and seedling cmergence. The very different effects
of soil biotic crusts are crust specific, and vary across
environments as well as surface soil materials.

Lichens and brvophytes
Although most bioturbation studies focus on ‘large-
scale” visible processes, vegetation establishment and
growth also have important physical implications for
mineral weathering and pedogenesis. Mosses and
lichens — through their rhizines or rhizeids, as well as
cryptogamic mats with rhizomes or filaments — are
able to exploit minute flaws and cracks in mineral
grains and relatively unweathered rock surfaces. As
these root-like bodies grow, they expand tiny cracks
and allow greater water penetration and add organic
matier to the developing weathering rind. Increasingly
compiex grass and herb communities, followed by
shrubs and, eventually, trees, then become established,
with toots that grow deeper and expand the cracks in
the weathering parent material further {Figure 8.18),
Thelichen-based weathering mode! has been devel-
oped to a level where @ number of authors now see it as
a means to understanding biotic or biogenic mineral
weathering in gencral (for example, Banfield e al
1999}, They state that microorganisms are known to
increase rates and add additional processes to rock

weathering and regolith formation. They then expand

:sing this explanation:

Fized C released by the photosynthetic symbi-
ont stimulates growth of fungi and other micro-
orgasisis. These microorganisms directly or
indirectly  induce  mineral

7

lipdration, dissolution end secondary mineral

disintegration,

formation, (. sonrces Cay SUPPress or
enhance rates of chemical weathering by up to
thiee orders of magnitude, depending on the
pH, mineral surface structure and composi-
tion, and organic functional groups. Mg, Mn,
Fe, Al and 5i are redistributed into clays that
strongly absorb ions. Microbes contribute fo
dissohution of inseluble secondary phosphates,
possibly by release of organic acids. Below
fungi-mineral interfaces, mineral surfaces are
exposed to dissolved metabolic by-products.
Through this indirect process, microorganisms
can accelerate mineral dissolution, leading to
enhanced porosity and permeability and colo-
nisation by microbial communities”

8.3.6 Biota and regelith physical
characteristics

The ncorporation of organic material changes rego-
lith characteristics such as btk density, horizopation,
texture, structure, moisture content, porosity, perme-
ability, sorptivity, and hydraulic conductivity, Exploi-
tation of the weathered regodith by plant roots
influences soil insulation, compaction and aeration —
as well as soil water conditions and the microbial
community. Organic matter virtually controls soil
structere, which, in turn, controls infiliration and
run-off. The biota have an overall controlling influ-
ence on regolith water content and transfer:

right from the very minor cffects of tiny root holes

left after the death of rootlets and root hairs, up to

the largest roots and root macre pores

» from the myriad burrowing invertebrates and the
micro though to macrapores they ieave behind

e from the effects of soil organic matter on soil

aggregation and bulk density to infiltration and

bulk soil water storage




= from the minute processes of root cell exudation
of water to hydraulic lift by huge trees.

Biotic surface conditions

As discussed above, biotic regolith surface processes
can have seemingly opposite results: on the one hand,
stabilising surfaces, increasing infiltration and
thereby reducing run-off and erosion; and, on the
other, reducing infiltration and increasing run-off.
Living and dead biota insulate surfaces from heat and
reduce evaporation, increase infiltration and enhance
weathering. These controls are, in turn, affected by
environmental controls (moisture and temperature,
even if only at the micro scale) and the nature of the
surface materials ~ producing a wide spectrum of
likely scenarios, the complexities of which cannot be
dealt with here.

Bulk density, soli structure and soll or regolith
horizons

Organisms seeking to exploit the regolith (particularly
the organic component) for food and shelter rearrange
the structure and fabric during the process. In doing
s0, they create a biofabric and/or a biostratigraphy.
Once the organism has passed {or the root dies), a
void is created that will stay open, {ill with material
from the passing organism, or collapse. Whatever
happens, 2 heterogeneity is created that is biomechan-
ically (and often biochemically) different and more
likely to be aerated, be more porous and/or permeable
to water and solutions, and have different nutrient
and biological characteristics from that of the sur-
rounding regolith. The resultis a reduced bulk density,
enhanced soil structure (Figure 8.19) and horizona-
tion. The types and elfectiveness of the variety of bio-
turbation acting on any site varies by vegetation and/
or ccosystem type, although there is little consensus
as to whether particular systems, such as forests, have
more or less than grassiands.

Permeability, porosity, infiltration and drainage —
roets holes, tunnels and burrows

Burrowing animals and insects, and recently deceased
plant root systems, create passageways for air and water
movemnent and thus change soil morphology. The pas-

Regelith and biota

Figure 8.19: Fungal hyphae bind soil aggregates {scale bar
=20 pmj.

sageways, or krotovinas, formed by these processes
create leose material on the surface and also a vast
network of micropores (root hairs, micro fauna),
mactopores {earthworms, and other invertebrates) and
mega-pores (large root death, vertebrate tunmels, and
s0 on) that become back filled once vacated by organ-
isms moving (animals) or dving (roots). These krotovi-
nas are filled with materials that are lower in bulk
density, contain more organic matter, and are maore
porous and permeable. Krotovinas are likelv 1o be
narrow and elongated, with varying levels of connec-
tivity. In addition, they were shown by Noguchi ef al.
{1999} to connect with many other fealures such as:

s other former root pores

e faunal burrows of all

dzes {infilled or collapsed
but still preferentinllv permeable pores and
burrows)

® dehydration and shrink-swell cracks

= soilinter and intra aggregate spaces

s saproiite and rock [issures and preferential Flow
paths

s sotl horizon boundaries.

Moles in temperate humid environments have been
shown to double soil porosity (Mellanby 1971), increase
soif moisture and invertebrate numbers, such as earth-
worms (an interesting interaction between predator
and prey and resultant bioturbation}, while decreasing
bulk density. Rodents, with their extensive burrow
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systems, create vast interconnected systems of open
and back-filled macropores, which have huge impacts
on air and water movement and, in turn, slope form
and evolution. Earthworm tunnels generate macropo-
res, which can increase soil porosity by 3-10 times
(Edwards and Bohlen 1996). These macropores have
high levels of connectivity within, and with the surface,
and can increase infiltration (and reduce concomitant
surface run-off} during rainfall while encouraging
drainage and aeration once rain has ceased,

Because organic matter reduces bulk density, it
increases both the hydraulic conductivity and sorp-
tivity of soil and increases the heterogeneity of soil
physical characteristics. In addition, because almost
all forms of bioturbation create pores, organic matter
increases infiltration rates up to three times (Williams
and Vepraskas 1994). Devit and Smith (2002) showed
that root canals from shrubs in the desert not only
carried water more quickly into the regolith, but also
more deeply, while fibrous roots, such as those under
native tussock grasses in eastern Ausiralia, can cause
a full order of magnitude increase in both hydraulic
conductivity and sorptivity {Rath 1993},

Hydraulic lift by vegetation

Hydraulic lift {(or hydraulic redistribution} is a process
whereby plants take water from depth and, using the
xylem and capillary rise, bring water up through their
roots into shallower layers where it may later exude
from the roots and moisten the rhizosphere and
beyond. Under Earth’s gravity it is physically impos-
sible to lift water more than 10 metres by suction.
However, the very fine capillaries in plant xviem exert
much greater localised forces, and plants can lift water
an order of magnitude higher. During the day, lifting
is driven by the evaporation of water out through the
stomata, as well as consumption of the water as the H
and O are split: H reacts with C from CO, to form
carbohydrates during photosynthesis and oxvgen is
released as a by-product.

Capillary lift is undertaken by plants that have tap
roots extending down into regolith layers for their
own water supply and is more highly developed in
plants that are adapted to dry environments and/or
environments that are seasonally or periodically dry
stch as drought-prone areas. The xylem in roots is

very effective at preventing leakage, but it is not water-
tight, particularly in the smaller, vounger roots. If
there is a hydraunlic gradient between roots in a dry
soil and others in a moist or wet soil, then water will
be moved along this gradient to reduce the potential,
There is a need for the hydraulic gradient to be great
enotigh to evercome the forces of gravity, and the
resistance of the xylem in order to get a net mass
transfer of water. Thus, there is a process of self irriga-
tion, whereby moisture continues to be hrought up
during non-sunlight hours and leaks into the rhizo-
sphere to be taken up again once photosynthesis
begins — and the in-plant store is consumed during the
days. Thus, the plant {and its neighbours) has two res-
ervoirs of water to use to drive photosynthesis when
the stomata open. The effects are lacalised around
each plant, with water close {< 2.5 m) to the tree in the
shaliow soil indistinguishable in isotopic signature to
the groundwater, while 5 m from the tree in the same
shallower soil herizon the isotopic signature returns to
that of soil water from recent precipitation.

From the point of view of the formation and evolu-
tien of the regolith, there are the obvious effects of
hydraulic lift that have already been mentioned in
transferring water that will promote weathering by
other forms of biota and in the non-biotic weathering
spheres. There is also the possibility of the transfer of
solutes (weathering products) in solution in the water
in roots as water is drawn from considerable depth,
encouraging chemical and biochemical reactions to go
forward and the effects on the hydro-bio-geochemical
¢yeling of elements. The support provided to the rhizo-
sphere by extending the water supply into otherwise
drying periods extends the time during which organ-
isms can be active, and increases the metabolic rates
throughout the root zone, Increased metabolism and
increased time for chemical reactions means increased
biotic weathering by all the organisms in the regolith.

Biota and slope processes, erosion and mass
movement

The growth of roots, the construction of casts and
mounds, chambers, galleries, tunnels, burrows, nests,
tracks (which funnei water), and feeding scratches,
scrapings, tunnelling, digging and sorting all transfer
material, which, with the added effect of gravity, lead to
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slope processes. Parallel changes to porosity and per-

meability, as already discussed, create preferential flow
;

paths within the regolith, wherein water moves more

casily and quickly and, in turn, aids the transier of
materials ihmubﬂ the regolith and also enhances mass
movement of materials down-stope. I exlreme cases,
Lrotovina lead to tunnelling, piping and gully-head
collapse. Bioturbation of regolith can e broken down

into four major effects on landscapes and slopes:

1. the augmentation of erosion or movement of sur
face material down-slope, commonly called
blotransier

2. the mixing versus homo %, enisation and/or horizo-
nation or overturning of material, which leads 1o
effect 3

3. enhanced weathering and regoiith formation
enhancement of processes, such as infiliration,
sub_surlace rransfer of water, sclutes and solids.

fthe relocation of material by bioturbation is con-
sidered in three dimensions on even low-angle slopes
(Figure 8.13), it quickly becomes obvious that this
transfer process moves material ourwards (it can
really only move upwards and perpendicular to the
surface, unless compaction takes place) and laterally
{with some compaction or ‘flow’). When the space
created by biota is vacated, it will be filled predomi-
nantly from up-stope and vertically above {by gravita-
tional forces and usually to lower bulk density) and so
leads to net downhill creep. As a result of root growth,
Gabet et al. (2003) calculated the slope-dependent
lateral rates of movernent for morthern hemisphere
grass root growth down a slope of 107 at 10 m*/m/Ma,
shrubs at 90 m7/m/Ma, and trees at 100 m/mi/Ma,
(compare tree fzll, which moved material at
1000 m3/m/Ma, and gophers at 5000 m’/m/Ma: Gabet
et al. 2003).

The form of hillslopes can be controlled by biota
causing, or enhancing, hillslope processes {surface
erosion, sediment transport and deposition on hills-
lopes) by the release of uncompacted maierials on 16
the surface by vertebrates and invertebrates when
spoil-type mounds and constructed mounds are con-
sidered. Roering er al. (2002} showed that bioturba-
tion under forests, on a loess-mantled hillslope on the
South Island of New Zealand, increased sediment
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arcas where slopes are t
d be difficult not to see the tunne

in pursuit of plant roots, and their res
i major source of sediment

e
195821, Add 1o this the Hkely impacts on 3

into the siope of water along the multitude of ¢

and past open or infilled macropores, and the ¢t

sion is that gopher activity is the dominant sediment-
moverent process (Black and Montgomery 15915
Gabet (2000 has developed a slope erosion model
based on slope and gopher activity. Burrowing by
-vomba‘f@ in the more easily dug, sometimes moist
soils along floodplains and in drainage lines - often in
iesu table and usually sodic soils (Field and Anderson
2003) - can lead to up-slope piping from run-off and,
eventually, to extensive gully systems (Field 2004;
2006). Tn Fastern Australia, these processes are wide-
spread and have taken place in dispersible, sodic valley
£l soils and have led to extensive gullying, channel
incision, channel widening (lateral pipes and bank
collapse} and lengthening.

An understanding of the effects of biota in moving
materials around and down-slope has been around for
a long time. Davis and Snyder (1898) saw soil creep asa
result of animals burrowing and the growth and death
of plant roots. Seme authors (for example, Caine 1986)
even atlribute the form of hillslopes, hillslope erosion,
sediment transport and deposition on hillslopes, and
soil production rates primarily to bioturbation types,
distribution and intensity (Viles 1988}, These proc-
esses are now seen as comparable to the abiotic proc-
esses (biota still have effects on water content,
insulation against temperature changes, clay forma-
tion, water table control, and so on) such as freeze—
thaw and frost heave, shrink-swell of clays on wetting
and drying, and other mass movement processes,
Gabet et al. {2003) present a formula that can be used
to calculate sediment fluxes resulting from root growih

and decay of from around 8 m*/Ma in temperate g

land to around 32 m?/Ma under temperate fores
slope of 10° These values are an order of
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less than the same authors suggest for troe fall and a
further order for biotarbation by gophers.
Animals also directly impact on sl

{combined animal weights) and res

landscape evolution. Tnerea 155 movement,

as discussed above, vith loading by
herds of antmals suc “be the trigger

that initiates iz

8.4 BIOTIC EFPECTS AT BROAD SPATIAL
ARD LONG TIMESCALES:

BIOGE iEsVEMR?HGLQ@Y ANMND

fi}{ GEOMORPHOLOGY

orphelogy — a term coined by Viles (1988)

wore recently the term zoogeomorphology, pop-

1sed b)« Butler (1995}, are both used to describe
ways in which animals act as geomorphic agents.

Clearly faunal bioturbation and biotransfers can be
considered as examples of both bio- and zoogeomor-

phology. Bioturbation can be considered at scales
from individual mineral grains, the scale of individ-
ual organisms, or collectively at scales of whole eco-
systems or catchments and landscapes. These
ecosystems can range in size from catchments of tens
of thousands of square kilometres to forests of only a
square kilometre or even tens of hectares. The most
appropriate timescale to consider the formation of
soils, regolith and landscapes across the Australian
continent is a geological timescale — and that is most
appropriately carried out at a continental, regional or
broad spatial scale, Obviously, al a continental or
waral scale, there is a very strong correlation of
' 571@&1 and this is then 1eﬂectad in the

ong timescales are introduced, particu-
Ha, the effects of climatic change must
(Chmate change and concomitant
i plus or minas feedback into
fweathering and denudation,
more stable periods of more- or

Ty e
1T
Coanges
~15

chimate}

.
Cig

1e cveles of weathering and
y humid tropical condi-
tions and the dominance of groups of plants such as

rainforests, and more arid conditions leading to

vegelation retreat and the production of acolian mate-
rial. The effect of climate and vegetation on depth and
intensity of weathering has been discussed many
times in the literature of pedology and geomorphol-
ogv, and can be summarised in the diagrams of
Strahkov (1967) (Figure 8.20).

The effects of the blanket of living vegetation and
litter on infiltration end evapotranspiration underle
these models for weathering. There are a muliitude of
effects: surface roughness reducing the speed of move-
ment of both wind and water, reducing evaporation
and transpivation, increasing storage and redistribu-
tion of water by standing vegetation, litter and well-
structured regolith surficial layers; and then there are
effects on other variables, such as temperature, and
the mediation and habitat provision for other biota. If
the regolith is maintained in a2 shaded and moist con-
dition following enhanced accession and storage of
water, then almost all the chemical reactions within it
will be maximised and exceed the likely rates should
the system dry out, or cool.

8.4 Erosion and weathering controls
Comtinent and larger scale comparisons of erosion
and weathering are dominated by discussion of the
effects vegetation cover, the evolution of soil mantles
and the partitioning of water (for example, Douglas
1977). Vegetation shelters the regolith from sunlight
and heating and cooling, from the erosive effects of
wind while favouring deposition and from erosion
by water, while storing and redistributing water
and nutrients to produce more biomass and maintain
the ecosystem.

After all, vegetation is the reason why arid envi-
ronments do erode under wind and infrequent
run-off at quite high rates while areas with much
higher rainfall de not — even under most storm
events. Vegetation is also a ¢ritical compoenent in
distribution of resources, such as water, and therehy
erosion and deposition. Take for example banded
vegetation in arid and semi-arid regions. Ecologists
often discuss the bands in terms of redistribution of
very limited resources — usually water {but also
importantly, wind} ~ from across the whole land-
scape to concentrations within the bands, with bare
and scalded areas simply regarded as extended and
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Figure 8.20: Weathering mantles, climate and biota (after Strahkov 1967).

contributing catchments for the vegetation bands.
The effects on regolith formation, evolution and
distribution from growing vegetation: the deposi-
tion and stabilisation of sediment and solutes in the
band which were derived from the whole area, the
uptake and cyching of nutrients, the enhanced
weathering as a result of the plants and their con-
comitant soil organisms, the associated fauna and
bioturbation, and the inputs and impacts of organic
matter on the regolith characterislics are amang the
most cbvious.

Al more localised scales, vegetation changes are
strongly correlated with regolith characteristics such
as soil depth (average 66 ¢in depth under open forest/
woodland and 28 cm under treeless heath and heath-
lands; Wilkinson er al, 2003, 2004). However, one
must inevitably ask the question again ~ which came
first: the vegetation type or the soil characteristic that
gave a particular vegetation type a comparative advan-
tage? The most productive way to see this argument is

o see the vegetation assoclation and soil or regolith

development as co-evolution (Field 2004, 20065,
Nevertheless Wilkinson er al. {2003, 2004} ane

others argue that weathering or soil product

inversely related to soil depth. However, maintain-
ing a soil cover of any depth requires a stable vegeta-
tion cover.

Aspect 1s another example of the interaction
between a landscape-scale variable and biota that
provide a feedback loop, which, in turn, affects Jand-
scape form and thereby process. Selkirk ef afl. (2001)
show that in the Blue Mountains west of Sydney, the
valley physiography {working through aspect) affects
fire regimes and the vegetation that, in turn, interact
with moisture availability, temperature and sunlight.
Muoisture availability, temperature and incident sun-
light, in turn, are components in regolith formaticn
and erosion (soil depth) and the success of vegetation
types. In the same environment, Wilkinson er 2.

(2003) demonstrated the relationship between spur
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tite and other accessory minerals for P, and the K-spars
and muscovite for K. Each element is then cycled
through the regolith and is systematically transferred
between organic components, labile compartments
and living organisms (and also partitioned within the
organisms), such as plants (Figure 8.22). The micro
nutrients nearly all come from the weathering of
minor and accessory minerals, and are subsequenily
cycled. The biota have a critical role in the release of
nutrients from alumino-silicate weathering — and in
the subsequent uptake storage and release again from
organic materials, whether they are nulrients or not
(for example, Si cycling; Alexandre et al. 1997).

1n the case of P, the role of organic ligands pro-
duced by as-yet-unidentified microorganisms is fun-
damental to the breakdown of apatite, strengite and
variscite and flucroapatite with subsequent sequester-
ing in secondary Pe, Al, and lanthanide minerals
(Kearns ef al. 2003). The lanthanide minerals can be
very insoluble, but the role of soil fungi then becomnes
important in their cycling, The fluxes and stores vary
according to species, genera and plant type (€3, C4, N
fixer, phenotypes, and so on) as well as temporal and
spatial dimensions. On a single site, for example, a
succession of vegetation types will, over time, have an
evolving set of fluxes and stores — as will periods of

Photosynthesis fixation

Respiration
(CO,, etc)

Evapotranspiration

g

Aerosols

Alteration

Neoformation
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drought or flood. Even in a period of a few das

weeks, stores and fluxes may change sith soil mois-
ture conditions, as a saturated soil first ¢
then dries: a good example is the deficiency in B tor

sensitive species {to B concentrations), such as the

Pinus genera. Additionally, across sites with diffe

soils, regolith and/or lithologies, there will be very
different hydrobiogeochernical cycles. Other landform
characteristics (aspect, slope position and slope steep-
ness) can also change the fluxes and stores across a
landscape. Fluxes and stores change for different indi-
vidual elements and groups of elements across the
periodical table. The results can vary over several
orders of magnitude in what appear to be as ciose 10
possible similar conditions for some elements {suchas
Fe) and as much as 10° times for others {Au}. The
non-essential elements can also be toxic — particularly
in areas that are highly concentrated, such as over a
weathering ore body.

One of the problems with research that relies on
published values is the wide variation in these aspects
of biomass uptake and storage when compared with
regolith fluxes and stores. Not only do the values
change with time and growth stages, even for only one
species, but they also differ markedly across species
and varieties,

ORCANIC COMPARTMENT
r 7
] Litter
v l G Mesofauna Béé;mgss
egetation Microflora ©a
{humus)
TBioicg{cai Mineralisation Exudat!on
uptake leaching
LABILE COMPARTMENT
Exchange »  Soll
1 sites < solution

Figure 8.22: Processes, stores and fluxes within the fiving biota (flora, herbivores and carnivores), litter (detritivores and
~arnivores) and regolith (soil, saprolite and groundwater) compartments (after Gilkes 1998).
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8.4.3 Vegetation bands, patierned ground,
tiger striping, and resource distribution

and concentration

When resources are limited to the point where ecosys-
tems cannot function effectively over the whale land-
scape, but where redistribution of all the resources
available to a smaller area can allow functioning, a
maosaic or banding often cccurs. keologists, geomor-
phologists and pedologists

all argue for a parallel and

causal evolution of ciimate and banded vegeration with

landforms, regobith and soils. Some authors have

argued that climatic deterioration can be a trigger for

the evolution of this redistribution (Goodspeed and
Winkworth 1978): others suggest grazing pressire
may be the accelerant or underlving cause (Valentin et
al. 199%), while, more recently, several have shown that
simpler explanations, such as partitioning of water,
can alone cause banding {Dunkerlv 1997 Ursino

20G7). Dunkerly and Brown (1993) suggest a system of

germination and colonisation of litter dams being
selected and scaled up through an unspecified process);
SOMC areas gain a competitive advantage at collecting
and maintaining resources, to the detriment of sur-
rounding areas -~ areas of vegetation and bare areas
(Ursino 2007). Surface sealing, or crusting, across bare
areas is a critical component of the processes of wate
redistribution {(Greene 1992; Valentin er al. 1999).

The patterning can be approximately round (or
spotted on roughly flat topography, but leading to a
localised build-up of material under vegetation)
(Dunkerly and Brown 1995; Valentin ef al. 1999),
through to long linear bands, such as those along con-
tours on gently sloping land (Mabbutt and Fanning
1887). Lincar vegetated bands can be expected to be
perpendicular to the slope (0-2% slope) or dominant
wind direction (Valentin et al. 1999}, Valentin er al.
found that slope gradient and mean annual rainfall
are correlated with the distance (or wavclength)
between the vegetated and bare areas. Wakelin-King
{1999} ascribes banded vegetation to a widely distrib-
uted, but single, geomorphic unit — the sheet flow
plains, but others see it as much more widespread
{Mabbutt and Fanning 1987},

Patterning, banding, banded mosaic, or (banded)
tiger bush (striping or swirling like the pattern on
tiger fur) are two or three phase sequences of alternat-

ing bare ground, or source areas, with bands of vege-
tation or sinks. Essentially resources such as water,
nutrients and organic matter are harvested across the
entire landscape and collect in the bands and are
therefore able to support an enhanced biomass in a
timited area. A strong feedback mechanism begins to
develop whereby the density of plants (and all the
other organisms in the ecosvsiem — such as termite
mounds; Valentin er al. 1999} are strongly refated to
that systems ability to absorb (infiltrate and store)
water, organic matter and nutrients, which, in turn,
produces a greater density of plants and other biota.
There is also a development of plant physiological
mechanisms (either by single plant adaptation or by
selection of fitter crganisms) within the inter-grove
and isolated vegetation {such as mulga and grasses} to
be more water and nutrient efficlent (Cook and
Dawes-Gromadzki 2005}, while those within groves
scemed te consume greater resources and have
enhanced biomass {including, incidentally, inverte-
brates such as lermites, spiders and ants) (Cook and
Dawes-Gromadzki 2005).

The bottom line is that the banding controls
erosion, sedimentation and most other slepe proc-
esses, and hence the biota, are intimately involved in
the shape of the landscape and the formation and evo-
lution of the regolith.

8.4.4 Fire and vegetation effects on regeolith
The Australian regolith is particularly strongly
affected by fire. The age and long weathering history
of the Australian landscape (Chaprer 2) has led to the
very low productivity of Australian ecosystems. Fire
may destroy vegetation and lead to very high levels of
erosion if the right seasonal weather conditions follow
(for example, Blake et al. 2005; Shakesby et al. 2003),
Fire creates a mosaic of units within the landscape
each bounded by a fire scar. These scars are more than
vegetation boundaries because, as we have seen, vege-
tation affects the regolith from the surface down.
Surficial mats affect hvdrology and erosion, litter
affects organic chemistry in the surface horizons and
beyond, and roots mine the regolith for nutrient fons;
therefore fire becomes a land-forming agent,

More localised effects of vegetation-fuelled fire are
the ‘cooking” of rocks, regolith and soils ~ not only
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altering organic matter content, but alse changing the
overall structure (splitting and spalling of rocks}, min-
eralogy and resistance to weathering and erosion. Any
comminution affects the surface-to-volume ratio and
therefore the rate of weathering, so spalling and split-
ting enhance the subsequent breakdown of primary
mineral dominated rocks into weathering products.
Fire can also ‘create’ new formations from elements
that previously made up long-standing vegetation,
such as ‘wood-ash stone’ (a calcite agglomeration),
which is produced during the siow burning of a large
standing tree bole (Humphreys ef al. 1987}, Heat from
fires can cause seemingly opposite effects, with increas-
ing strength or case hardening on the one hand and
mechanical failure on the other, where responses from
weathered samples mean that post-fire materials are
comminuted and more readily break down {Allison
and Bristow 1999}). Many authors stress the widespread
and major effects fire has on the landscape and rego-
lith {for example, Allison and Bristow 1999) when
temperatures commonly reach 400 or 500°C {Goudie
et al. 1992) and sometimes as high as 1000°C {Allison
and Bristow 1999). (The importance of maghemite
formation in dating and indicating surface conditions
is emphasised in Chapters 2 and 6.) The rapid rise in
temperature, and subsequent cooling with nightfalt or
rain, imposes an extreme temperature gradient pro-
moting rock disintegration and subsequent weathering
susceptibility (Adamson el al. 1983). The opposing
effect of case hardening appears to be related to rock
thermal characteristics, material properties — such as
dehydration of particular minerals in both the primary,
and then the secondary mineralogy associated with
weathering — and environmental constraints, such as
diurnal temperature ranges and the prevalence of ther-
mally induced storms (Pye 1982; Goldammer 1990).
Allison and Bristow (1999) give the examples of dehy-
dration of both free and locked water in serpeatinite
and wehrlite {in serpentine) and actinolite (in gabbro,
which dehydrates to chilorite and water) at 500°C,
which reduces the modulus of elasticity and the physi-
cal strength of the rock. They show, on the other hand,
that dolerite raised to 500°C has free water dehydra-
tion reactions, while locked water is retained within
the mineral matrix ~ leading to a case-hardening effect
and reduced weathering {until some other effect, such

Regolith and biota

as another fire at higher temperatures, causes
breakdown).

‘We also know that anthropogenic effects stretch-
ing back through millennia have altered vegetation
through the use of fire, with concomitant changes to
the landscape. Anthropogenic vegetation changes arc
just the imposition of yet another layer of the effects
of biota {(and biota changes} on the Australian land-
scape and regolith — albeit an extremely intense series
of changes that are taking place at the moment.

Fach of the issues raised above illustrates the co-
evolution of Australian landscapes and regolith with
the Australian biota.

8.4.5 Water table control and

dryland salinity

Biota — through evapotranspiration and root distribu-
tion — are & major control on surface and near-surface
water tables. Vegetation layers (overstorey, understo-
rey, herb and grasses and litter layers} act as sponges
to incoming precipitation (they can even ‘create’ pre-
cipitation through fog drip): absorbing it and redi-
recting it, storing or evapotranspiring it. As a result,
much less than 50% of incoming precipitation gets to
the mineral soil surface in eucalypt forest and wood-
land, on average, on an annual cycle (Field 1983). This
process of interception is slashed when vegetation is
cleared. As a result, huge increases in regolith infiltra-
tion and run-off occur. Locally, this can cause rising
water tables. Salinity in regolith and groundwater
(including regolith and soil water tables) is controlled
by a host of factors (for example, Bann and Field
2006a; Chapter 12). Becatsse most Aastralian regolith
and soil contains appreciable levels of Na salts and
insufficient buffers of Ca, Mg and K (Stahl and Field
2003}, the water becomes saline.

Processes such as capillary rise bring soil water to
the surface. [f evaporation takes place on a bare or
sparsely vegetated site, even a low electrical conduc-
tivity (a measure of water impurities} in the soil water
can lead to the concentration of a range of salts and
inorganic and organic complexes on the soil surface.
The resuit is dryland salinity (Bann and Field 2006Db).
The challenge is to understand how changing salinity
ievels affect regoiith processes. Obviously, EC will
have major effects on biochemical and chemical
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equilibria, on hydration, and on osmosis, when the
biota attempt to withdraw natrients and water. There
are also toxicity effects from the Na itself (not to
mention Cl and other ions present). The ret result is
usually loss of some vegetation {but nol necessarily
other bicta: Bann and Field, 2006a) with concomitant
effects of changes to the surface hydrology (run-off,
infiltration, and so on) through changes to the surface
(crusting and sealing) and sub-surface (soil structure,
permeability, porosity, sorptivity and hydraulic con-
ductivity) characteristics of the regolith.

8.5 CONCLUSIONS

Biota are both a part of the landscape and a factor
controlling the functioning of that landscape. The
functioning of the biota is also critical to the man-
agement of landscapes across all timescales: from
short-term human scales to geological timescales.
Biota alse function across virtually all spatial scales
from the microbial to the continental. Tn fact, biota
can be argued to make the Barth different from all
the other planets. Individual organisms can dramati-
cally accelerate the rate of weathering in their vicinity
—a lichen or a simple vascular plant can accelerate the
very beginnings of the weathering of a virtually bare
volcanic flow when compared with adjacent fresh
rock. This increased rate continues unabated through
a succession to forest — and an individual tree has
effects on its site occurring during its lifetime (Ham-
ilton 1972; Leonard and Field 2003) — and affect rege-
lith depth,
horizonation, pH, organic matter, Eh, texture {and

and  soil  characteristics such  as
differentiation, duplex profile) and soil-profile for-
mation under a single tree. The soil in which vegeta-
tion grows can carry a ‘signature’ from that vegetation
for considerable periods of time (Little 2001) and dif-
ferent species have different signatures. Scil along a
transect between two species of trees, shows mark-
edly different characteristics near each tree bole
(Leonard and Field 2003}, in the area affected by stem
flow, under the drip zone and in the intervening area
(Hamilton 1972). Many of these patterns in soil are

strongly related to root growth, leaching and weath-

ering as the result of the selective uptake of elements
by the vegetation, the cycling and subsequent deposi-
tion in precipitation and litter fall. Trees take part in

more obvious bioturbation when uprooted — rotating
the root bail and bringing subsoil up to the surface,
Studies in forest science suggest that the guantities of
material contained in the biota and turned over by
vegetation are also of comparable time and spatial
scales. Catastrophic events, such as fires, can then
transfer very large quantities of materials within
landscapes and become major land-forming events.

Meso and macro fauna transfer material at rates
comparable to weathering and soil production and
rates of erosion and deposition. Wombats, kangaroos,
wallabies, lyrebirds and rabbits can move substantial
quantities of material at particular places and times.
Collectively, they are a major bioturbation factor,
Smaller fauna such as earthworms, termites, ants and
other insects are also important in bioturbation and,
again, the deminance of one or more groups depends
on the environment and timescale. Termites are very
important in the seasonal tropics right through to the
humid temperate, whereas earthworms are quite rare
in some humid temperate forests such as the dry scle-
rophyli, and barely exist in the semi-arid and arid
environments {although riparian and terminal drain-
age systems can locally support high numbers follow-
ing major rains}. The micro biota are also extremely
important and, despite their very small size, sheer
numerical dominance makes their weathering and
bioturbation effects important in most landscapes.

There are clear opportunities for research in many
aspects of the biota—regolith interface. While there is
alarge knowledge base relating to biota—regolith inter-
actions, there still remains little understanding of how
these interactions influence the regolith in real land-
scapes, especially in Australia. There are many avenues
open to the study of biogeochemical interactions in
the Australian seils and regolith, as there have been
few pedogenic studies in the thizosphere for most of
the dominant Australian flora. This is surprising
given the recognised harshness of Australian environ-
ments and the uniqueness of its flora. Although the
rhizosphere is only a narrow interface between plant
and soil, it is a zone of very high biogeochemical activ-
ity. This soil compartment is thus worthy of investiga-
tion ta better understand how plants modify their soil
environment, encourage mineral weathering proc-
esses and take up the potential pathfinder and target
elements used during bioprospecting.




In summary, the biota are a critical component of
all soils, regolith and landforms and the biota are also
drivers and components of most of the important
processes in the formation and ongoing evolution of
the landscape.
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