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Abstract
Southwest Western Australia is one of the most biologically diverse parts of the earth.
However, with only 11% of the original primary vegetation remaining, there is a need to
preserve it and restore disturbed areas. This is especially important in declining
Banksia woodlands on the Swan Coastal Plain, where soils are highly infertile, and
weed invasion poses a serious threat. I evaluated revegetation techniques with respect
to ecosystem structure, function, biotic and abiotic factors and thresholds, as well as
timeliness and cost-effectiveness. I studied a diverse range of projects in areas
recently disturbed by construction activities or fire, or restored as offsets for
construction in other areas. From the specific details of each project, I aimed to extract
general restoration principles for soil stabilisation in disturbed areas.

Most local restoration project completion criteria mandate structural parameters such
as minimum native plant stem density, projected foliage cover and species richness,
with upper limits on weed foliage cover. While the typical period of 3.5 years for
satisfaction of completion criteria may be achievable, it is unrealistically short for
complete restoration. Restoring ecological function is also important, but local
completion criteria do not generally require its monitoring.

In Project 1, an experiment in the construction of a seasonal wetland found composted
soil conditioner and mulch beneficial to native plant establishment after direct seeding,
limiting the potential for soil erosion. Establishment was greatest with the lowest
application rate of mulch.

In Project 2, large-scale use of woven plastic weed mat allowed the re-establishment of
native plants in a seasonal wetland. Prior efforts, spanning 5 years, using conventional
revegetation techniques, had been unsuccessful due to abundance of non-native
herbaceous species.

In Project 3, anecdotal reports of slow Banksia attenuata growth rates were confirmed
by measurements of planted seedlings over 7½ years. In a shorter-term experiment,
low first-year Banksia attenuata seeding survival, around 30%, was observed. Lowiv

phosphorus slow release fertiliser tablets promoted growth in height and root
development significantly, without apparent adverse effects. Faster shoot growth and
more extensive root development contribute to soil stability.

In this shorter-term experiment, tree guards had no effect on planted Banksia attenuata
survival. Under natural rainfall, fertiliser tablets produced the lowest unit cost per
surviving plant and cost per cm of growth in height compared to no treatment and
TerraCottem (a product with water retention, fertiliser and root activation components).
Without fertilisation, direct seeding established Banksia attenuata more cheaply than
seedling planting.

In Project 4, restoration experiments aimed at preventing soil erosion in a burnt-out
riparian zone examined the effects of mulch and ploughing on direct seeding and
seedling planting. Tree guards of two types and other measures to limit kangaroo
herbivory were also examined. Although extensive herbivory precluded meaningful
experimental results, the experiments provided some useful results. Precise timing of
herbicide application ahead of direct seeding is critical for weed control. Tree guards,
especially of rigid plastic, provided limited degrees of protection from kangaroo
herbivory. Eucalyptus rudis and Acacia pulchella survived intense kangaroo herbivory
to some extent. None of the methods used to limit herbivory was entirely effective, and
it is likely that chain link fencing 1.8 m high, will be the only effective barrier to herbivory
in high kangaroo population areas.

In Project 5, glasshouse experiments evaluated topsoil, mulch and composted soil
conditioner applied in various ways to optimise direct seeding results and stabilise soil
in the revegetation of side slopes along 70 km of highway. To make the limited topsoil
resource go further, while promoting the development of native vegetation, a
composted blend of topsoil, site mulch and soil conditioner was adopted. The
composting process was monitored in large stockpiles, and the results used to guide
stockpile turnover and watering. Composting material with a high proportion of topsoil
is a novel technique, which shows early signs of success.

Overall, I found relationships between ecological structure and function and biotic and
abiotic factors complex, but not easily quantifiable. Assumed restoration thresholds can
v

be overcome using appropriate modification of the abiotic environment, particularly
using mulch and other physical barriers, and through appropriate seeding and planting.
Detailed costing of different methods, on the basis of costs per surviving plant, yields
useful guidance for selecting the most cost-effective methods.
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Thesis structure
The central core of this thesis is six papers in research paper format, the first four
published in peer-reviewed journals (Chapters 2 to 5), or prepared for those for whom I
conducted the research (Chapters 6 and 7). The published papers are generally
reproduced verbatim, except for:


acknowledgements,

which

have

been

consolidated

into

a

general

acknowledgements section towards the front of this document;


references, which have been consolidated into a general references section to
the rear of this document;



table and figure numbers, to which chapter numbers have been prefixed;



minor changes to journal conventions for formatting, referencing, American
spelling, the use and order of common and scientific species names and
capitalisation in headings, citations and species common names;



omission of my contact details and key words.

For Chapters 4 and 5, I was requested by the two journal editors to reduce the number
of words in my draft papers to comply with journal policies on word counts. These
published papers therefore did not include some information that I consider relevant
and important in the context of this thesis, but not essential to the primary themes of
the published papers. I have re-incorporated some of this unpublished information into
Chapters 4 and 5. The four published papers, as they appear in the journals, are
included in Appendix 1.

Chapters 1 and 8 put my work into a broader context.

Note: square brackets signify that I have inserted words to clarify the meaning of the
surrounding text.
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Chapter 1. General introduction and literature review
Background
Southwest Western Australia is recognised as one of the most biologically diverse
parts of the earth, but only 11% of the original primary vegetation remains (Myers,
Mittermeier et al. 2000). Soils are highly infertile (Lambers, Brundrett et al. 2010), and
invasion by environmental weeds poses a serious threat (Brown and Brooks 2002).
Climate is Mediterranean, with cool, wet winters and hot, dry summers. With the area
undergoing rapid anthropogenic change, and because of climate and other pressures,
there is a need to preserve existing vegetation where possible, as well as to restore
disturbed and already degraded areas. I investigated revegetation techniques with
respect to ecosystem structure and function and cost-effectiveness. My research
projects were mainly on areas disturbed relatively recently, by construction activities or
fire, or areas to be restored as offsets for construction activities. My scope was broad,
on a range of projects with different characteristics, with a view to eliciting general
principles and techniques, rather than just specific techniques for each of the projects.

The concepts of vegetation structure and function
An early paper by Bradshaw (1984) on ecological principles and land reclamation
practices, stated that, with respect to restoring a degraded land surface, “The crucial
changes are in both the structure and function of the ecosystem”. He said that while it
may appear that all restoration sites are unique, requiring elaborate solutions for rapid
revegetation, a survey of various sites showed that a basic ecological understanding,
combined with appropriate technology, allows for effective and self-maintaining
outcomes to be produced economically, without the solution being overly elaborate.

Although others had touched on the relationship between vegetation structure and
function before Bradshaw (Magnuson, Regier et al. 1980; Cairns 1982), he is generally
credited with raising the profile of the concept (Ormerod 2003; Cortina, Maestre et al.
2006; Mendez, Escudero et al. 2008).
While not providing a precise definition of “structure”, Bradshaw (1984) stated that
structure becomes more complex as the numbers of plant species and their ecological
diversity increase. Cortina, Maestre et al (2006) in a discussion of Bradshaw’s work
stated that in this context “structure” can be “any description of community composition,
and the way organisms are organised”. Zedler (1996) spoke of it in terms of [species]
1

composition and biomass, while recognising that species composition and plant cover
are descriptors of structure and function that are most readily acquired in field studies.
Another definition of structure (Godron and Forman 1983), “the spatial distribution of
energy, mineral nutrients, and species in relation to patches, corridors and the matrix of
the landscape”, relates to the landscape scale. For my work I adopted the smallerscale site-based definitions above with respect to species diversity and cover. Though I
have not found anything in his work stating it explicitly, Bradshaw’s (1984) work on
structure seemed to be limited to plant species. In my work on structure I am taking a
broader view, in line with many of the other authors mentioned above, that includes
both plant and non-plant species.

Bradshaw (1984) did not provide a precise definition of function either, rather simply
stating that function increases in terms of increases in plant biomass and circulation of
nutrients. A few years later (1987) he referred to function as “metabolism”, usually
measured in terms of processes, such as productivity and nutrient cycling.

With respect to function, Zedler (1996) referred to processes that occur through time,
such as the persistence of species and the accumulation of biomass, or productivity,
which is in line with Bradshaw’s thoughts above, but she considered it as a more
dynamic variable, in contrast to the measurement of structure at a single point in time.
She went on to say that, compared to the easily-measured parameters covering
structure, “ecologists have yet to produce simple, fast and cheap measures of function,
such as geomorphic adjustment, primary productivity, nutrient cycling, organic matter
accumulation, population persistence, predator-prey interactions, resistance to exotic
invaders and sustainability”.

Hobbs (1993) listed four primary ecosystem functions (or processes): transfer of
energy, transfer of nutrients, transfer of water and transfer of CO 2. Secondary
processes involved include, but are not limited to, soil formation/transformation; nutrient
uptake/release; decomposition; water uptake/evapotranspiration; photosynthesis;
herbivory; pollination; propagule dispersal/storage; predation/parasitism/pathogen
attack; other species interactions; N fixation; and response to disturbance.

More recently Jax (2005) devoted a whole paper to the definition of function and
functioning, detailing four main meanings for function. However, of these he stated that
“use of function in the sense of “processes” and causal chains is largely
unproblematic”, and that is the definition that I have adopted for my work. Jax’s (2005)
definition is consistent with Bradshaw’s implied meaning of function. Even more
2

recently Jax (2010) devoted a whole book to exploring the term “ecosystem
functioning” in more detail, but this did not influence me to change the above definition
that I had adopted for my purposes.

Describing relationships between structure and function
Bradshaw’s early work (1984) illustrated the process of ecosystem development with
the simple two-dimensional graph of structural and functional development reproduced
in Figure 1-1 (a development of models from Magnuson, Reigier et al. in 1980 and
Cairns in 1982). In this context ‘replacement’ refers to replacement of an original
ecosystem with a different one, in contrast to restoration, which “is the process of
assisting the recovery of an ecosystem that has been degraded, damaged, or
destroyed” (Society for Ecological Restoration International Science & Policy Working
Group 2004), with the implicit ultimate aim of precisely replicating the pre-existing
ecosystem. The graph is intended to simplistically illustrate the trajectory of vegetation
in a landscape with either no action or actions to rehabilitate or totally restore it, and
corresponding effects on structure and function and their surrogates.

ecosystem
function

replacement
ORIGINAL
ECOSYSTEM
replacement

restoration

biomass
and
nutrient
content

rehabilitation
normal
ecosystem
development

neglect?
ORIGINAL MATERIAL
or DEGRADED ECOSYSTEM
neglect?

ecosystem
structure
species and complexity
Figure 1-1 Bradshaw's process of ecosystem development (from Bradshaw (1984))

Twelve years after his original contribution, Bradshaw (1996) continued to espouse the
same basic model as above, with some further refinements. Since these papers of
Bradshaw, many others have explored the relationship between structure and function.
3

Cortina et al (2006) acknowledged that Bradshaw’s linear structure vs function (LSF)
model had been one of the most widely adopted and influential models used by
restoration ecologists and practitioners. However, while the model had been successful
in capturing the essence of ecological restoration and had inspired many people, as
commonly used it fails to reflect many real situations, and “may lead to excessively
narrow definitions of reference ecosystems, and to erroneous estimations of the effort
needed to restore degraded ecosystems”. They evaluated the applicability of the
assumed positive linear relationship between structure and function of the LSF model
with respect to two case studies, from which they concluded that a positive relationship
was not evident, and proposed that state-and-transition models be incorporated into
the structure-function conceptual framework, with further research work being required
to advance this. They expect these state-and transition models to allow for the
incorporation of non-linear and even negative relationships between structure and
function, and alternative ecosystem states.
Bradshaw’s model was only meant to illustrate a concept, and should not be taken to
necessarily mean that the relationship between structure and function is strictly linear,
as there are no numerical scales, linear or logarithmic, on the axes of his graph.
Bradshaw himself (1987) admitted this: “Despite the obvious simplification, this graph
has merit, because it provides a much-needed ecological perspective on restoration
practice, and because it distinguishes the different forms that reclamation of degraded
land may take.” Notwithstanding Bradshaw’s qualifications, his LSF model certainly
does not cater for the possibility of a negative relationship between structure and
function.

According to Ewel (1987) there can be discontinuities in the relationship between
structure and function, because although reconstruction of an entire community, both
plant and non-plant, often results from reassembly of formerly associated plant
populations, this is not always the case. The functionality of a site can be dependent on
the presence of specific non-plant species, such as a particular pollinator, a particular
microbe necessary for nitrogen fixation or phosphorus intake, or a key link in a food
chain. “The importance of key species is often best revealed by their absence” (Ewel
1987). Thus the absence of one key non-plant species can upset the relationship
between plant structure and ecosystem function. A good example of this, which has
been topical in Western Australia for some years now, is Calyptorhynchus latirostris
(Carnaby’s Cockatoo), the habitat of which is disappearing with increasing urban
development. This cockatoo plays an important role in enhancing seed set in Banksia
tricuspis, in which 65% of the flower heads are typically eaten by grubs (Lamont 1992).
4

The cockatoos, in eating the grubs, have an indirect effect on the Banksias, whereas
the grubs have a direct effect. “The effects of removal of omnivorous birds on
Banksia tricuspis populations would not be evident for hundreds of years, although the
stands would be functionally different immediately due to population explosion of the
moths [developing from the grubs], reduced food for pollinators, negligible seed set or
release, and hence lack of post-fire seedlings” (Hobbs, Groves et al. 1995).

The concept of biodiversity and its relationship to structure
“Biodiversity” is a very commonly used term nowadays (Cardinale 2013). There is a
tendency for some authors to use the term as a synonym for “structure”, as it is a
contraction of “biological diversity” (Mace, Norris et al. 2012). The Encarta English
dictionary (UK version) simply defined biodiversity as “the range of organisms present
in a particular ecological community or system. It can be measured by the numbers
and types of different species, or the genetic variations within and between species.”
However, there can be much more to it than that - Noss (1990) discussed “three
primary attributes of biodiversity ... composition, structure, and function”. He depicted
these as three interconnecting spheres, each encompassing multiple levels of
organisation. He went on to say that “a definition of biodiversity that is altogether
simple, comprehensive, and fully operational (ie responsive to real-life management
and regulatory questions) is unlikely to be found”. Mayer (2006) also used a trifold
classification system for biodiversity. He distinguished three “thought styles”: natural
history, science, or environmentalism, each of which has a different perspective.
Hobbs, Groves et al. (1995) discussed the study of biodiversity and ecosystem
function, and defined biodiversity as encompassing “the heterogeneity that occurs at all
levels in a region’s biota. It includes not only the variety of species of plants, animals
and other organisms, but also the genes they contain and communities and
ecosystems of which they form part”.

On the other hand, Hobbs, Richardson et al. in the same year (1995) simply stated that
“Biodiversity is not a resource per se, but a property of biological systems. One way to
express this property is through the structure that the components provide”. This is
reasonably consistent with the views of Zerbe and Kreyer (2006) that “Species richness
is the measure most often used in scientific approaches, and probably also in the
discipline of restoration ecology, to quantify biodiversity”. Therefore I use the term
“biodiversity” mainly when quoting someone and the meaning seems quite simple and
clear, and in line with the dictionary definition and these two simple definitions. I have
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limited my analysis to the relationship between structure and function, without Noss’s
added complication of breaking composition out as a separate attribute.

Montenegro, Rundell et al. (1995) also referred to biodiversity as synonymous with
structure, but from their studies in Chile found “no strong evidence that ecosystem
functions such as productivity, nutrient flows or stability are related to biodiversity”.
They did, however, find that the presence of some species is contingent upon the
presence of other species.

Holmes and Richardson (1999) used the term biodiversity in their discussion of
structure and function, and in this context biodiversity can simply be considered
synonymous with structure, without all of the extra factors mentioned by Noss.
According to them, to be able to restore some particular function to an ecosystem, we
need to know how the coexisting assemblages of organisms [structure] form linkages
that affect important processes, and, despite research on the functional roles of
biodiversity, there are few practical guidelines available to the restoration ecologist. It is
debateable whether, from a short-term perspective, all components of biodiversity are
essential to maintain ecosystem function. The clearest link between biodiversity and
ecosystem function in the South African fynbos is the role that biodiversity seems to
play in buffering a system against the loss of functionally important components. In the
fynbos (Holmes and Richardson 1999), as in Western Australian kwongan (Le Maitre
and Midgley 1992), plant communities are generally extremely species-rich, and as
many species may perform similar functions, it is unlikely that any particular species
forms an indispensable link in any process directly involved with any measureable
function.

Loreau, Naeem et al. (2001) treated the term biodiversity as a synonym for structure in
their paper on current knowledge and future challenges on the relationship between
biodiversity and ecosystem functioning, and reported some positive linear relationships
between number of species on a log scale vs plant biomass, as a measure of function,
for eight sites in various countries in the EEC. However, their findings are of rather
limited application, being restricted to grassland ecosystems. On a broader scale, they
highlighted the complexity in setting up experiments on the effects of particular species
on assemblages of plants, as to set up balanced designs to allow contrasts between
plots with or without particular species or subsets of species implies a huge number of
plots and replicates. According to Naeem, Loreau et al. (2002) the study of biodiversity,
in terms of species distribution and abundance, merged with the study of ecosystem
function, had become a major focus in contemporary ecology.
6

Ecosystem services and evolving changes to the definition of
“function”
Recently there has been a “rapid expansion of the literature dealing with ecosystem
services” (Potschin and Haines-Young 2011). Although I have considered this term to
be synonymous with “function”, the meaning of the term “ecosystem services” is by no
means clear-cut. According to Bullock, Aronson et al. (2011), there are many meanings
of the term, but a unifying feature is that it is defined as “resulting from ecosystem
processes or functions that provide benefits of value to people” [my emphasis]. More
recently Mace, Norris et al. (2012) discussed the relationship between biodiversity and
ecosystem services. From many definitions of biodiversity, they take the term to mean
“diversity within species, between species and of ecosystems”. This is similar to the
definition that I have adopted for my work. Their definition of ecosystem services
includes ecosystem function. However, they extend it much further, to encompass “the
whole pathway from ecological processes through final ecosystem services, goods and
values to humans” [my emphasis]. There are many other recent references along
these lines (Hillebrand and Matthiessen 2009; Reiss, Bridle et al. 2009; Jax 2010;
Brudvig 2011; Bullock, Aronson et al. 2011; Cardinale, Matulich et al. 2011; Naeem,
Duffy et al. 2012), which further explore the relationship between biodiversity and
ecosystem services. However, this approach extends well beyond the scope of my
simpler exploration of the relationship between structure and function. Most recently a
group of Western Australian restoration ecologists including Hobbs (Shackelford,
Hobbs et al. 2013) reviewed and recommended the updating of the Society of
Ecological Restoration International’s 2004 Primer on Ecological Restoration. They
recommended broadening its concept of function further, to encompass “ecosystem
services”, incorporating the aspect of “benefits and values to people” [my emphasis].
This proposed redefinition would over-complicate my simpler evaluation of the
relationship between structure and function in terms of their meanings that I have
adopted. At the same time, on the other side of the world Hallett, Diver et al (2013)
used the 2004 Primer as a basis to review over 200 restoration efforts. They found that
most of the projects had a goal related to ecosystem function. Many projects looked at
biotic and abiotic factors, with one third looking at the abiotic factor of soil stabilisation,
one of the key focuses of my work. They too recommended that the concept of function
be broadened to include social goals, but again this is outside of my scope, which is
focussed more on physical, chemical and biological aspects of structure and function.

The effects of varying combinations of species on the provision of ecosystem services
is currently being tested in more detail in long-term experiments in Western Australia
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(Perring, Standish et al. 2012). In this context, I consider the term “ecosystem services”
to be more aligned with my adopted use of the term “function”. Some species may be
considered redundant, and need not be replaced in a restoration project without
sacrificing an important function. But one must not assume that species similar in form
are necessarily functionally equivalent, as there are so many plant attributes to
consider, and it may not be possible to classify “functional groups” objectively enough
to ever be confident that two species are exactly functionally equivalent in a particular
environment.

Introduction of the concept of thresholds
A threshold occurs when a small change in one parameter results in an abrupt shift in
ecological response (With and Crist 1995).

Whisenant (1999) expressed the view that most ecosystem repair programs focus on
the return of structure, in terms of nutrients and selected plant species rather than the
repair of processes [function], such as hydrology, nutrient cycling and energy capture.
Such programs tend to be preoccupied with specific sites, rather than considering the
whole landscape context, viewing the repair program as an end in itself, rather than the
first stage of an ongoing natural repair process. He envisaged transition thresholds
controlled by biotic and abiotic factors, which he illustrated (Figure 1-2) with a diagram
depicting stepwise degradation of hypothetical wildland vegetation.
Transition threshold
controlled by
biotic interactions

0
1

Recovery
only requires
improved management
of plant removal
or damage

Transition threshold
controlled by
abiotic limitations

Recovery
requires
vegetation
manipulation
2

Recovery requires
modification of the
physical environment

3
4

high
high
high
high
moderate
low

Primary processes
are fully functional

Water capture efficiency
Energy capture efficiency
Nutrient retention efficiency
Resource flows captured by organic materials
Relative value of landform features in resource capture
Relative value of microtopographic features in resource capture

Primary processes
are non-functional
low
low
low
low
low
high

Figure 1-2 Stepwise degradation of hypothetical wildland vegetation (from Whisenant (1999))
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The numbers 0 to 4 in Figure 1-2 refer to vegetative states. These decline from 0,
where biomass and composition of vegetation varies with cycles and random events,
although primary processes remain basically intact, down to 4, a state of denudation
and desertification, where primary processes are non-functional. In this model, after the
first threshold is crossed, some manipulation of vegetation is required to improve the
situation, such as removal of weeds and return of native plant propagules. After the
second threshold is crossed, more drastic action is required, in the form of
manipulation of the physical environment.

The concept of Landscape Function Analysis (LFA)

Tongway and Ludwig (2011) recommended a function-based adaptive approach to
restoration, noting that there is too much emphasis on restoring species (structure)
rather than processes (function). The species present, while obviously important, are
considered most usefully expressed in terms of their roles in landscape processes and
functional diversity. They depicted the stages of restoration as a four-tier pyramid
(Figure 1-3).

Stage

Ultimate goal

Attributes
Fully
functional
landscapes

Resilient to disturbances, predictable
responses to environment and
management, a diversity of habitats

Sustainable

Rapidly
maturing
landscapes

Stable

Steadily
establishing
landscapes

Foundation

Biophysical technologies
Engineering technologies

Biota largely controlling functions,
processes maturing, resources
retained, habitats developing
Vegetation and soil developing,
erosion declining, biophysical
feedback loops active
Application of engineering
and biophysical solutions
needed to retain resources

Figure 1-3 Restoration stages (from Tongway and Ludwig (2011))

Under this approach, revegetation success is measured along transects using
Landscape Function Analysis (LFA). Although on first impressions LFA can appear
somewhat daunting, from experience the basic principles can be easily mastered in a
one-day workshop. In the 18 years that it has been promoted, in the Perth region LFA
has generally not found favour over the more traditional quadrat-based monitoring
approach, which is focussed on species (structure). LFA appears to be more suited to
longer-term monitoring on mine sites. Around Perth, monitoring against mandated
local, state and federal government revegetation completion criteria is typically
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relatively short-term, of the order of three years, and directed only at structure. Mine
site revegetation is typically much longer-term, of the order of decades. This allows
much more scope for properly evaluating functional changes over time. I commenced
using LFA to monitor some of my experiments, together with traditional quadrat
monitoring, and attended a workshop conducted by Tongway, with “hands-on” field use
of the technique. However, I did not find it particularly useful or appropriate for my
relatively short-term experiments, and discontinued its use.

Hobbs, Groves et al (1995) cautioned that although ecosystem process rates (function)
may be linked to diversity [structure] in some cases, in others the relationship may be
obscured by physical and/or chemical processes, and separating the effects may be
difficult or impossible. So we need to be careful in seeking a link solely between
function and biotic factors.

The incorporation of biotic and abiotic factors into the analysis
King and Hobbs (2006) expanded on the work of Whisenant with respect to thresholds
to propose an integrated conceptual framework as a means for “making ecologically
sound translations between broad generalisations and context-specific or ecological
process-specific information”. They proposed a 2 x 2 matrix involving structure and
function and abiotic and biotic factors, an example of which is shown in Figure 1-4.
STRUCTURE

FUNCTION

Q. Eroded landform
ABIOTIC

Q. Soil loss and surface water flow during
rain

A. Mechanical barriers

A. Improve soil structure and water
infiltration rates

BIOTIC

Q. Undesirable species composition

Q. Weeds outcompeting desired species

A. Removal and repairing

A. Alter disturbance regime to favour
desired species

Figure 1-4 A 2 x 2 matrix showing dichotomies between structural versus functional and abiotic
versus biotic ecosystem components. Each cell contains an example of a restoration question
[Q] and the relevant restoration approach [A], according to the dichotomies presented. The
dichotomies and examples are simplifications to illustrate the distinctions between approaches.
In actuality, most restoration situations entail approaches that span the spectra of approaches.
(from King and Hobbs (2006))
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They maintained that healthier and higher-resource rangelands tend to be regulated
more by biotic interactions, whereas resource loss is more abiotically mediated in lowresource rangelands, with shifts from biotic to abiotic control usually leading to
accelerated resource loss.

In discussing the dichotomy between system structural and functional attributes in the
study of degradation and restoration, King and Hobbs (2006) further extended the
concept of thresholds. They envisaged a spiral effect on the abovementioned two by
two matrix, where changes in structure and function and biotic and abiotic stresses and
the crossing of thresholds lead to spiralling ecosystem degradation. To be reversed,
this requires structural, functional, biotic and abiotic changes to the system.

The challenges in determining the links and relative importance between biotic and
abiotic factors as drivers of ecosystem function were further explored by Mendez et al
(2008). Carbon fixation, soil stability, infiltration, run-off control and nutrient cycling
were listed as ecosystem attributes and functional processes that may be lost or
reduced with degradation of a site. They cautioned against simply planting degraded
areas with pioneer trees, assuming that this alone would generally accelerate natural
succession and the recovery of ecosystem function. Their analysis of a number of
studies indicated that this simplistic approach does not always work. Therefore, before
commencing restoration of a site, they recommended an in-depth investigation of the
functional status of the ecosystem, its drivers, and dynamics be carried out.

Plant functional traits can help explain the distribution of ecosystem services in the
landscape (Lavorel, Grigulis et al. 2011). Key functional traits of species that can
influence responses of species to environmental and biotic factors are leaf mass per
area, leaf weight ratio, plant height, leaf nitrogen content, seed mass, phenology,
resource-use efficiency, litter quality and soil biota associations (Funk, Cleland et al.
2008).

Structural biotic changes, in the form of planned or unplanned biological invasions of
alien species, can profoundly affect abiotic factors such as nutrient cycling, hydrology
and disturbance associated with ecosystem function (Ricciardi and Simberloff 2009).
These can disrupt interactions such as plant-animal mutualisms that drive pollination
and seed dispersal (Bascompte and Jordano 2007), as well as spreading diseases and
parasites.
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Hobbs et al (2009) included climate, land use, pollution, urbanisation, nutrient loads,
hydrologic regimes, geology, soil, and topology as abiotic factors. Biotic and abiotic
factors were said to often change simultaneously and act synergistically. This
synergism would imply that the relationship between structure and function is not
linear, with the overall magnitude of the resultant changes being greater than the sum
of individual changes attributable to the abiotic and biotic factors. In a similar vein,
Beedlow et al (1988) mentioned “common abiotic forcing functions such as light,
temperature, water and natural mineral content of the substrate”, and the need to
consider these factors together on a systems basis. They warned of the dangers of
examining a single component in isolation, because measurements of single attributes
have been shown to vary widely when extracted from a system. This is consistent with
the ideas of Hobbs et al (2009) about synergy.

With climate change, in future there will be an increasing emphasis on the proper
functioning of a site, or “ecological integrity” rather than merely trying to nudge the site
back to its historical condition based on species (Harris, Hobbs et al. 2006). For
example, to restore arable land back to forest it may be necessary to reinstate a water
regime, dynamic in terms of amplitude and frequency, an abiotic manipulation, as well
as reintroducing species at a variety of trophic levels, including soil symbionts,
herbivores and predators, in addition to plants. With respect to function, climate change
induced abiotic increases in atmospheric CO2 levels can result in increased water-use
efficiency in plants. Various species may respond differently to increased CO2, altering
plant competitive relationships, leading to changes in biotic structure (Lawler 2009).

From a further investigation of threshold models, Suding and Hobbs (2009) reported a
gap between threshold models in theory and application. They expanded threshold
theory to human-impacted systems, using an example, at Lake Takvatn, Norway,
where native species have been replaced by introduced species. The trigger was
overfishing, the feedback mechanism size-selective predation, and restoration was
achieved by reducing fishing activities. They stated that there is an increasing use of
conceptual models based on threshold approaches, and cautioned that few studies use
statistical or analytical tools to consider whether the system being studied might
conform to the threshold model, rather relying partially or entirely on observations or
opinion to infer the types of dynamics involved.
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Intervention Ecology and novel ecosystems
Last century Bradshaw (1996) said “How far, then should intervention go? Purists,
whether among the ecological profession or the general public, may ask for everything
to be restored completely. Even if actually impossible, to approach such perfection can
be immensely difficult” [I believe that “not” should appear before “actually” in this
quote]. Recently Hobbs, Hallett et al (2011) have coined the term Intervention Ecology
to refer to studies along these lines as a distinct discipline. They mentioned how
searches on “intervention” in various restoration ecology databases showed an
increase in the use of the term in paper titles from a zero base in 2004. The basic
premise of Intervention Ecology is that, because of various factors, such as climate
change, active intervention into ecosystem dynamics may be required for the
continuation of ecosystem functions. This idea of Hobbs, Hallett et al. (2011) builds on
the concept of “novel ecosystems” that has become a feature of the literature since the
late 2000’s. This concept is succinctly explained by Seastedt, Hobbs et al. (2008) “Most
ecosystems are now sufficiently altered in structure and function to qualify as novel
systems, and this recognition should be the starting point for ecosystem management
efforts”. They explain how disturbances such as changes to climate and chemical
composition and the arrival of new species result in the generation of novel
ecosystems, incorporating whatever abiotic and biotic components are available. This
highlights the difficulty, when planning restoration, of deciding what reference
ecosystem, or analogue, should be adopted as a target. How accurately can one
determine what the original condition of the site was? Should the analogue just be a
nearby site that appears relatively undisturbed? In the absence of detailed historical
information, what else can be used? (Hobbs and Cramer 2008). A good example of a
novel ecosystem is described in a report on the impacts of invasive species in Europe
(European Environment Agency 2012). An introduced species of rabbit (Oryctolagus
cuniculus) can cause severe environmental damage, and so it is considered a pest in
many parts of Europe. Many methods have been used for controlling it, including
fencing, warren ripping, baiting, fumigating and biological control. However, in some
parts the rabbit performs significant positive ecosystem services for nationally rare
plant species, by maintaining short sward heights in heathland and grassland
ecosystems, and serving as a prey item for populations of predators. In Sicily, the
rabbit is considered a main prey item for the endangered Bonelli's eagle – should the
rabbit therefore be considered part of a novel ecosystem, in which its presence is
tolerated? Another European Environment Agency (2012) example, with respect to
plant species, concerns the alien species Ice plant (Carpobrotus edulis). It has invaded
some areas in Europe, and can out-compete, or hybridise with, some native species.
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However, from a positive perspective, it is useful for controlling erosion and stabilising
sand dunes or road embankments. In such locations other native species may have
difficulty, or be much slower, to establish and provide these useful functions. This
species is of particularly of interest locally, as it is found around Perth, and can be
difficult to distinguish from its native counterpart, Carpobrotus virescens, except when
in flower.

Restoration timeframes
Bradshaw (1996) stated that in forest ecosystems it may not be possible to replicate
the full age structure in restored areas in less than 500 years. Although it may be
possible to restore biological functions in soil in less than 10 years, it may not be
possible to replicate the original soil profile in less than 5000 years, meaning that true
restoration may be an unrealistic and impossibly expensive target. Although not
explicitly stated by Bradshaw, these timeframes refer to his early work on very heavily
modified ecosystems, such as found in quarries, where very large amounts of surface
material have been removed, and industrial waste dumps. His paper gives no insight
as to the source of these figures of 500 and 5000 years, so presumably they are
conjecture on his part.

Moreno-Mateos, Power et al. (2012) performed a meta-analysis of results of 621
wetland restoration projects from all over the world. This showed that even after more
than 100 years biological structure and biogeochemical functioning of restored sites
remained on average 26% and 23% lower than in corresponding reference sites. This
was attributed to either recovery being very slow, or systems moving to alternative
stable states [i.e. becoming novel ecosystems].

A study of 51 estuarine and coastal systems all over the world (Borja, Dauer et al.
2010) concluded that in some cases recovery can take less than 5 years. However, a
minimum of 15-25 years is more likely, and attainment of original biotic composition
and diversity and functioning may possibly take at least a further 25 years.

Also on wetlands, while a 3-5 year monitoring period was said to be a common permit
requirement, a comparison of 68 wetland sites to analogues found that communities
were not equivalent even after 13 years (NRC 2001).
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Restoration costs
When planning revegetation, it is important to have an understanding of the options
available to enhance plant establishment, survival and growth, and their relative costs
(Hobbs and Harris 2001; Brancalion, Viani et al. 2012). There is much published
information on revegetation techniques, but little on actual costs and cost-effectiveness
(Holl and Howarth 2000). Revegetation project design is often based on previous
protocols, the efficacy of which have not been adequately monitored or tested, and
may not be entirely appropriate in a different context (Clewell and Rieger 1997). A
recent review of over 20,000 restoration case studies by the Economics of Ecosystems
and Biodiversity project was reported to have found only 96 of the studies provided
meaningful cost data, and that the breadth and quality of data varied greatly among the
studies (Bullock, Aronson et al. 2011).

Seedling planting and direct seeding are the two most commonly used local restoration
techniques, used alone or in combination. Palmerlee and Young (2010) found seedling
planting to be between 1.6 and 28.9 times as expensive as direct seeding, depending
on species, for establishing four tree and six shrub species in California, and Cole, Holl
et al. (2011) between 10 and 30 times for five tree species in Costa Rica. A
comprehensive Australia-wide survey of revegetation costs concluded that direct
seeding is generally cheaper than seedling planting, but because of the wide range of
labour costs quoted by survey respondents, from zero (for volunteers) to $25 per hour,
cost differentials between planting and seeding were not quantified (Schirmer and Field
1999). Also, there is little information available from the literature to inform the use of
amendments such as fertiliser and tree guards in restoration work.

Questions addressed by my field experiments
My field experiments covered a wide range of projects, aimed at answering the
following broad questions:
1. What is the relationship between structure and function?
2. What is the relationship between abiotic and abiotic factors?
3. How are structure, function, biotic factors and abiotic factors inter-related?
4. Are thresholds readily discernible? If so, how do they relate to structure,
function, biotic factors and abiotic factors?
5. What are the implications of the above with respect to costs?
6. What are realistic time frames for restoration?
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As mentioned in ‘Thesis structure’, Chapters 2 to 7 provide details of my experiments,
in stand-alone research paper format, as published by journals or generated for the
benefit of those for whom the research was done. As published or presented for the
client, they may not specifically address questions 1- 6 above. I have therefor added a
preamble to each of Chapters 2 – 7 explaining which of these questions are addressed
in the paper. Similarly at the end of each chapter I have added a section called
Concluding comments, exploring how the above questions are answered in the paper.
In Chapter 8 I examine practical implications of the papers for cost-effective local
ecological restoration. I then integrate the various components and consider my study
in a broader context.

The parameters from my review of the literature that I found appropriate for use in my
investigations are summarised in Table 1-1.

Table 1-1 Parameters for structure, function and biotic and abiotic factors
Structure

species composition and cover (plant and non-plant), landform

Function

transfer of nutrients, transfer of water, predation/herbivory, response
to disturbance

Biotic factors

plant height, plant root-to-shoot ratio, soil biota associations

Abiotic
factors

light, temperature, wind, humidity, hydrologic regime, geology, soil,
topology

According to King and Hobbs (2006), “Historically the development of rangeland
restoration practices has been largely driven by information gleaned from contextspecific, empirical attempts to restore degraded landscapes. Some strategies seem to
work well, whereas others often fail, and some strategies work in one situation, but not
in another. As a result, the information available for guiding the development of future
projects is often very anecdotal, which makes it hard for restoration practitioners to
formulate sound strategies for novel situations or to learn from one another’s
successes and failures.” Hence the main aim of this thesis has been to not just
evaluate and document successes and failures of my glasshouse and field experiments
conducted using mulches, seeds, plants and weed control systems on particular
projects in isolation. Rather the aim was to explore the relationship between structure
and function in broader terms, to provide a generalised framework for the cost-effective
restoration and soil stabilisation in this area with its Mediterranean climate. However,
some important more specific findings were made along the way, and these are
highlighted.
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My resource limitations
Although entitled to the normal basic university operating funding provided to all PhD
students, not having any research grants, I self-funded my part-time research.
However, the bodies that I did research for generally provided materials incorporated
into the experiments and, in some cases, limited soil assays by commercial
laboratories. This, together with the wide range of experiments that I conducted, all
located considerable distances from my home, limited my ability to quantify some
parameters, primarily abiotic ones. In turn this limited my ability to use mathematical
modelling to explore relationships between structure and function and biotic and abiotic
factors, as well as to try to prove the existence of thresholds.

Note re Australian Standard AS 4454 for mulch
When the experiments and their analyses detailed in this thesis were conducted, the
2003 edition of AS 4454 was current. This has been superseded by the 2012 edition.
However, those parts of the earlier edition relevant to these experiments and their
analyses remain basically unchanged in the latest edition.
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Chapter 2. The effects of abiotic factors on structure and
function of seeded species on a low-resource site
Preamble
Anstey Wetland, a seasonal wetland complex, was constructed 50 km to the south of
Perth, as an offset for destruction of some wetlands in freeway construction, and also
to intercept and filter contaminants from peak water runoff from the freeway.
Composted soil conditioner and mulch were applied in various thicknesses and
combinations around one of the wetland pools prior to direct seeding with native
species, aimed at enhancing plant survival and growth in the impoverished soil and to
help stabilise the soil. I evaluated the effects of these abiotic treatments on biotic
factors.

This chapter was published as below, in 2011 in Ecological Management and
Restoration 12 (2): 151-154.

Composted soil conditioner and mulch promote native plant
establishment from seed in a constructed seasonal wetland
complex
Abstract
Three thicknesses of composted soil conditioner, and one combined with mulch,
surface-applied and then incorporated into the sandy topsoil, were tested against
controls for promotion of native plant establishment by direct seeding in construction of
a seasonal wetland complex. Located 50 km south of Perth, Western Australia in a
Mediterranean climate, the site typically dries out in summer. In wetter seasons ponds
intercept contaminants in freeway runoff and act as a buffer for peak flows. The 20 mm
thickness of soil conditioner was the most effective. The 40 mm thick 40:60 blend of
soil conditioner and mulch was also effective - the mulch can help reduce soil erosion.
Composted soil conditioner, typically produced by recycling accumulated municipal
waste, counteracts soil organic matter and nutrient depletion.
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Introduction
Fine particles in composted soil conditioner (CSC) can increase soil water holding
capacity, water infiltration, and nutrients, and improve soil health (de Araújo, de Melo et
al. 2010). Coarser particles in mulch, and also in the coarser fraction of CSC, can
assist direct seeding by providing niches to prevent seeds being blown or washed
away, conserving soil moisture, and reducing temperature extremes (Whisenant 2002).
Dorahy, Pirie et al. (2007) reported that a 40:60 blend by volume of composted soil
conditioner (CSC) and mulch applied in 20 and 40 mm thick layers reduced soil erosion
and promoted vegetation establishment, with the larger particles forming a physical
shield to protect the soil, whether the material was left on the surface or incorporated
into the topsoil.

As an offset for wetlands destroyed during freeway construction, the Southern Gateway
Alliance (SGA) constructed a four-stage seasonal wetland complex near Perth,
Western Australia, centred at 32º24’18’ S and 115º49’30’ E, with Mediterranean
climate. This study is focused on ecological revegetation of a relatively flat area
surrounding one of the shallow basins. The site previously contained a production pine
plantation. All trees were harvested, their stumps pulled out and removed from the site.
Although there was no natural vegetation, qualitative glasshouse trials that I conducted
in 2007 showed the rather hydrophobic topsoil to still contain viable native seeds, with
few weed seeds. Contoured with gentle slopes using this topsoil, the permeable,
though hard in places, complex intercepts contaminants flowing from the roadway and
buffers peak runoff, with any water exceeding the capacity of the complex discharged
to the Serpentine River.
The local soils are termed ‘Bassendean’, described as fine to medium grained sand
varied in colour and texture, with low water holding and nutrient retention capacity.
These soils have been reported by Wells (1989) to be particularly low in phosphorus,
and our site soil assays by a commercial laboratory confirmed this trend (7 ppm
phosphorus).

The Western Australian Department of Environment and Conservation (DEC), their
consultants GHD, SGA, Custom Composts and I trialled CSC compliant with AS4454:
2003 (Standards Australia 2003), typically produced from municipal green waste, for
promoting the establishment of native vegetation on the site. I monitored these trials
independently, using additional quadrats and different criteria to the others over a
longer period, 2⅓ rather than 1 year. Typically not all seed germinates in the first year
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(Merritt, Turner et al. 2007), and large sites do not always develop homogeneously or
simultaneously (Walker and del Moral 2003). Various thicknesses of CSC were used,
some mixed with un-composted mulch produced by flat-bed chipper from Banksia
woodland cleared from a nearby construction site. All were incorporated into the
topsoil, to minimise the risk of them floating away should the sites become inundated.
By definition CSC and mulch differ in size grading, with the former being <20% by
mass +16 mm and the latter >70% +16 mm (Standards Australia 2003).

The benefits of CSC use can be twofold, recycling accumulated municipal waste, while
counteracting soil organic matter and nutrient depletion (Mbarki, Labidi et al. 2008).

Methods
Experiment establishment followed earthworks completion, in August 2008. Three
3,000 m2 replicate plots were established around a 500 mm deep basin. In each, five
sub-plots were established - treated with 20, 30 and 40 mm thicknesses of CSC, 40
mm of a 40:60 blend of CSC and mulch, all incorporated into the top 100 mm of topsoil
by rotary hoe (a tractor-towed mechanised rotary tiller), or left without CSC or mulch as
controls. Control soil surfaces were cultivated by chain harrowing immediately before
seeding, using a heavy metal chain, attached to a spreader bar, dragged behind a
tractor.
The 45 site-indigenous species direct seeded at 3.5 kg ha-1 had unit seed masses
ranging between 10 and 5,000 g-1. Seed was treated to promote germination and
bulked up with vermiculite before spreading by hand in multiple overlapping passes.
Ten core low-form species, predominantly fast-growing and nitrogen-fixing pioneers,
were used in all replicates, with the other species allocated to the replicates on the
basis of providing variety in the landscape, with lower species closer to the freeway, so
as to not block the view of the basin and the taller species on the far side.
Weeds were controlled by selective herbicide applications using 2 L ha-1 of glyphosate
(360 g L-1 strength) at the same times across the site. Live weed cover at final
monitoring was negligible.

In February 2009 I established three clusters of ten 1 m x 1 m quadrats at random
locations in each of the sub-plots, giving 90 quadrats per treatment type.
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For natives in each quadrat, for at each monitoring, except for the last, I recorded the
numbers of plants and different species, estimated percentage cover, and maximum
and average heights. For weeds I only estimated percentage cover. Only living
specimens were included. I initially only recorded the numbers of different species in
each quadrat because of the difficulty in positively identifying some species, especially
when they are small; the large numbers of quadrats and species; and because my
primary interest was in the performances of the various treatments rather than the
performances of the individual species. However, for the final monitoring I recorded the
numbers of each particular species in each quadrat to examine overall species
diversity.

Monitoring was done on 5 occasions at the end of spring and summer, but detailed
statistical analysis is confined to the last results, after 2⅓ years.

Single-factor ANOVA analysis (using the R statistical package) was performed for each
of the recorded parameters for all of the treatments. Where there were significant
differences, multiple comparisons of means between each of the treatments were done
using Tukey’s t contrasts.

Results
In the CSC/mulch sub-plot in Replicate 2, there were ultimately no native plants in any
of the 30 quadrats, compared to 58 and 78 in the other replicates. Photographs of the
CSC/mulch sub-plots in each of the three replicates taken just after experiment
establishment indicate that in Replicate 2 the CSC/mulch mixture was not properly
rotary hoed into the topsoil. No native germinants were recorded in initial monitoring of
these 30 quadrats, rising in 2009 to one in May and August, and 10 in December, but
falling to zero from May 2010. I therefore performed statistical analyses both with and
without data for the CSC/mulch subplot in Replicate 2 to examine the effects of this
apparent anomaly.

ANOVAs showed that there were significant differences between replicates for many of
the measured parameters, which was not unexpected with each of the three replicate
plots seeded with different species (apart from the common core species), but space
limitations in this short note preclude their inclusion here. It was considered more
appropriate to explore the overall results using ANOVA by treatment type (Figure 2-1).
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30 mm CSC

40 mm CSC

40 mm 40%
CSC : 60%
mulch

Figure 2-1 Native plant means ± 1 SE 2⅓ years after 2008 direct seeding at Anstey wetland of
90 one metre square quadrats (three clusters of 10 quadrats in three replicate plots) for controls
and 20, 30, 40 mm of composted soil conditioner (CSC) and 40 mm of 40% CSC:60% mulch
incorporated into the topsoil for: (a) numbers of plants, numbers of species, and plant cover
percentage and (b) maximum and average plant heights. In (a) 40% CSC:60% mulch results
are shown with and without data from Replicate 2, as it is doubtful that the material in this
replicate was properly rotary hoed into the topsoil.

Compared to the control, all other treatments showed significantly better (P = 0.001)
maximum and average plant heights. There were no significant differences among the
other treatments for these parameters.

For all other parameters, for CSC alone the 20 mm and 30 mm thicknesses were
significantly better than the control (p=0.001), with the 20 mm significantly better than
30 and 40 mm thicknesses (P = 0.05 and 0.001). For the CSC:mulch blend,
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percentage cover was significantly better than the control (P = 0.001), irrespective of
whether Replicate 2 was included or not. The number of plants was not significantly
higher, with or without Replicate 2, but the number of species was (P = 0.001), but only
if this replicate was excluded.

The site performed well, given 4 months of drought in spring, summer and autumn
2009/10, with negligible rainfall (3 mm, cf. long-term average for the period of 91 mm),
the longest drought ever recorded in the area, followed by an extremely dry winter and
spring, and seeding in early August, several months later than planned (and optimal).

Overall species richness was best for the 20 mm thickness of CSC (Table 2-1).
Table 2-1 Numbers of each native species by treatment type in ninety one metre square
quadrats 2⅓ years after direct seeding at Anstey wetland in 2008. C=control; 20, 30 and 40=20,
30 and 40 mm of CSC incorporated into the topsoil; SC+M=40 mm thickness of 40%CSC:60%
mulch incorporated into the topsoil. Shading indicates seed were treated before sowing, green
for scarification and pink for aerosol smoking.
Species
Acacia lasiocarpa
Acacia pulchella
Agonis linearifolia
Allocasuarina fraseriana
Allocasuarina humilis
Anigozanthos manglesii
Anigozanthos viridis
Baeckea camphorosmae
Banksia attenuata
Banksia nivea
Beaufortia squarrosa
Brachyscome iberidifolia
Calothamnus hirsutus
Calothamnus lateralis
Calytrix angulata

C
3
3
0
0
0
0
0
0
0
0
5
0
0
1
0

20
68
12
0
0
0
2
0
0
0
0
20
0
8
1
0

30
45
12
0
0
0
2
0
0
0
0
8
0
38
0
0

40 SC+M Species
31
57 Calytrix flavescens
2
10 Conospermum triplinervium
0
0 Conostylis aculeata
0
0 Conostylis candicans
0
0 Dasypogon bromeliifolius
1
3 Eremaea pauciflora
0
0 Eremaea purpurea
0
0 Ficinia nodosa
0
0 Gastrolobium capitatum
0
0 Gompholobium tomentosum
10
7 Hakea varia
0
0 Hemiandra pungens
0
1 Hypocalymma angustifolium
1
0 Hypocalymma robustum
0
0 Jacksonia furcellata

C 20 30
0
0
0
0
0
0
0
2
0
0
20 19
0
0
7
0
0
0
0
0
0
111 143 59
0
6
2
0
0
1
0
0
0
3
9
2
0
0
0
0
0
0
2
2
0

40 SC+M Species
0
0 Kennedia prostrata
0
0 Kunzea glabrescens
0
0 Kunzea recurva
8
0 Melaleuca incana
0
0 Melaleuca lateritia
0
0 Melaleuca preissiana
0
0 Melaleuca systena
23
6 Melaleuca thymoides
3
0 Melaleuca viminea
0
1 Patersonia occidentalis
0
0 Regelia ciliata/inops
0
0 Stirlingia latifolia
0
0 Xanthorrhoea preissii
0
0 Xylomelum occidentale
1
2 Species richness

C
5
0
0
0
0
0
3
0
0
1
4
1
0
0
13

20
11
0
1
0
0
1
64
3
0
5
26
3
0
0
21

30
5
0
0
0
0
1
79
7
0
0
11
0
0
0
17

40 SC+M
2
5
1
0
3
0
0
0
0
0
0
2
26
19
3
1
0
0
1
1
24
21
0
0
0
0
0
0
17
15

The maximum number of species per quadrat of 11 in May 2009 declined to 9 in
December 2009, and to 7 after the drought. Eight species, Acacia lasiocarpa, Acacia
pulchella, Beaufortia squarrosa, Ficinia nodosa, Kennedia prostrata, Melaleuca
systena, Regelia ciliata and Regelia inops, each of which was present in all treatments,
comprised 84% of the total number native plants, although their seeds represented
only 53% of the total by mass.

Discussion
My finding that the thickest, and hence highest cost, application of CSC incorporated
into the soil did not yield the best results is consistent with the laboratory findings of
Pedra et al (2007) that the equivalent of approximately 32 mm thickness of CSC
incorporated into the soil, after 28 days showed more improvement in soil organic
matter, important for maintaining soil quality, than 63 mm thickness.
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Rokich et al (2002) reported negative effects of 5 and 10 mm thicknesses of surfaceapplied mulch on recruitment from seed. However, at these thicknesses their mulch
would be closer in size to our CSC than our mulch, which was much coarser, being
nominally in line with AS4454-2003, of 70% plus 16 mm, as commonly used in local
revegetation. In contrast, our experiments showed that incorporating the materials into
the topsoil, whether CSC used alone or in combination with mulch, produced better
results than the controls. Such coarse mulch is freely available from clearing on many
construction sites, and mixing it with composted soil conditioner for use with direct
seeding can obviate its disposal costs, enhance plant development, improve
aesthetics, prevent crusting of the soil (Black, Gilman et al. 2003), and reduce soil
erosion.

The relatively poor species richness, with only 53% of seeded species ultimately
present in the quadrats, is probably a function of the longest drought ever recorded in
2009/10 affecting some species more severely than others. Also, some of the species
from personal experience typically have low success rates in direct seeding, even
under ideal conditions.

The design, using different species, apart from 10 common core species, in each of the
three replicates was predicated on various conditions in Federal and State government
approvals for the project. While this limitation precluded meaningful statistical analysis
by replicate, it did produce interesting overall results by treatment type. Another
potential limitation is that some of the differences between the controls and other
treatments may be attributable to differences in surface treatments, the former being
chain harrowed and the latter rotary hoed. Seed bed cultivation by chain harrowing
immediately prior to direct seeding is commonly used with success on sandy soils in
the region. With respect to the apparent failure to incorporate the CSC:mulch blend into
the surface in Replicate 2, analysis of the data for this blend with and without Replicate
2 included indicated better plant cover (even better, though not significantly, than 20
mm of CSC) and slightly better numbers of plants and species in the latter case.
Dorahy et al (2007) reported that this treatment, surface applied, should promote
germination. The germinants observed in this blend in Replicate 2 in December 2009
would likely have utilised moisture in the CSC/mulch to establish in spring, but have
perished later in summer, the driest ever recorded, having not yet been able to send
roots down through the CSC/mulch into the soil below to access moisture after supplies
in the CSC/mulch were exhausted. It is also possible that this sub-plot was not properly
seeded - the work was contracted out to normal commercial standards, and formed a
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small part of a very busy schedule, with work extending over 70 km of road
construction.

Concluding comments
This experiment investigated the effects of abiotic factors on structure and function,
with native species seeded for the restoration of a low-resource seasonal wetland.

In direct seeding in a low-resource restoration environment an abiotic factor, the
incorporation of composted soil conditioner, with or without mulch, led to a significant
improvement in structure, in terms of vegetative cover, species composition, and plant
height. Functional aspects were also affected, as indicated by the vegetation starting to
bear seed and reproduce, with the site becoming self-sustaining and the need for weed
control diminishing with the increase in native plant foliage cover.

With respect to revegetation costs, the thickest, and hence highest cost, application of
mulch did not produce the best results. The incorporation of mulch also produced good
results, and this can be cost-effective if the alternative is to pay for disposal of mulch
produced from site clearing operations off-site, or if the site is prone to soil erosion,
which the mulch should help reduce.
Results in Chapter 2 are for 2⅓ years after commencement of revegetation activities.
However, under a contract with the project developer, continued monitoring shows that
after 4 years, the mandated completion criteria have been met overall, with 52% native
foliage cover (target 50%), and all other targets with respect to species richness and
stem density also exceeded. With many species having started to reproduce, and low
weed levels, the site is now apparently on the right trajectory to be self-sustaining.
However, as mentioned in Chapter 1, others (NRC 2001; Borja, Dauer et al. 2010)
have reported that it will take many more years for the structure of the site to approach
that of surrounding wetlands. For example, as reported in Chapter 4, Banksia
attenuata, one of the species used here, will take many years to reach mature height.
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Chapter 3. The effects of biotic factors, which had created a
threshold, and abiotic factors on the structure of planted
species on a high-resource site
Preamble
At a 6.5 ha area of fertile Vertosol soil ex-farmland 40 km south of Perth, concerted
efforts to control weeds using conventional methods such as herbicides, fire, and
cultivation proved ineffective. After 5 years, weeds still dominated the site, and reestablishment of native plant by direct seeding and seedling planting was poor,
preventing the expansion of an existing wetland. Following preliminary small-scale
experiments on various alternative weed control methods, large-scale experiments
were conducted using woven black plastic weed mat. These experiments investigated
the effect of an abiotic material on structure, with respect to alien species and a
number of planted overstorey, midstorey and understorey native species. The
conditions on this site are atypical of those on much of the Swan Coastal Plain, as the
Vertosol (rather than sand) soil has reasonable nutrient levels, and the site becomes
very wet and muddy in winter, but very dry, dusty and cracked in summer, despite the
water table remaining relatively high. The biotic factor of plant herbivory, by rabbits,
also featured in these experiments. Although the weeds on the site contributed to soil
stability, it was desired to replace them with native plants to perform the same function.

Hobbs and Harris (2001) caution that projects that aim at restoration through weed
control frequently miss the point that the weed invasion is merely a symptom of more
fundamental system change, and that activities should be prefaced by a rigorous
assessment of the current state of the system and the underlying factors, and this was
done in this case. My experiments showed that function was not impaired. Therefore it
was appropriate to focus on restoring structure through an innovative, at this large
scale, abiotic method of weed control.

This chapter was published as below, in 2012 in Ecological Management and
Restoration 13 (2): 151-154..
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Restoring a seasonal wetland using woven black plastic weed
mat to overcome a weed threshold
Summary
Little information is available on the use of woven black polypropylene weed control
mat in ecological restoration. At a 6.5 ha area of fertile Vertosol soil ex-farmland near
Perth, Western Australia, concerted efforts to control weed using conventional methods
such as herbicides, fire, and cultivation proved ineffective. After 5 years, weeds still
dominated the site, and native plant establishment was poor. Small-scale preliminary
trials of various weed suppression coverings were then undertaken, with woven plastic
weed mat the most cost-effective in overcoming the weed threshold, permitting native
tree seedling establishment. In a larger-scale trial of weed mat over the whole site,
weeds were controlled and high levels of native plant establishment achieved, with a
diverse range of understorey, midstorey and overstorey species providing 56%
projected foliage cover. This ensured that completion criteria were finally satisfied.
These results suggest that weed mat may be effective for weed control in large-scale
restoration where conventional methods have failed, as long as ultimate removal or
decomposition and other issues are addressed.

Introduction
As an offset for wetland destruction, Main Roads Western Australia undertook to
restore native vegetation communities on 6.5 ha of relatively flat ex-farmland. This
offset expands the adjoining Folly Pool Bush Forever reserve (lat 32º19’20”S, long
115º49’46”E), 40 km south of Perth, Western Australia, with Mediterranean climate.
Environmental Protection Authority restoration completion criteria were based on a
survey of the reserve (Gibson, Keighery et al. 1994), which reported relatively intact
vegetation in wetland and low forest structural units. Rainwater perching in the wetter
winter months in underlying muddy sand causes the black Vertosol soil to become
dense, waterlogged, unable to be driven over by four wheel drive vehicles, and difficult
to walk over. In summer the soil dries out, and extensive deep surface cracks develop.

Restoration works commenced in 2001 using conventional weed control by burning,
repeated application of herbicides, slashing and deep ripping, plus spreading of
gypsum, to counteract deep cracking; mounding, to provide an elevated environment
for planting; and repeated direct seeding and seedling planting. By 2005 the canopy
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closure, species richness and diversity criteria had not been met: few small trees and
shrubs survived in the thirty-four 0.7 m wide by average 300 m long parallel mounds
spaced at 4.5 m centres, and the site remained extremely weedy. The seven weed
species that most severely impacted restoration efforts were Vicia sativa, Lotus spp,
Polygonum aviculare, Lythrum hyssopifolia, Rumex spp, Solanum nigrum, and Avena
barbata. Some perennial and some annual, these weeds cover the full year in times of
germination, and all grow profusely in spring, the most critical time for establishment of
natives. Soil samples were taken from various depths from areas with poor and better
revegetation results and analysed for bicarbonate extractable phosphorus and
potassium (Colwell method, Soil Management Consultants, Augusta, WA), as well as
trace elements. The relatively narrow ranges, 31 – 43 ppm P and 206 - 244 ppm K,
indicated that success rates were not related to these soil nutrient levels. Trace
element assays also had relatively narrow ranges. A positive feedback cycle (D'Antonio
and Chambers 2006) had evidently resulted from the weeds depositing more and more
seeds into the soil seed bank. In winter, abundant water facilitated rapid, dense weed
growth. In hotter months, weed seeds fell into cracks. After being trapped for some
time in the soil seed bank as the cracks filled with water and sediment, they
subsequently germinated. A critical weed threshold so established had prevented the
return of the site to a more natural state using conventional methods.

Although permeable woven black polypropylene weed control mat is sometimes used
in landscape gardening applications, covered with mulch for aesthetics, (Derr and
Appleton 1989; Martin, Ponder et al. 1991), there is little information on its use in
larger-scale restoration, with or without mulch cover.

Initial smaller-scale trials

Preliminary unreplicated trials commenced in autumn 2006. Each of four 100 m long
strips between mounds were subjected to one of the following four treatments: woven
polypropylene weed mat (100 g m-2) (henceforth referred to as ‘weed mat’), thick jute
weed mat (680 g m-2), 100 mm thickness of commercially available high-temperature
composted forest mulch, or left with no cover, before planting native tree seedlings
(Tranen Revegetation Systems 2007). All of the strips had received identical soil
preparation including herbicide spraying, ripping, gypsum addition and light tillage.

After eight months these trials suggested plastic weed mat, even allowing for the actual
cost of its removal, was the most cost-effective in controlling weeds, with 0% cover,
compared to 82% for the uncovered control. Jute mat cost 80% more, mulch 20%
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more, and neither material was as effective in controlling weeds. Average seedling
survival and height were 20% and 0.6 m in the control, compared to 90% and 1.1 m in
the weed mat. With intense weed competition, trees in the control were comparatively
elongated compared to those where weed was more effectively controlled (Figure 3-1).

Figure 3-1 (a) The non-matted control plot with white rectangles highlighting highly elongated
and poorly performing planted trees among weeds; and (b) the weed matted plot, 1 year after
commencement of the preliminary trials, showing a more healthy plant growth response.

Soil temperatures were measured at three random locations in the control and weed
matted plots on surface and at 100 mm depth during a prolonged hot dry spell at 36°C
using a K-type wire thermocouple (Jaycar Electronics model QM-1282). Surface
temperatures averaged 62⁰C for the control and 55⁰C for the weed mat. At 100 mm
depth, temperatures were both 30⁰C. This indicated that the mat worked by preventing
light transmission for photosynthesis, rather than heat killing weed propagules.

As these preliminary trials had clearly demonstrated the effectiveness of weed mat in
this application, fresh trials were commenced covering the whole of the site, apart from
the mounds.

Large-scale weed mat trial methods
Soil in 35 rows alongside the mounds was prepared in the following manner. After
killing weeds with non-residual herbicide, the ground was ripped to 200 mm depth,
spread with gypsum at 5 t ha-1 (recommended by the soils testing laboratory), and
lightly tilled with a rotary hoe to level the surface. As after two weeks no weeds had
emerged, no further herbicide was applied. Woven plastic weed mat from 100 m x
3.66 m rolls (Pope Packaging, Welshpool, WA), was secured with 150 mm long steel
U-pins at 500 mm spacing along the edges and at 100 mm joint laps, and at 2 m
spacing along the mat centreline. Work was staged over two planting seasons, in
alternate rows, in the winters of 2008 and 2009, with the option of aborting the trials
after the first year if significant problems arose. A tool with three 75 mm long blades cut
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star-shaped slits in the mat to facilitate planting using Pottiputki hand planters (Lannen
Plant Systems, Finland) while minimising light penetration.

Seedlings of 39 locally indigenous species (16 woody overstorey, 16 midstorey and 7
understory) from local nurseries were planted at random, one per linear metre, on a
wavy line in each row, with species allocations proportional to row length. Waterlogging
of the site in 2008 made installation and proper tensioning of the 6 km of mat difficult.
Drier ground earlier in the year, when the remaining 6 km of mat was installed in 2009,
made installation and tensioning much easier. A motion-activated camera was installed
to photograph animal activity in one matted area. Winds gusts up to 92 km h-1 loosened
small amounts of mat, which were re-pinned.

Damage by unauthorised vehicles to some mat and fencing was repaired. Herbicide
was applied as required at the rate of 2 L ha-1 of glyphosate (360 g L-1 strength) plus
5 g L-1 metsulfuron methyl (600 g kg-1 strength) to control weeds in un-matted areas.
Any weeds that grew in planting holes were removed manually at approximately sixmonthly intervals. Weeds germinating in soil deposited by water receding after
inundation and in leaf litter patches in some matted areas, their seeds having blown in,
were similarly controlled. Scissors were occasionally used to enlarge the planting holes
of expanding clump-forming sedges. Seedling survival was periodically monitored by
row, with the open-source R statistical package used to perform ANOVA on survival by
year of planting.

No untreated controls were established for comparison, as it was a requirement to
restore the whole site to achieve the completion criteria, and previous work had shown
planting without effective weed suppression to be futile. For final monitoring, in May
2011, six 1,000 m2 quadrats were set up at random over the site (including the mounds
between the matted rows, as the completion criteria applied to the whole site).
Although not a requirement of project approvals, three 1,000 m 2 control quadrats were
established in the adjoining nature reserve for comparison. An informal visual
inspection of the whole site was done late December 2011, seven months after the
final formal monitoring.

Results
No weed species managed to germinate under the mat and grow up through it.
However, adjacent to planting holes, some sharp-pointed stems of laterally-expanding
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planted native sedges were able to grow up through the tiny holes in the mat weave
(Figure 3-2a).

Figure 3-2 (a) A native sedge growing up through tiny holes in the weed mat weave; and (b) a
Flooded Gum that germinated in a leaf litter patch.

Despite supposedly rabbit-proof perimeter fencing, cut at times by vandals, and
previous rabbit baiting, some rabbits were observed. Approximately 1% of recentlyplanted seedlings were found lying on the mat in 2008, though to have been pulled out
by rabbits to nibble the roots. After the next plantings, a fox was photographed by the
monitoring camera, and no seedlings were pulled out.

In November 2009, survival of recently-planted seedlings by row averaged 69%,
compared to 58% for those planted in 2008. After the next summer, in mid-2010,
corresponding values fell by 16% and 6%. At final monitoring in May 2011, overall
survival averaged 52% (SE 1%), with survival of those planted earlier significantly
higher, by 4.5% (df=33, f=5.6, p=0.02). Summer 2009/10 was the driest ever recorded,
with only 3 mm of rain in four months (Bureau of Meteorology 2012).

Flooded Gum (Eucalyptus rudis) in particular grew well, with several growing 7 m in
two years. In 12 months several Swishbush (Viminaria juncea) grew 4 m, and several
Orange Wattle (Acacia saligna) 2.6 m. Some Flooded Gum and Swamp Sheoak
(Casuarina obesa) seeds germinated in leaf litter patches on the mat (Figure 3-2b).
Their roots found their way down into the soil through the tiny gaps in the mat weave
and expanded laterally.

In May 2011 completion criteria with respect to projected foliage cover (56%, target
50%), average plant density (1.2 plants/8 m2, target 1), and average overstorey and
understorey species richness (7 and 21, targets 2 and 4) were all met (Figure 3-3).
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Figure 3-3 The restoration area (red outline), bounded by Folly Pool Reserve and Kwinana
Freeway, on (a) 3 March 2006, after five years of concerted conventional restoration activities,
and (b) 8 September 2011, subsequent to the weed mat trials.

Thirty-six native flora species were present, compared to only six in the unplanted
control quadrats in the adjoining reserve, and weed cover was less than 1%, compared
to 70% in the untreated controls. Bird species richness at Folly Pool increased (39,
target >16) (Prefumo 2011).

After four years of exposure to the elements, no mat had broken down, except for
green strands woven longitudinally into some mat at 300 mm centres. This had no
effect on weed establishment. Seven months after the trials ended it was evident that,
in the absence of weed control in surrounding areas, weeds were beginning to
encroach into the site perimeter.
Costs (2008) for the trials averaged AUD3.50 m-2, including site preparation, weed mat
supply and installation, seedling supply and planting, regular monitoring, maintenance,
and herbicide application in un-matted areas (my research was unpaid).
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Discussion
The weed threshold was overcome with the large-scale use of weed mat. This
permitted the establishment of native species and satisfaction of the completion
criteria, where more conventional weed control methods had failed.

Proper mat tensioning is important. Others have also reported uneven plastic sheet
surfaces to cause rapid sheet tension loss and lift (Grinstein and Hetzroni 1991). Loose
mat flapping in the wind can physically damage and cover plants.

The relatively higher attrition of 2009 planted seedlings over their first summer is
attributed to the 2008 planted seedlings being better established, with roots deeper into
the water table, enabling them to survive better through the driest summer on record.
Tree species survived better than midstorey and understorey species, and these
generally have deeper roots. Veneklaas and Poot (2003) reported shrubs with shallow
roots exhibiting greater drought stress.

Overall seedling survival of only 52% is attributed to prolonged inundation in parts;
wind-induced flapping of the mat damaging smaller species early on; weed competition
in mud deposits on the mat and in planting holes; herbivory by rabbits (until presumably
the fox predated or drove out the rabbits); the driest summer ever recorded in 2009/10;
and, vandals’ vehicles driven over some plots. The high growth rates of some native
species indicated adequate soil nutrient levels, and that, with the elimination of weed
competition, ecological processes are functioning satisfactorily. Despite low plant
survival, foliage cover remains substantial at the date of publication.

It is intended to eventually remove the mat. However, removal is not recommended
while its presence is not exhibiting negative effects on development of the planted
natives and while it is still limiting the encroachment of weeds from uncontrolled areas
surrounding the site. Merri Creek Management Committee (MCMC) in Melbourne,
Victoria (B. Bainbridge, 2009, personal communication) used weed mat successfully for
eight years, between 1988 and 1996, but stopped because removal became difficult
and cost-prohibitive as silt, litter and roots anchoring the mat increased. Safety issues
arose, with the mat providing a good habitat for snakes and spiders, and with high
potential for eye-stick injuries when clambering through to the base of bushes when
removing mat. Also understorey species that grew into the mat were uprooted during
mat removal. Folly Pool mat removal difficulty and cost should be lower, given target
native plant density of only 0.125 stems m-2 compared to up to 10 stems m-2 at Merri
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Creek (Bainbridge 1999). In typical landscape gardening applications, weed mat is not
intended to be removed, but it is normally covered with mulch to improve aesthetics,
and there is not the same expectation of natural regeneration of the species planted as
in restoration. Covering with mulch is expensive, and weeds can germinate and grow in
mulch. As at Merri Creek, mat removal difficulty and cost will increase over time.
Removal will increase foraging bird access to feed on the ground.

MCMC changed to using more expensive jute mat, together with carefully planned
herbicide maintenance routines, as this proved effective in controlling their weed
species, and, being biodegradable, the mat need not be removed. Jute mat is used
extensively around Perth, but mainly for erosion control. Experience on other Perth
projects with weeds such as Century Plant (Agave americana), Bridal Creeper
(Asparagus asparagoides) and Soursob (Oxalis pes-caprae) has been that while, as
claimed by the manufacturer, jute mat may suppress growth of broad-leaf weeds
germinating under it, it does not prevent the emergence of other local weeds. None of
the seven main weed species at Folly Pool is broad leaved.

It remains to be seen if natives that germinated from seed falling into litter patches on
the mat and sedge stems growing up through the mat adjacent to planting holes will
survive in the longer term if the mat is not cut to facilitate lateral expansion. There is
potential for natives to reproduce from seed and vegetatively in the un-matted mounds,
which comprise 16% of the site. It also remains to be seen when, if ever, the mat will
break down appreciably. Errant whole mat sections, blown or washed off before plants
have grown sufficiently to prevent this, or decaying fragments, have potential to cause
damage, such as by blocking drainage structures. This applies to both weed mat and,
probably to a lesser extent, jute mat.

Australian Standard 4843 (Standards Australia 2001) for synthetic weed blocking fabric
cites AS 3706.11 (Standards Australia 2004) for determination of resistance to
degradation by light and heat, with stability considered a positive attribute. The green
plastic strands that broke down prematurely evidently did not contain carbon pigments
to slow degradation by ultraviolet rays. If faster breakdown is desired, it may be
possible to procure mat manufactured from polypropylene with reduced pigment levels,
or from other more biodegradable plastics.

Australian Standard 4843 requires the weed mat to be permeable, with permittivity of at
least 0.1 s-1. In a more simplistic test than that specified in this Standard, I found a
water column 70mm high passed through mat in 2 minutes.
34

Concluding comments
These experiments investigated the effects of biotic factors, which had led to the
creation of a threshold, and abiotic factors on the structure of a number of planted
overstorey, midstorey and understorey species in a high-resource seasonal wetland.

The use of black plastic weed mat, an abiotic material, allowed the overcoming of an
assumed biotic threshold created in a high-resource site by a suite of weeds. Although
quantifying this threshold was not possible, it was characterised by the intractable
nature of the weed population, which had apparently created a novel ecosystem, highly
resistant to change by conventional means. It had not previously been possible to
overcome the threshold using conventional abiotic techniques, in the form of herbicide
spraying, cultivation and fire, or using biotic materials, in the form of native seed and
seedlings of various species [Refer to Chapter 8 for a more comprehensive discussion
of the threshold]. While weed growth appeared to be not detrimental to one functional
aspect of the site, i.e. providing foliage cover to prevent soil erosion, the structure of
the area, comprised of groundcover and understorey species, was quite different to
that of the adjoining reserve, where overstorey was dominant. At final monitoring,
structure with respect to avifauna improved, with many additional birds species
frequenting the site. I attribute this to the change in plant structure providing suitable
habitats for these additional bird species.

Weed mat was demonstrated here to be more cost-effective than other coverings, after
allowing for the cost of its ultimate removal. As none of the more conventional weed
control methods used here in conjunction with direct seeding or seedling planting in the
five years prior to these experiments were effective, the use of weed mat together with
seedling planting appears to be the optimum restoration protocol for the circumstances.
Whether the weed mat should ultimately be removed depends on whether it eventually
breaks down, whether it unduly restricts the development of plants that grow through it,
and whether weed encroachment from surrounding areas is controlled by other means.

In this case, the mandated completion criteria were met within the required time frame,
but in contrast to Anstey Wetland, which is only several kilometres to the south, growth
of some tree species has been rapid. As is evident in Figure 3-3 (b), even only 2-3
years after planting, tree cover had become substantial, and some Viminaria juncea
had grown to 4 m after only one year. This is its normal maximum height (Department
of Environment and Conservation 1998-). Also, some Eucalyptus rudis had grown to
over 7 m in 2 years, and its normal maximum height is in the range of 5-20 m. These
35

high growth rates, especially when compared to Banksia attenuata, as quantified in
Chapter 4, may be attributable to inherent differences in growth rates, but also to
differences in soil type (Vertosol vs sand), soil nutrient levels, and soil moisture. The
water table at Folly Pool normally remains high year-round, whereas rainfall tends to
drain rapidly through most sand prevalent on other sites. The biotic factor of
mycorrhizae may have also played a part. Banksia attenuata is non-mycorrhizal
(Lambers, Brundrett et al. 2010), but Eucalyptus rudis and the legume Viminaria juncea
are both mycorrhizal (Egerton-Warburton, Kuo et al. 1993; Pate and Hopper 1994).
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Chapter 4. The effect of abiotic factors on a single tree species
in a low-resource site
Preamble
On the Swan Coastal Plain around Perth, many of the soils are sandy, impoverished
with respect to nutrients, and have very low moisture levels in the drier months, which
tend to make plant growth very slow, despite the native species having adaptations to
survive in these arduous conditions. This can have profound implications for the
achievement of completion criteria of revegetation projects. In many instances the
authorities responsible for project approvals specify that certain levels of the structural
variables such as species diversity and plant cover be achieved in an arbitrarily fixed
and relatively short time frame. This does not take due cognisance of functional
constraints and existing site biotic and abiotic factors that might make meeting these
criteria within the required time frame very difficult or even impossible, apart from being
very costly. A case in point that I examined was the revegetation of cut and fill batters
(slope approximately 20° to the horizontal) on a highway 17 km south of Perth. In 2005,
1320 Banksia attenuata seedlings were planted there in four replicates. Soil nutrient
and summer moisture levels are low, though not atypical for the region, and growth of
seedlings over five years was much slower than desired, though not necessarily
atypical. Nevertheless the site was relatively weed-free.

No quantitative information was found in the literature on longer-term Banksia
attenuata growth rates, and a noted expert who has published extensively on this
species was unable to provide any guidance (A George 2010, Murdoch University,
Perth, WA, personal communication). I set up an experiment on the highway cut slopes
in mid-2009 with 120 Banksia attenuata seedlings planted in bare patches on the same
slopes planted in 2005 to measure growth and survival rates, with and without fertiliser.
Results of these experiments were compared to those of the Banksia attenuata planted
without fertiliser nearby in 2005, with the only experimental variables being the time of
planting and rainfall in the intervening period. Rapid plant growth is desirable to provide
foliage cover to protect soil from erosion due to rain drop impact and for plant roots to
help bind the soil.

Although this study was of a single species only, it permitted the examination of the
effect of abiotic factors on this species, without the complication of the effects of
different species and possible synergistic interactions between species.
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This chapter was published as below, in a slightly shortened version, in 2013 in
Ecological Management and Restoration 14 (2): 144-147.

Growth of Slender Banksia from seedling planting, with and
without fertiliser
Summary
Slender Banksia (Banksia attenuata) is a primary component of declining Banksia
woodlands around Perth, southwestern Australia. It is important that its reestablishment be promoted, but there are little data on its growth rates and response to
applied nutrients. To quantify longer-term growth rate I periodically measured heights
of Slender Banksia planted mid-2005 over 7½ years. Without fertiliser, these seedlings
grew slowly to about 1½ m. In mid-2009 I planted Slender Banksia on the same site,
with and without fertiliser tablets, and evaluated survival, growth and root development
over 1½ years. Slender Banksia seedling survival over the first summer after planting
of around 30% was not unusual for this species. Low-phosphorus native plant fertiliser
tablets increased growth significantly.

Introduction
Banksia woodlands are widespread in the Perth region of southwest Western Australia,
with Mediterranean climate. They have declined substantially because of various
factors, including land clearing, altered fire regimes, dieback (Phytophthora
cinnamomi), declining rainfall, and groundwater drawdown (Lamont, Enright et al.
2007). Of 61 local Banksia species, Slender Banksia (Banksia attenuata) is the most
common (He, Lamont et al. 2009). Being an important food source for the endangered
Carnaby’s Black Cockatoo (Calyptorhynchus latirostris) (Shah 2006) and other bird
species, it should be prioritised in restoration projects.

Deep, sandy soils characteristic of Perth, on which Banksias typically occur, are low in
nutrients. While the local flora are well adapted to this circumstance (Lambers,
Brundrett et al. 2010), it may not be conducive to the achievement of target growth
rates for revegetation projects, with completion criteria typically mandated to be
achieved after 3 years. Slender Banksia has high germination rates, but low survival
rates through the first summer (Enright and Lamont 1992b). In summer its long tap root
seeks access to deep groundwater, while in winter near-surface cluster roots take up
nutrients when soil is moist (Marschner, Grierson et al. 2005). With projected longevity
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of 300 years (Enright and Lamont 1992a), it grows slowly, up to 10 m (George 1987),
but as there is a lack of data on longer-term growth rates. I measured heights of
Slender Banksia seedlings planted in mid-2005 (without fertiliser) periodically over 7½
years.

Fertiliser is often used to promote seedling growth, but high phosphorus (P) levels can
be detrimental to Slender Banksia survival and growth, its proteoid roots unable to limit
uptake (Fisher, Veneklaas et al. 2006). Low-phosphorus fertiliser tablets formulated
specifically for Western Australian native plants release nutrients gradually over 12
months. I examined the effects of these tablets on the survival and growth rates of
seedlings planted on the same site in 2009 over 1½ years. While the results of the two
experiments are not strictly comparable due to temporal and hence weather
differences, they provide interesting insights into various aspects of Slender Banksia
growth.

Methods
The 2005 and 2009 experiments were in a cleared area in Banksia woodlands at
Leeming (32º5’6” S, 115º50’55”E), 17 km south of Perth. Local nurseries grew
seedlings in 5 cm square by 12 cm deep forestry tubes from seeds sown in October
2004 and 2008 respectively. To assist post-planting acclimatisation, exposure to sun
and wind was gradually increased from 2 weeks before delivery, while fertiliser and
watering were reduced. Planting was by Pottiputki hand planter (Lannen Plant
Systems, Finland), when soil was moist from recent rainfall. Plant height was adopted
as a simple and rapid non-destructive measure of plant growth for both experiments,
supplemented by destructive methods (dry shoot and root mass etc.) for the 2009
experiment.

Rainfall

Rainfall percentages of long-term averages were 87% and 69% over the 2005 and
2009 experiment periods. First-summer rainfall December 2005 to end February 2006
was 58 mm, or 139 percent of the long-term average (42 mm), but for December 2009
to end February 2010 the percentage was negligible, with only 0.2 mm of rain, the
worst drought on record.
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2005 experiment

On 16 July 2005, as part of a commercial revegetation contract, I managed the planting
of 330 Slender Banksia seedlings in each of four replicate 2,500 m2 plots along steep
(approximately 20° to the horizontal), newly constructed and lightly mulched highway
cut slopes. Plant numbers were higher than originally intended, supplemented by
seedlings from other areas not ready for planting in 2005, conveniently providing a
large population for study in single area. Seeds of native understorey species (37% by
weight Kennedia prostrata, a sprawling groundcover, plus 24 shrub species, all of
compact form) were hand broadcast at the same time. The site was virtually weed free
at planting, and subsequent weed invasion was low. Heights of typical specimens were
measured at planting. Survival was not monitored. On five occasions between 2009
and 2012 (i.e. 4-7½ years after planting) heights of 75 specimens in each replicate
were recorded. Specimens were randomly selected on each occasion, as identifying
individuals was impractical.

2009 experiment

On 26 July 2009, 15 pairs of Slender Banksias were randomly planted in each of the
four replicate plots in weed-free gaps in the existing vegetation (which was generally
only <75 cm high). The first plant in each pair was a control, with no further treatment.
The second had a 10-g Typhoon native plant fertiliser tablet (Langley Fertilisers,
Wangara WA) (20.7% N, 1.2% P, 10.5% K, plus trace elements) buried 3 cm away and
12 cm deep. Planted seedlings were spaced 2 m apart, and at least 60 cm from
existing plants. Heights were measured immediately after planting, at 4 months, and
then monthly at 6-18 months, when the shoots of all surviving plants were harvested.
After counting leaves, shoots were oven dried at 100⁰C to constant mass. Roots of six
random survivors of both treatment types were hand excavated. Main tap root lengths
and diameters just outside the root balls were measured. After drying, soil and other
foreign matter was separated from the fine cluster roots, and dry root mass determined
as for shoot mass. I assessed soil hydrophobicity (water repellency) on 32 dried
surface soil samples, eight taken at random from each of the four quadrats. I used the
simple water droplet test of Letey, Carrillo et al. (2003), repeated five times on different
parts of each of the samples at 27⁰C and 39% relative humidity.
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Statistical analyses

Heights were compared by time since sowing of seed, rather than time since seedling
planting. The open-source R statistical package was used for one-way ANOVA, with
factorial analysis using Tukey’s t contrasts, paired t tests, and Pearson’s productmoment correlation. Results were considered significant when P<0.05. Arcsine square
root transformation was applied to survival data for conformity with assumptions of
homogeneity and normality.

Results
2005 experiment
All trees exhibit sigmoid growth curves, in the shape of a stretched “ƒ” (without the
cross bar). Growth usually starts off slowly, then speeds up markedly, before tapering
off (Weiner and Thomas 2001). However, here growth to 8.1 years (Figure 4-1)
followed a linear trend. The low height standard errors indicated that random sampling
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Figure 4-1 Mean heights (± 1 SE) over time of 75 Slender Banksia planted as seedlings in each
of four replicates at Leeming in 2005

Ultimate mean plant height in the two quadrats on the eastern slope was 6% and
significantly (p<0.05) greater than in the two quadrats on the western slope.

2009 experiment

After four months, survival of fertilised seedlings averaged 80% (SE 2%) compared to
53% (SE 11%) for the controls. There was considerable attrition over the first summer.
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All survivors of this extreme drought survived to the end of the experiment 18 months
after planting. Final survival was 32% (SE 7%) with fertiliser and 22% (SE 11%) without
fertiliser, but the difference in survival rates was not significant.

Mean height of plants in the control treatment did not increase in the first 15 months
after planting (Figure 4-2), but growth commenced in November 2010 and continued
through to the end of the experiment in late January 2011. In contrast, fertilised plants
did grow in the first 15 months, although growth was minor outside November to
January.
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Figure 4-2 Mean heights (± 1 SE) over time of Slender Banksia seedlings planted at Leeming in
2009, with and without fertiliser

At the end of the experiment, fertilised plants had significantly greater height increase,
number of leaves, dry shoot and root masses and also greater cross-sectional area of
main tap root than unfertilised plants (Table 4-1).
Table 4-1 Mean values of various parameters over four replicates after 18 month of Slender
Banksia seedlings planted at Leeming in 2009. Different letters indicate significant differences.

Control
Fertiliser

Increase in
height (cm)

Leaf
count

Dry mass (g)
Shoot
Root

4.2 a
15.1 b

53 a
76 b

5.8 a
25.0 b

8.4 a
26.4 b

Root-toshoot ratio
1.45 a
1.06 a

Main tap root
length
cross-sectional
(cm)
area (mm2)
53.8 a
5.3 a
76.7 b
16.0 b

Pearson’s product-moment correlation between dry shoot mass and plant height was
87%, supporting the adoption of plant height as a non-destructive surrogate for shoot
mass (at least for these early growth stages).
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In hydrophobicity tests, water droplets were absorbed almost immediately by 85% of
samples, indicating they were not hydrophobic. Twelve percent were slightly repellent,
with mean times to absorb water droplets in Repellency Class 1 (5-60 seconds). One
sample (3%) took an average of 573 seconds, putting it in Repellency Class 2 (60-600
seconds), strongly water repellent. Soil colour seemed related to repellency, gray being
repellent, yellow not. Most of the site had yellow sand on the surface and at depth,
interspersed with patches of gray sand, mostly close to the surface. Hydrophobicity is
not a static property, being highest when soils are dry (as tested) and disappearing
when soils become wet (Doerr and Thomas 2003).

Discussion
The well-fitting linear trend line (R2=0.98) for the growth of some of the 2005 planted
seedlings indicates that the point on a sigmoid curve where growth starts to accelerate
had not been reached 8.1 years after the sowing of seed. Assuming this curve is
applicable to this species, monitoring would therefore be required over a much longer
period to enable a sigmoid curve to be drawn and for the time taken to reach an
ultimate height of 10 m estimated. The growth trends evident for the 2009 experiment
in Figure 4-2 are quite different. However, this is a reflection of the relatively short
period of the experiment, and the fact that main shoot growth of Slender Banksia only
occurs between November and January, as reported by Veneklass and Poot (2003).
This stepped growth is also evident in Figure 4-1: mean height after almost 5 years,
which is below the trend line, was measured early October, before the start of the
annual shoot growth period, whereas subsequent heights were measured around the
end of the growth periods. Also, in both experiments, seedlings had the benefit of
fertilising and regular watering in nurseries, and so the heights measured at planting
may not be representative of seedlings grown in the open without fertilising and regular
artificial watering.

First-summer survival rates of 32% and 22% for the 2009 plantings with and without
fertiliser, are of the same order as the 35% reported by others for restoration with this
species in similar soils in the region, over a summer slightly wetter and cooler than
average (Enright and Lamont 1992b).

The lack of control shoot growth in the first 15 months after planting indicates that for
this long-lived species early development is focused on establishing solid foundations
for the longer term. Plants with additional resources available from fertiliser allocated
some of these to earlier shoot growth. Herbert (1990) reported for other species that N
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and P fertilising at planting on low-nutrient sites has a lasting impact on root and shoot
development. Presumably growth timing is genetically controlled, as in the experiment
where additional nutrients were available year-round, seedlings only showed limited
growth February to October.

At the times of planting, seedling roots were densely packed in forestry tubes. Burdett
(1990) reported, for other species, that 1- to 2-year old naturally established trees of
comparable stem height (10-20 cm) and biomass to newly planted nursery-grown
seedlings had root systems 1-2 m in diameter. It would therefore be interesting to
compare establishment of Slender Banksia by direct seeding with seedling planting,
both with and without fertiliser, in long-term experiments initiated in multiple years, to
attempt to include first summers with low, average and high rainfall.

Improvements in height and mass of Slender Banksia in the early growth stage, and
evidence that fertiliser at least did not weaken the response to drought, suggest that
there may be benefits in applying slow-release tablet form fertiliser when planting
Slender Banksia. This may be especially important on typical low-nutrient sites around
Perth, where re-establishment of Slender Banksia will otherwise be very slow, possibly
exposing it to out-competition by other species, as well as delaying availability of its
fruit as a food source for endangered bird species. Fertiliser tablets buried 12 cm deep
did not promote weed growth, as surface-applied fertiliser may have done (Fisher,
Veneklaas et al. 2006).

The western batter faces east, and Close and Davidson (2003) reported more
successful regeneration on sites with this aspect. In the 2009 experiment, ultimate
survival rates in the two quadrats on the eastern batter were significantly lower
(p<0.01) than in the two on the western batter. This may also be partly attributable to
soil hydrophobicity. All samples displaying water repellence were from Quadrats 1 and
2, on the eastern batter. I found no statistical correlation between the repellency class
values and any plant structural parameters. Insolation may have also affected ultimate
survival. The eastern batter is exposed to the afternoon sun for longer periods, which
was perhaps of more significance than normal due to the long drought and may explain
higher mortality on the eastern batter in the 2009 experiment. In contrast in the 2005
experiment, growth was significantly higher on the eastern batter.
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Concluding comments
My focus here was on investigating the effects of abiotic factors on a single tree
species in a low-resource site.

With respect to structure, recently planted Banksia attenuata is so slow growing on
typical low-resource sites that it contributes little in terms foliage cover (structure) for
many years. In the diminishing Banksia woodlands around Perth, it is the dominant tree
species, and so is a vital component in restoration projects. It is also an important
species for foraging by endangered bird species. An abiotic factor, fertilisation,
produced higher seedling growth rates and significantly improved many other plant
properties.

On timing, it is unrealistic to expect Banksia attenuata to provide significant native
foliage cover in the 3-5 year time frame typically mandated in restoration project
completion criteria, whether fertiliser is used or not.

The abiotic factors of soil hydrophobicity, site orientation and insolation could also be
considered likely to have affected plant survival and growth, although I found no
statistical correlation between hydrophobicity and survival or growth. Although there
were significant statistical differences in survival and growth between the four quadrats,
resource limitations prevented me from quantifying insolation on each of the four
quadrats, and site orientation is not readily quantifiable with respect to statistical
analyses.
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Chapter 5. Revegetation costs, and comparison of the two main
revegetation methods used around Perth

Preamble
My 2009 highway experiments with planted Banksia attenuata, mentioned in the
previous chapter, also extended to evaluation of the effects of TerraCottem water
retention/fertiliser/root activator crystals, and the effects of tree guards, alone and in
combination with fertiliser and TerraCottem on 360 seedlings planted over the four
quadrats. In this separate paper, I compared costs per surviving seedling and unit
growth costs for the various treatments. I also examined the costs of Banksia attenuata
established by broadcast direct seeding at a nearby site some years previously. I
explored the cost ratio between these two main revegetation techniques used around
Perth, manual seedling planting and broadcast direct seeding, without fertilisation.

This chapter was published in a slightly shortened version in 2013 in Ecological
Restoration 31 (3): 237-240.

Cost-effectiveness of different revegetation techniques for
Slender Banksia

Introduction
For planning revegetation, an understanding of options available to optimize plant
establishment, survival and growth is important, but while there is much published
information on revegetation techniques, there is little on costs and cost-effectiveness
(Bullock, Aronson et al. 2011). In this study, I examined the costs associated with two
commonly-used revegetation techniques: broadcast direct seeding and manual
planting of nursery-grown seedlings. Seeding is generally the cheaper, but may take
longer to establish cover. Seedling planting, while more expensive, has higher initial
establishment success, and may produce canopy cover faster (Whisenant 1999).

I examined the relative success, growth rates, and costs of planting slender Banksia
seedlings with various treatments over 18 months, and compared survival rate and
establishment costs with those of a broadcast direct seeding experiment. Costs, in
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2012 Australian dollars, are for commercial-scale revegetation (Tranen Revegetation
Systems, Perth), rather than the actual costs of conducting the small-scale
experiments, which would not be truly representative of real-life situations. Weed
control costs are not included - they will depend on site weediness and control methods
and frequencies used for the particular species and conditions.

Banksia woodlands, widespread in the Perth region of southwest Western Australia,
have declined substantially with land clearing, altered fire regimes, dieback, declining
rainfall, and groundwater drawdown (Lamont, Enright et al. 2007). Slender Banksia
(Banksia attenuata), the most common of 60 local Banksia species (Enright and
Lamont 1992a), is prioritised in restoration projects. It has high germination rates, but
low survival rates through the first summer (Osborne 1990), and is slow growing
(George 1987). Mature slender Banksia develops long tap roots that access
groundwater in summer. This species is non-mycorrhizal, and its cluster roots in the
upper 10 cm of soil facilitate uptake of near-surface nutrients when soil is moist
(Lambers, Brundrett et al. 2010).

Plastic tree guards are commonly used locally to protect seedlings from herbivory and
wind, but there are few reports on their effects on Banksias. One recent Perth study
(Close, Ruthrof et al. 2009) found no significant effects on slender Banksia mortality or
growth, but high temperatures recorded inside guards indicated their potential to cause
slender Banksia to overheat in warm weather. Fertiliser is often added to promote
seedling growth, though high P levels can be detrimental to slender Banksia survival
and growth (Fisher, Veneklaas et al. 2006). Low-phosphorus native plant fertiliser
tablets release nutrients gradually over 12 months. Hydroabsorbent polymers assist
plant establishment and growth in drought-prone soils (Woodhouse and Johnson
1991). TerraCottem is a commercially-available product incorporating such polymers,
together with fertiliser and root growth activator. Although marketed since 1993,
independent research data on its use in revegetation is limited. The present study
examined its ability to promote first-year survival and growth of slender Banksia,
particularly through providing additional near-surface water in dry periods, after wetting
by rainfall.

In this Mediterranean climate, where the flora are adapted to relatively nutrient-poor
deep, sandy soils (Lambers, Brundrett et al. 2010), revegetation is usually done in
winter, when most rain falls, which obviates artificial watering. In long, hot, dry
summers, seedlings with immature root systems have limited access to deep-stored
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groundwater, and transplanted seedlings commonly suffer water stress, limiting early
growth or causing mortality (Close, Beadle et al. 2005).

Seedling planting experiments
Methods
On 26 July 2009, I established an experiment on highway cut slopes at Leeming, 20
km south of Perth (32º5’6” S, 115º50’55” E). In mid-2005, topsoil had been replaced on
the newly-constructed slopes, composted mulch thinly applied, various native shrubs
direct seeded, and over 1000 slender Banksias planted. Subsequently growth had
been slow, with plants of mean height <75 cm providing sparse cover, and weed
invasion negligible. I planted an additional 360 slender Banksia in large gaps between
the existing vegetation over four 2,500 m2 replicate plots. In each replicate I planted
seedlings in 15 randomly-distributed blocks, each containing the following six treatment
types:
1. Control – planted by Pottiputki hand planter (Lannen Plant Systems, Finland), with
no further treatment.
2. Fertiliser tablet – planted by Pottiputki, with one 10 g Typhoon native plant tablet
(Langley Fertilisers, Wangara WA) (20.7% N, 1.2% P, 10.5% K, plus trace elements)
installed 3 cm away, 12 cm deep, by Pottiputki.
3. TerraCottem granules (TerraCottem Australasia, Springwood, NSW) (5% N,
0.47% P, 1.67% K, trace elements, 39.5% hydroabsorbent polymers, and 0.25% root
activator) - 10 g mixed with 700 ml of soil hand-excavated from the planting hole,
placed in the hole around the seedling, and covered with plain soil.
4. Tree guard - a 45 cm high 100 µm thick UV-stabilized green plastic sleeve with ten 1
cm diameter ventilation holes was installed around the Pottiputki-planted seedling, in
the form of an equilateral triangle of 27 cm side, supported by three 75 cm long 1 cm
diameter bamboo stakes.
5. Fertiliser tablet plus tree guard – a combination of treatments 2 and 4.
6. TerraCottem plus tree guard – a combination of treatments 3 and 4.

To assist post-planting acclimatization, nurseries gradually reduced fertilisation of
seedlings, while increasing exposure to sun and wind, for two weeks before delivery. I
planted the seedlings at 2 m centres, at least 60 cm from existing vegetation. Height
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and survival of each seedling were formally monitored at planting and at 4 and 18
months after planting. TerraCottem treatments, not watered in post-installation as
recommended, relied on absorbing some of the 279 mm of rain that fell over 55 of the
117 days before the start of a four-month drought. Rainfall of 29 mm was 69% of the
long-term average (42 mm) over the 18 months, and only 0.2 mm over the first
summer. Soil swelling and surface cracking indicated some (un-quantified) water
absorption. Tree guards were removed after 3.5 months, in late spring, when plants
appeared to be starting to suffer heat stress.

I also determined the costs of each treatment. Unit supply-only costs were $2.54 for
seedlings and $0.22 for 10 g of TerraCottem. Fertiliser tablets cost $0.44 each to
supply and install. Tree guards cost $2.42 to supply and install, while the cost of their
periodic straightening/re-tensioning and ultimate removal was $0.66. Planting by
Pottiputki cost $0.99, whereas by hand excavation the cost was $2.48, including mixing
TerraCottem into the soil. For each treatment total cost was divided by the numbers of
survivors and total growth in height to determine unit costs.

In order to determine differences among treatments, the open-source R statistical
package was used for ANOVA in factorial analyses by treatment type using Tukey’s t
contrasts. To conform the data to assumptions of homogeneity and normality, arcsine
square root transformation was applied.
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Results and discussion
After four months, mean survival rates for all treatments (except the control), exceeded
80% (Figure 5-1), and were significantly higher than the control (p=0.01), at 53%.
Differences in survival rates between the other treatments were not significant. Plants
with guards showed significantly higher growth than the controls (p=0.001), as did
those with fertiliser or TerraCottem, with TerraCottem higher than fertiliser (p=0.001).

Figure 5-1. Survival and mean growth in height (± 1 SE) by treatment type, 4 and 18 months
after planting of 60 slender Banksia seedlings per treatment in July 2009 at Leeming, Australia.
Dashed outline bars indicate survival 4 months after planting, solid outline bars survival 18
months after planting. Light gray bars indicate growth in height at 4 months, dark gray bars
growth at 18 months.

However, after the first-summer drought, all survival rates fell significantly. All plants
that survived the first-summer drought survived to the end of the experiment. Guarded
plant survival was not significantly different to unguarded (p=0.1), and survival of
seedlings with fertiliser and TerraCottem was not significantly different to those without
(p=0.1). Ultimately fertiliser tablets produced both the lowest cost per surviving plant
(Figure 5-2) and the lowest cost per centimetre of growth in height, and their use is
recommended. TerraCottem, in the way it was applied, was not as cost-effective,
primarily because of higher installation cost.
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Figure 5-2. Cost per surviving slender Banksia and cost per cm of growth in height 18 months
after planting in July 2009 at Leeming, Australia. Wide bars indicate cost per surviving plant,
narrow bars cost per cm of growth.

My finding that tree guards had no effect on longer-term seedling survival and growth is
consistent with the findings of others for various species (Lai and Wong 2005).
However, contrary to the findings of Close, Ruthrof et al. (2009), slender Banksia
survival rate with tree guards was higher than in controls, but only at 4 months. In my
trials, the guards were removed just before summer, when plants appeared to be
overheating. Under more normal rainfall patterns, the positive effect of tree guards on
survival at four months may have extended into the longer term, without the need to
remove guards after 3.5 months because of heat stress.

Direct seeding experiment

Methods
A broadcast seeding experiment was conducted between 2003 and 2005 in similar
sand 4 km from the planting site, at Winthrop (32º2’51” S, 115º50’8” E). Results are a
subset from a larger, more complex trial evaluating 10 species (Banksias and native
shrubs), where no fertiliser or other treatment was used, and only survival was
monitored. For weed control, the upper 50 mm of topsoil was removed from two 33 m 2
flat plots. Three quadrats measuring 3 m x 1 m were randomly located in each plot.
After light surface tillage, the seed mix, smoked or scarified as appropriate to promote
germination, was bulked up with washed sand to facilitate even spreading, and hand
broadcast.
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Results and discussion
Over the first winter, 40 (63%) of the 64 slender Banksia seeds germinated, of which
13 (33% of germinants) survived their first summer, and through to the end of the
experiment after the third winter. A typical seeding cost of $605/ha (excluding the cost
of seed) equates to $0.06/plant, assuming a typical 1 plant/m2 resultant plant density
over all species. No slender Banksia seed was observed to germinate during
subsequent years (though seeds of other species did, in their second and third
winters). First-summer rainfall was 10.2 mm, 24% of the long-term average. Unit seed
cost of $0.24 equates to $1.18 per surviving tree. Adding the $0.06 sowing cost brings
the total to $1.24/tree.

General discussion and comparison of direct seeding and
planting
My two experiments were at different times and on different sites, although they are
relatively close to one another, and have similar soil assays. Direct comparison of the
results may therefore be confounded. Future long-term trials of planting vs. seeding on
a single site, with and without the various treatments, are recommended, ideally
initiated in multiple years covering high, normal, and low first-summer rainfall.

For slender Banksia, without fertiliser, seedling planting was 11.7 times as expensive
as direct seeding, towards the middle of the 1.6 - 28.9 range reported by Palmerlee
and Young (2010), and so direct seeding is recommended over seedling planting.
However, timing of direct seeding is critical for this species, as seeds were only
observed to germinate in the first winter, a finding supported by others (He, Lamont et
al. 2009).

Enright and Lamont (1992b) reported 35% seeded slender Banksia survival through a
first summer both wetter and cooler than normal. Both my experiments experienced
below-average first-summer rainfall, so my results may not be indicative of
performance under more normal conditions. Long-term average summer rainfall of 9.7,
14.2, and 17.3 mm in December, January and February in storms with heavy falls is
likely important for first-year survival, before tap roots have reached the water table.
The longest drought ever recorded occurred in 2009/2010 and may explain my lower
planted control survival, 22%, compared to 33% for seeding. My results supported
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Enright and Lamont’s (1992b) finding that first-year seedling survival is not related to
nutrient levels.

Native seed mass varies widely by species. Palmerlee and Young (2010) reported a
range of 0.0001-36 g for some North American tree and shrub species. The typical
range in southwest Australia for plants of similar form is of the same order, 0.0001-16 g
(Tranen Revegetation Systems, Perth, unpublished information), but here such data
are not widely published, considered proprietary by seed vendors. Perth native seed
prices range from $66 to $10,450/kg (Tranen Revegetation Systems, Perth), depending
on species, which translate to unit seed prices between $0.0001 and $2.64. Thus the
combination and masses of species selected for use in seeding will have a large
influence on costs. Also, in recent years there has been a trend for many restoration
project approvals to mandate the collection of seed from, or close to, the project site, to
ensure that the seeds are of local provenance, and this can result in higher seed costs,
and the need to plan seed collection well in advance. Commercial operators collecting
seed for sale generally opportunistically target known high-yielding patches of a
species anywhere within a floristic region in years of high seed set, where large
quantities of viable seed can be collected in a short time. This helps keep unit seed
costs down. In contrast, project-specific provenance collection is generally limited to
the seed available in a particular area at a particular time, such as in a short period
before vegetation is cleared from land prior to commencement of project construction.
This may not be nearly as cost-effective, resulting in much higher unit seed costs.

Data on typical species survival rates from seeding may be scarce. Various authors
reported higher success rates for larger-seeded species, with overall success rates in
the range 0 to 88% (Camargo, Ferraz et al. 2002; Khurana and Singh 2004; Doust,
Erskine et al. 2006; Lulow, Young et al. 2007; Palmerlee and Young 2010). Some seed
data are available from various online resources, such as Seed Information Database
(Royal Botanic Gardens Kew 2008) and, for Australian plants, Floradata Online
(Florabank 2008). While there are rules for seed testing, such as those of the
International Seed Testing Association (2011), their application in native seed
purchases for revegetation projects varies. In Perth, most seed sold is not formally
tested for viability or other parameters, with the purchaser relying on the reputation of
the vendor, but if viability testing is requested, $80 is charged per batch. In contrast, in
South Africa seed testing requirements are generally strictly applied (K. Kellner, 2008,
North West University, Potchefstroom, RSA, personal communication).
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The mass of seeds of each species required to produce a given number of plants in
direct seeding may be calculated using the formula (Kaesehagen 2007):

mass of seed required (kg) =

number of plants required
number of viable seeds⁄kg x survival rate

However, data for this equation may be difficult to obtain. Seed viability percentages of
443 Perth species tested averaged 32% (range 0-100%), with germination influenced
by many factors, including moisture, heat shock, temperature, light, nutrients, smoke,
seed coat inhibitors, time since collection, storage period and conditions, and plant
hormones (Bell, Plummer et al. 1993).

Some species that do not germinate readily from seed may be less suitable for direct
seeding (Ralph 1997). The random spacing of plants of various growth forms from
broadcast seeding, rather than seedling planting, may more closely replicate natural
regeneration (England 1998), providing better habitats for native birds and animals
(Holt 1999). Root morphology of container-grown seedlings may differ markedly from
direct seeded counterparts, with negative effects from initial root confinement in
containers still evident after 10 years or more (Halter, Chanway et al. 1993).

A typical Australia-wide range for the mass of seed in direct seeding mixes of 1-2 kg/ha
was reported, with a note that the exact figures vary between regions (Mortlock 1998).
In the Perth region from personal experience the range is commonly 3-4 kg/ha for
typical target density of one plant per square metre. Mortlock also noted that where
seed of particular species is scarce, the quantity of seed used to direct seed 1 ha, if
used to raise seedlings in a nursery, might cover up to 10 ha at the same plant density
due to the typically higher success rate of seedling planting compared to direct
seeding. This efficiency factor may be a more important consideration than cost for rare
species with limited seed availability.

When all of the above factors are considered, the cost of restoration by direct seeding
can be quite difficult to estimate accurately.

Wholesale ex-nursery Perth seedling prices for various species have a much narrower
range than seed prices, with commonly used 50 x 50 x 123 mm (210 ml) forestry
tubestock typically costing between $1.20 and $4.40, with the higher costs for species
that are difficult to grow from seed and must be propagated from cuttings or by plant
division. Seedlings are cheaper in smaller container sizes, but the larger, relatively
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elongated containers were reported to produce better results 3 years after planting
(Dominguez-Lerena, Herrero Sierra et al. 2006). Equivalent prices for typical tubestock
in the USA for various pot sizes were 66 ml - $0.37, 164 ml - $1.10 and 328 ml - $1.86
(Landis, Steinfeld et al. 2010). From commercial experience over 10 years, typical firstyear survival rates for seedlings planted around Perth reliant on watering only by
rainfall are of the order of 70%, but as indicated in Chapter 4, survival of some species
is typically much lower. Typical infill planting allowances to compensate for mortalities
are 30% and 15% for the first and second years after initial planting.

Weed control costs vary widely, depending on site conditions and method employed.
Commonly-used selective spraying of weeds with herbicide by hand typically costs
$1,078/ha. Non-selective boom spraying is typically much cheaper, whereas other
methods, such as manual removal and scalping of topsoil to remove the weed seed
bank, are more expensive.

Implications for practice
1.

Direct seeding can be more cost-effective than seedling planting, but the

degree of benefit varies widely with many factors.
2.

Tree-guarding of seedlings is generally only recommended where there is a

threat of herbivory by small animals, such as rabbits.
3.

If slender Banksia seedlings are planted in impoverished soils, slow-release

native plant fertiliser tablets should be installed adjacent to optimize cost-effectiveness.

Concluding comments
Here I examined revegetation costs, comparing various amendments typically used
with seedling planting of one important species for revegetation around Perth. I
compared costs, without the use of amendments, to those of direct seeding of that
species.

Conclusions of others that abiotic plastic tree guards have no significant effect on
planted seedling survival or growth (biotic factors) were confirmed. Other abiotic
materials, fertiliser and TerraCottem did improve planted seedling growth. Further
analysis of their effectiveness, using varying levels of N, K and especially P, to which
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some Western Australian plants are particularly sensitive (Handreck 1997), would be
useful.

With respect to revegetation costs, direct seeding is more cost effective than seedling
planting for Banksia attenuata, as has been found for other species elsewhere. Timing
of the seeding is critical to achieve optimum results, with some species, such as
Banksia attenuata, only germinating in the first sowing season. Fertiliser was more
cost-effective than TerraCottem in promoting seedling establishment and growth.
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Chapter 6. The

effects

of biotic and

abiotic factors

on

restoration in a riparian zone
Preamble
I evaluated the use of abiotic herbicide, mulch, ploughing and tree guards on the
structure and function of a riparian zone, where vegetation had been destroyed by a
bushfire. It was feared that in the absence of vegetation rainfall runoff would result in
soil erosion and stream contamination.

The function of herbivory was analysed with respect to plant structure.

This chapter, as appears below, was prepared as a report for Greening Australia.

Effects of mulch, direct seeding and seedling planting with
ploughing, tree guards, and anti-herbivore measures in
restoration of a riparian zone
Abstract
The effects of coarse and fine mulch on direct seeding and seedling planting to restore
a burnt-out riparian zone in southwest Western Australia were examined. The effects of
ploughing, the use of two types of tree guards, and other measures aimed primarily at
preventing kangaroo herbivory were also examined. Despite these measures, the field
experiments were ruined by herbivory. However, the experiments did provide some
useful results: Precise timing of herbicide application ahead of direct seeding is critical
for weed control. Tree guards, especially of rigid plastic, provide limited degrees of
protection from kangaroo herbivory, until they are of necessity removed. Eucalyptus
rudis and Acacia pulchella can survive intense kangaroo herbivory to some extent.
Chain link fencing 1.8 m high, as recommended by others, is suggested as the only
truly effective barrier to herbivory in restoration of areas with high kangaroo
populations, but is high cost.
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Introduction
One of the greatest adverse environmental impacts on waterways in the Peel Region of
southwestern Australia is eutrophication. The Coastal Catchments Initiative project
(Australian Government 2006) reported that to reduce eutrophication, with its resulting
algal blooms and aquatic deaths, there is a need to reduce the movement of nutrients
and sediment from waterway catchments. Bushfires in January 2007 burnt a large
portion of the Oakley Brook sub-catchment, and Greening Australia and Alcoa were
concerned at the extent of the fire’s impact. While typically fires only impact a small
portion of a stream, almost all of Oakley Brook was directly or indirectly impacted. The
severity of ultimate impacts of the fire on riparian systems would depend on
subsequent rainfall intensity and duration. Sediment slugs could be the biggest
contributor to a decline in Brook condition. Due to its intensity the fire caused declines
in leaf litter, riparian vegetation and ground cover. There was concern that these losses
could leave sections vulnerable to rill, sheet, gully and stream bank erosion, resulting in
soil slumping, soil wash-off, incising, and stream bank collapse, leading to increased
deposition along the Brook and in extraction dams. The objective of The Coastal
Catchments Initiative project was to determine if riparian management through fencing,
stock exclusion and revegetation is an effective management tool for reducing nutrient
and sediment export into receiving waterways. My contribution to this project was
conducting experiments for the restoration of a 2 ha site (32º39’16” S, 115º55’08” E)
involving weed control, surface treatments, and native plant establishment through
seeding and planting, while fencing for stock exclusion and monitoring of waterways
and sediment were the responsibility of others. Only my contribution is dealt with here.
The site was bounded by the shallow brook on one side and a newly-constructed 1200
mm high farm fence on the other side.

There is considerable data in the literature about the use of mulch and compost for
erosion control and plant growth, both in Australia and overseas. Department of
Environment and Conservation NSW (2006) found that the application of a 25 mm thick
layer of mulch and a pasture seed mix resulted in a significant reduction in soil erosion,
both in the short and long terms. Increasing mulch thickness to 50 mm resulted in lower
vegetative cover, and so was not recommended for direct seedling. Rokich, Dixon et
al.(2002) concluded that for Banksia woodland restoration mulch did not provide
sufficient benefits to justify the costs of using it. However, as explained by Grose
(2011), conditions in their experiments were quite different to those proposed here.
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Methods
In all of the experiments described below, all seed, seed data, seed treatment to
promote germination and bulking up with washed sand to facilitate even distribution by
hand casting was provided by Tranen Revegetation Systems, Jolimont. All seedlings,
supplied by various local nurseries, were hardened off, commencing at least two weeks
before delivery, by gradually reducing watering and fertilisation while increasing
exposure to solar radiation, to assist post-planting acclimatization. Planting used
Pottiputki hand planting machines (Lannen Plant Systems, Finland). All mulch and soil
conditioner were supplied by Custom Composts, Nambeelup.
Small-scale field experiments in 2007

Preliminary small-scale revegetation experiments were conducted in burnt areas in
winter 2007, intended to provide a basis for more extensive and rigorous experiments
to be conducted in 2008. The experiments involved the use of mulches, with the aims
of reducing soil erosion and promoting the growth of native plants, both direct seeded
and planted as tubestock. The site was sprayed with glyphosate herbicide on
15 June 2007. The following experimental plots were established on 28 June 2007,
with three randomly located replicates of each, all nominally 4 m long by 5 m down
along the slope, and all on embankments with similar slope, orientation and degree of
runoff water interception. An untreated 0.5 m wide strip was provided between each of
the plots.
1. Control – no further treatment.
2. Unmulched, direct seeded.
3. Coarse mulch (70% plus 16 mm) applied 25 mm thick, with 70% mulch cover,
direct seeded.
4. Coarse mulch berms 150 mm thick x 300 mm wide and slightly rounded on the
top, applied at the top and bottom of the plot along the contours, with the whole
plot direct seeded.
5. Coarse mulch applied 50 mm thick, with 100% cover, planted with tubestock,
with basins formed in the mulch around the tubestock, and mulch not touching
plant stems.
6. Fine mulch (>20% <70% plus 16 mm) applied 25 mm thick, with 100% cover,
direct seeded.
7. Fine mulch berms 150 mm thick x 300 mm wide applied at the top and bottom
of the plot along the contours, with the whole plot direct seeded.
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8. Fine mulch applied 50 mm thick, with 100% cover, planted with tubestock, with
basins formed in the mulch around the tubestock, with mulch not touching plant
stems.
A suite of six native plant species (Table 6-1) was used in all cases, for both direct
seeding and planting. The overall target was 4 stems m-2, but numbers of plants of
each species were not the same, with a range of plant sizes from groundcover to trees,
with fewer of the larger trees. Species selection was based on unpublished information
supplied by Greening Australia and Alcoa World Alumina on species typically found
and used in the area.
Table 6-1 Species used in experiments at Oakley Brook in 2007: masses and numbers of their
seeds used per plot, together with treatments, and numbers of their seedlings planted per plot.
Seed
treatment

Species

Seed/plot seeded

Seedlings/
plot planted

g

no

no

Acacia pulchella,

Scarify

0.80

80

8

Astartea scoparia

Smoke

0.06

320

8

Eucalyptus rudis

Smoke

0.14

80

4

Hypocalymma angustifolium

Smoke

0.25

400

10

Kennedia prostrata

Scarify

2.00

60

6

Smoke

0.06

160

4

3.31

1100

40

Melaleuca rhaphiophylla
Total

The experiments were regularly monitored over six months. Although a period of at
least three years is normally required for the proper establishment of plants by direct
seeding (Borja, Dauer et al. 2010), it was hoped that preliminary information obtained
from these experiments would be useful for the design of more extensive experiments
the following year.
Glasshouse experiments in 2007

To supplement the preliminary field experiments, experiments trialling two mulch
treatments with direct seeding were carried out in a glasshouse, using the same
species as the preliminary site experiments and composite soil samples from the site,
to inform the design of the 2008 large-scale field experiments.

Topsoil samples, collected from random locations all over the site, were thoroughly
mixed in a cement mixer. A sample was sent to Agro-Nutritional Research Laboratory,
Malaga for analysis. On 17 June 2007 soil was placed 50 mm deep into nine slotted
plastic trays each 340 x 240 mm lined with 6 mm thick jute mat, to retain the soil but
60

facilitate drainage, and gently compacted by hand. These trays were placed randomly
on steel mesh trolleys. Mist sprays controlled by a timer were set up to apply tap water
daily at a rate approximating average daily rainfall. Evaporative coolers maintained
temperatures below 34°C. After two weeks the trays were manually weeded, to
simulate weed control typically done at such time, using herbicide, in field direct
seeding operations. Soil in three of each of the trays was either left uncovered as
control replicates or spread with 25 mm thickness of fine (100% cover) or coarse (75%
cover) mulch, the same types as used in the field experiments. Then seeds of the
same six species used in the field experiments, five for the largest-seeded to 15 for the
smallest-seeded, were treated and spread over each of the trays. The trays were
monitored and photographed every Sunday until 1 December 2007, when the shoots of
each species were excised at ground level, placed into paper bags and oven dried at
70°C for 6 days, prior to weighing.
Large-scale field experiments in 2008

Large-scale revegetation experiments were commenced in 2008 to follow up on the
glasshouse and small-scale field experiments. These again involved the use of mulch,
intended to reduce soil erosion and promote growth of native plants, both direct seeded
and planted as tubestock, with measures taken to control kangaroo herbivory. The
objective was to develop a cost-effective protocol that could be applied on a large scale
to other similar areas that have been affected by bushfires. Based on the previous
work, further literature reviews and research, these experiments were conducted as
follows:

The experiments were in the same area as the 2007 experiments, but extended 700 m
further to the north, covering the entire area between the eastern bank of Oakley Brook
and a fence, on average 25.5 m to the east. Alcoa had culled kangaroos in the area
just before experiment establishment, but the sizes of kangaroo populations before and
after culling were unknown. Green Corps personnel assisted with planting and tree
guard installation. All statistical analyses of results were by ANOVA using the opensource R program.
Treatments 1 – 4 involved the following operations respectively:
1. Control, no further treatment (subsequently referred to as C).
2. Ploughing on 10 April to prepare the seeding and planting bed and to promote the
germination of weeds from the soil seed bank (P).
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3. Ploughing on 10 April to prepare the seeding and planting bed and to promote the
germination of weeds from the soil seed bank, and later covering with a 20 mm
thick mulch/soil conditioner mixture, after weed spraying and prior to seeding and
planting (PMSC).
4. Covering with a 20 mm thick mulch/soil conditioner mixture after weed spraying and
prior to seeding and planting (MSC).

All had the following common elements:


Selective spraying with herbicides on various occasions in early 2008 to control
Solanum hermannii (Apple of Sodom), Solanum nigrum (Blackberry Nightshade),
Citrullus lanatus (Afghan Melon), Cucumis myriocarpus (Prickly Paddy Melon) and
other summer weeds.



Blanket spraying with glyphosate on 3 May 2008, after weeds had emerged
following the first winter rains;



direct seeding on 18 May, and planting between 17 June and 19 July 2008 with
identical species mixes;



installing tree guards to the seedlings immediately after planting to deter herbivory
by kangaroos and pigs previously observed on the site, 50% flexible 100 µm thick
green plastic sleeve type 450 mm high x 270 mm side equilateral triangle
supported by three bamboo stakes, and 50% rigid 3 mm thick green Corflute
(corrugated plastic) 450 mm high x 140 mm side equilateral triangle guards
supported by one wooden stake, and



other kangaroo deterrent measures.

Each of the four treatments was spread across replicates numbered 1-3, with the site
divided into 12 plots, with treatments allocated using random numbers (Figure 6-1).

Figure 6-1

Plot layout for large-scale revegetation experiments at Oakley Brook in 2008.

Letters indicate: C – control, P – ploughed, MSC – mulch and soil conditioner.
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Depth of ploughing on 10 April 2008 using a multi-disk implement attached to a tractor
by a tri-point hydraulic mount (Figure 6-2) was limited to 100 mm, to minimise the
mixing of subsoil into the topsoil, which is important to avoid diluting the topsoil native
seed bank (Mullan and White 2002). Incorporating the mulch/soil conditioner mix into
the topsoil was not trialled, as Glanville et al (2003) claim that “the weed barrier effect
of compost blankets would be substantially reduced by tilling or disking [the material
into the topsoil]”. Ploughing was along the contour to minimise the potential for soil
erosion by rilling.

Figure 6-2 Ploughing of plots in large-scale revegetation experiments at Oakley Brook

In their July 2007 soil analysis report Agro-Nutritional Research Laboratory suggested
that, although the soil fertility was very good, that lime be added and worked into the
soil. Lime addition would help raise the pH, which was moderately acid. However, lime
was not added, since analyses of compost showed it to be slightly alkaline, and to
reduce costs.

The mulch/soil conditioner mixture and its application by mechanical spreader (Figure
6-3) followed Guidelines for Using Compost in Land Rehabilitation and Catchment
Management (Dorahy, Pirie et al. 2007). Use of a mixture of fine and coarse material
and its thickness was supported by research in the US (Risse and Faucette 2004) and
Australia (Department of Environment and Conservation (NSW) 2005).
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Figure 6-3 Mulch spreading in large-scale revegetation experiments at Oakley Brook in 2008

Main Roads WA experiments on kangaroo deterrents (Healey 2008) showed 1.8 m
high chain mesh exclusion fencing to be most effective, but this was ruled out here on
high cost. The next most effective deterrent reported, though with some qualifications,
was the smell of kangaroo meat placed around the perimeter of the site in wire cages
and replenished fortnightly. Twenty plastic and twenty wire cages were screwed to
trees on the brook side or suspended from barbed wire on the fence side, spaced
equidistant around the perimeter of the site (Figure 6-4). Although others recommend
the meat be placed in plastic bags with pin prick sized holes only, to prevent flies
entering and laying eggs on the meat (Ferreira 2007), this was not done, as it was felt
that it would unduly limit dispersion of meat odours and hence deterrent effect. One
hundred grams of kangaroo meat was placed in each cage fortnightly (Pink flagging
tape highlighted locations of those attached to trees).

Figure 6-4 Kangaroo meat containers in large-scale revegetation experiments at Oakley Brook
in 2008
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The Main Roads experiments found that herbivory was somewhat lower in Myrtaceous
(especially Eucalyptus) species, and somewhat reduced where tree guards were
installed (modified 2 litre milk cartons).
Morgan’s (2005) list of desirable properties of plants for the control of soil erosion by
water includes the following, which were given consideration when selecting species
for the experiment:


Roots: Vigorous development close to the surface to reinforce resistance to
erosion (ie dense, shallow horizontal root structure).



Shoots: Dense uniform growth close to soil surface to impart roughness to flow
and reduce its velocity: resistant to damage in high flows.



Growth rate: Rapid establishment, especially for ‘pioneer’ species



Maintenance requirements: Low.

A flora survey of Oakley Brook that became available after the 2007 experiments
(Timms 2008) was consulted when selecting the additional species. Most of the
selection criteria used were the same as for the earlier experiment, except that
consideration was also given to response to phosphorus. The same plant species were
used for both planting and seeding. However, for cost reasons target densities were
quite different (though the species were in the same ratios, after accounting for
expected differences in survival rates in seeding for each of the species, by the use of
multipliers, selected on the basis of experience), averaging one stem 3 m-2 for
seedlings and 3 stems m-2 for direct seeding. This approach is supported by Doust et al
(2006): “Optimum results may come from a combination of low-cost direct seeding and
the higher-cost but more reliable planting of seedlings”. The numbers of plants of each
species were not the same – there were fewer of the larger trees and more of the
smaller shrubs. In selecting the species, individual costs were taken into account to
keep the total seed cost to about $800 kg-1, which was the current accepted minimum
industry standard. The total seed mass of about 3 kg ha-1 is below the normal local
industry target range of 4-6 kg ha-1, but is above the range of 1-2 kg ha-1 quoted by
Mortlock (2000). It was considered better to include some of the more expensive seeds
that performed well in glasshouse experiments rather than increase the quantities of
cheaper seeds merely to increase the total mass of seed per hectare. The suite of
native plants selected included the six native species used in the 2007 experiments,
but to increase diversity was expanded to total 19 species, details of which are shown
in Table 6-2. Nurseries were ultimately unable to supply two of the species for which
they had previously accepted orders to supply.
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Table 6-2 Native plant species used in a large-scale experiment at Oakley Brook in 2008:
treatment of their seeds, their reported herbivory by Kangaroos (where available), their
susceptibility to Phytophthora cinnamomi, reported reaction to P (where available), reported root
morphology (where available), masses and numbers of seeds applied per plot, and numbers of
seedlings planted per plot.
Seed per plot
Species
As used in 2007 experiments
Acacia pulchella,
Astartea scoparia
Eucalyptus rudis
Hypocalymma angustifolium
Kennedia prostrata
Melaleuca rhaphiophylla.
Additional for 2008
Acacia saligna
Allocasuarina humilis
Calothamnus sanguineus
Corymbia calophylla
Eucalyptus marginata
Gompholobium tomentosum
Hardenbergia comptoniana
Jacksonia sternbergiana
Patersonia occidentalis
Regelia ciliata
Verticordia densiflora
Viminaria juncea.

Treatment1

Scarify
Smoke
Smoke
Smoke
Scarify
Smoke
Scarify
Smoke
Smoke
Smoke
Smoke
Smoke
Scarify
Smoke
Smoke
Smoke
Smoke
Smoke

Kangaroo
herbivory2

Avoid
Avoid
Eat
Eat
Eat

Avoid

Eat

Phytophthora
cinnamomi3

P
Effect4

Root
Type5

Resistant
Resistant
Resistant
Resistant
Resistant
Unstated

+

1
1

Resistant
Resistant
Resistant
Resistant
Susceptible
Resistant
Resistant
Susceptible
Susceptible
Unstated
Susceptible
Unstated

+
+
- if high
+

1

+
4
+
+
+
- if high
+
+
+
+
+

1

1

g

no

Seedlings
/plot,
no

13
3
6
4
110
5

4,511
15,038
3,383
6,015
4,511
15,038

24
16
12
16
24
16

53
5
5
100
68
6
42
4
19
15
11
14
481

2,707
3,008
1,504
1203
1,083
3,759
1,353
564
6,015
6,015
7,519
2,707
85932

16
16
8
6
6
20
8
0
5
0
20
22
235

1 Standards of Tranen Revegetation Systems
2 Shading indicates Myrtaceous species (Western Australian Herbarium 1998-). Other data from Zanhtorrea
Nursery (2007)
3 From http://www.cpsm-phytophthora.org/downloads/resources/natives_resistant.pdf and
http://www.cpsm-phytophthora.org/downloads/resources/natives_susceptible.pdf accessed 9 June 2013
4 From Handrek (1997)
5 From Dodd et al (1984). 1=Well developed primary and lateral roots, not too deep. Root:shoot ratio generally <1
4= Thick, deep tap root. Root:shoot ratio >1.

Experiment establishment was completed on 9 July 2008. Thereafter the experiments
were visited at least once per month initially to check the condition of the plots and
obtain rainfall data from a site gauge. A period of at least 3 years is normally required
for the proper establishment of plants by seeding, and so monitoring took place in
2008, 2009 and 2010, to the end of March. Weed control was carried out as required,
using the same methods on all of the plots. Tree guards were progressively removed
where seedlings had died or been pulled out by kangaroos, except that uprooted plants
still showing signs of life were replanted. When guards were removed, one stake was
left intact to signify that there had been a planted seedling there for future monitoring.
After 3 months, on 4 October 2008, five 1 m x 1 m monitoring quadrats were
established in each plot, marked with 750 mm long bamboo stakes. Locations were
random, except that they did not include any planted seedlings. A 1 m x 1 m grid
subdivided into 10 cm string squares was placed over each of the quadrats to facilitate
quantifying weed and native germinant cover. ANOVA was performed on weed cover
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percentages by treatment type. Weeds were monitored after another three months, on
3 January 2009.

On 9 January 2009 all remaining tree guards were removed, as many were hindering
the development of the plants which had grown large, especially the Corflute guards,
which had rigid sides and had much smaller internal cross-sectional areas (0.008 vs
0.03 m2). Also tree guards can cause the plants they are protecting to overheat in
summer (Close, Ruthrof et al. 2009). Plant survivals were analysed by ANOVA by
treatment and guard types. To ensure that survival data conformed to assumptions of
homogeneity and normality, arcsine square root transformation was applied. The final
formal monitoring of plant survival by treatment type was done on 27 December 2009.
Direct seeding germinants were also counted.

Because it became evident that kangaroos had been gnawing off the bark of
Eucalyptus rudis and Acacia pulchella, a motion sensing monitoring camera was set up
in various locations in an attempt to photograph this activity.

Results
Small-scale field experiments in 2007

Herbicide spraying was effective, and the experiment site was practically weed-free
when the plots were established. The dominant weed in unsprayed areas surrounding
the site was Arctotheca calendula (Capeweed, an annual daisy).

On the first monitoring on 1 July 2007, 35 western grey kangaroos (Macropus
fuliginosus) were observed on the site. These were easily able to pass over or under
the site boundary fence. The fence was effective, however, in excluding cattle from the
site.
By 6 August 2007, as a result of kangaroo herbivory, the planted plots were virtually
devoid of native vegetation, with only two small remnant stems visible. Because little
native plant foliage remained on direct seeded plots, with virtually all germinants having
been grazed, formal monitoring was abandoned.

When dismantling the experiments on 3 April 2008, the only plant that remained was
one very small Acacia pulchella.
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From observation, coarse mulch was the best material for controlling soil erosion, and
all mulch applications helped control weeds.

Glasshouse experiments in 2007

Commercial laboratory assays showed the overall fertility status of the soil to be good.
Details of plant survival rates are shown in Table 6-3, and dry masses in
Table 6-4.
Table 6-3 Details of seeded species surviving in 2007 glasshouse direct seeding experiments
with Oakley Brook soil and two types of mulch.

Species seeded

No of
seeds
sown
per
replicate

Mean plant survival, % ±SE, over 3 replicates
Control

Coarse
Mulch
(75%
cover)

Fine
Mulch
(100%
cover)

Overall

Acacia pulchella

5

13 ±5

20 ±0

13 ±10

16 ±6

Astartea scoparia

15

2 ±1

4 ±1

2 ±1

3 ±1

Eucalyptus rudis

5

7 ±5

0

0

2 ±3

Hypocalymma angustifolium

10

0

0

0

0

Kennedia prostrata

5

33 ±5

27 ±14

27 ±14

29 ±10

Melaleuca rhaphiophylla

10

17 ±5

0

0

6 ±4

Table 6-4 Dry plant masses at the end of 2007 glasshouse direct seeding experiments with
Oakley Brook soil and two types of mulch.
Species

Mean dry shoot mass, mg ± SE over 3 replicates
Control

Coarse Mulch (75%
cover)

Fine Mulch (100%
cover)

5,288 ± 2,405

3,205 ± 942

1±0

Acacia pulchella

7±7

77 ± 61

1,257 ± 1,257

Astartea scoparia

62 ± 62

4±4

174 ± 174

Eucalyptus rudis

2±2

0

0

0

0

0

Kennedia prostrata

403 ± 392

217 ± 132

1,067 ± 534

Melaleuca rhaphiophylla

560 ± 424

0

0.0

Other natives, not seeded

803 ± 332

80 ± 78

1±1

Weeds

Hypocalymma angustifolium

ANOVAs on the means of numbers and dry shoot masses of native and weed
germinants by treatment types did not show any significant differences by species at
the 95% confidence level. Overall the fine mulch with 100% cover produced the best
results, with natives accounting for practically all of the dry plant mass (Table 6-4), and
almost no weed dry mass.
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The three seeded species that survived in the 100% fine mulch coverage tray all had
average dry shoot masses per plant orders of magnitude higher than in the control and
75% fine mulch cover trays, but the results were not statistically significant.
Large-scale field experiments in 2008

Feral pigs observed on the site did not appear to have interfered with any planted or
seeded natives. Their activities seemed limited to digging in areas within a few metres
of the stream bank that were not seeded or planted.

After less than one month, grass weeds emerged on many of the plots, and were
especially prominent on mulched plots. After three months mean weed cover on plots
that had been mulched of 71% (SE 5%) was significantly greater than that for
unmulched plots of 31% (SE 5%, with DF=58, f=32.5, p<0.00001), Ploughing had no
effect on weed cover, with mean weed covers of ploughed and unploughed plots both
51% (DF=58, f=0.005, p=0.95). There was no synergistic effect from combining
mulching and ploughing (i.e. the combined results were not greater than the sum of the
individual results). Most of the weeds were Ehrharta longiflora (Annual Veldt Grass)
and Lolium rigidum (Annual Ryegrass). There was also some Hordeum leporinum
(Barley Grass) and Lotus species, and a few clumps of Isolepis marginata (Coarse
Club-rush) There was practically no Arctotheca calendula, which was dominant in
paddocks surrounding the experiment area.

Weed cover did not seem to be related to plot position on the site (Figure 6-5)

Figure 6-5 Mean weed cover percentages by plot as at 4 Oct 08 in large-scale experiments at
Oakley Brook

From inception it became apparent that despite the kangaroo cull prior to
commencement, many kangaroos still visited the site, and that the deterrents used
were of limited effect, with many seedlings pulled out and/or grazed. The rigid sides
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and relatively small apertures of the Corflute guards restricted grazing to foliage
outside the guard or close to the top, unless the whole seeding was pulled out, which
happened to some seedlings, especially those of tall species prior to their roots
becoming sufficiently well anchored to prevent this. Fortnightly replenishment of
kangaroo meat was discontinued from 21 September 2008 as it appeared to be
completely ineffective as a kangaroo deterrent.

After removal of the guards, herbivory increased greatly, with most species, except for
Eucalyptus rudis and Acacia pulchella, completely devoured very quickly.

The grass weeds died off with the approach of summer, and in formal monitoring of the
quadrats on 3 Jan 09 mean weed cover by treatment ranged between 0.1 and 1.1%,
with no significant differences by treatment type. There were some Citrullus lanatus
and Cucumis myriocarpus in areas outside the 1 m x 1 m quadrats, and 81% of them
were in PMSC3. There were also many Solanum nigrum spread over the site, mainly in
areas where they had been prolific prior to experiment commencement. There were
also some Chenopodium species.

At 9 January 2009 mean planted seedling survival of 51.5% (SE 2.1%), where
seedlings had been guarded with Corflute, was significantly higher than that of those
guarded with plastic of 13.2% (SE 2.1%, with DF=22, f=167 and p<0.0001). There was
no significant difference in survival whether mulch was used (mean 31.4% ± 6.0%) or
not (mean 33.3% ± 6.3%, with DF=22, f=0.05 and p=0.83). The same was the case
whether the plots were ploughed (mean survival 34.0% ± 6.6%) or not (mean survival
30.8% ± 4.5%, with DF=22, f=0.14 and p=0.71).

At the final formal plant monitoring on 27 December 2009, overall mean planted
seedling survival had dropped to 3%, of which 73% had had Corflute guards and 27%
plastic. Highest survival by species was for Eucalyptus rudis on 26%, followed by
Acacia pulchella on 7%. Plots that had been ploughed contained 63% of survivors,
plots that had been mulched 42%, but because of low survival numbers, differences
between treatments were not statistically significant. There were 21 surviving
germinants from direct seeding, the majority of which were Eucalyptus rudis, the next
most prolific Acacia pulchella. Locations of all surviving natives monitored are shown in
Figure 6-6.
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Figure 6-6 Dots show locations of surviving native plant from seeding and planting in Oakley
Brook large-scale 2008 experiments as at 27 December 2009

Plant conditions and heights were recorded, but height statistics were not processed,
as these were not expected to show meaningful results due to the low survival rates,
and also an unplanned uncontrolled herbicide spraying in September 2009 by a
contractor who mistakenly sprayed the wrong site may have affected germinants from
direct seeding.

The monitoring camera captured some kangaroo activity, but not gnawing of bark. It
was evident that kangaroos avoid eating leaves of Eucalyptus rudis, but do eat the
bark, as evidenced by teeth marks observed on 60% of survivors. Kangaroos avoided
eating the woody, prickly stalks of Acacia pulchella, but ate new growth before it
formed spikes, as well as gnawing the main stems of 77% of survivors. Typical bark
removal and teeth marks for both of these species are shown in Figure 6-7.
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Figure 6-7 Bark stripped from Eucalyptus rudis (top) and Acacia pulchella stems in large-scale
Oakley Brook 2008 experiments.

Many of these single-stemmed trees that had been gnawed in this manner coppiced
from the base in the next growth season.

Between September and November 2009 large ants and smaller bugs were observed
on many Eucalyptus rudis. In Figure 6-8 an ant appears to be pinning a bug down by
its legs.

Figure 6-8 Ants and bugs on Eucalyptus rudis in November 2009 in large-scale Oakley Brook
2008 experiments
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In March 2010 more fresh kangaroo scats than normal were observed around the site.
The farm manager reported higher than normal kangaroo activity during the long
drought, and that 48 adult kangaroos had recently been killed in a very short period at
the start of a cull on the north side of the brook opposite the experiment site. Recent
profuse growth of Cucumis myriocarpus, Citrullus lanatus and Solanum nigrum
indicated that the soil was not lacking in moisture or nutrients.

Mud splash on the sides of some Corflute tree guards (Figure 6-9) indicated the high
potential for rain splash erosion on the site, even in areas with substantial plant litter
cover.

Figure 6-9 Mud deposition on a Corflute tree guard from rain splash erosion in large-scale
Oakley Brook 2008 experiments

Rainfall

Because of problems with the site rain gauge interface and damage to cabling by
kangaroos, site rainfall data for the full period of the experiments is unavailable.
However, limited data available for summer droughts shows zero rainfall between
14 January and 19 March 2008, and 2.6 mm between 26 November 2009 and
13 February 2010.
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Discussion
Small-scale experiments in 2007

Although aborted before any formal monitoring was done, observations suggested the
effectiveness of a single herbicide spraying in June on winter weeds, the need for
effective measures to combat herbivory by kangaroos, and the effectiveness of mulch
in reducing soil erosion, particularly coarse mulch.
Glasshouse experiments

The experiments commenced later in the year than the optimum time for direct
seeding, and this may have affected the results, especially with respect to the numbers
of germinants of each species. In selecting the numbers of seeds to be sown in each
plot for each species, the multipliers adopted based on experience were aimed at
producing at least one surviving specimen of each of the species in each of the trays.
This was not achieved with any of the species. Virtually no weeds grew in the 25 mm
thick mulch with 100% surface cover, whereas weed growth in the other treatments
with no and 75% surface coverage was significant. Dry shoot masses of plants of
species seeded over the mulch were orders of magnitude greater than in the fine mulch
and control, indicating that the nutrients available in the mulch were beneficial to plant
growth.

Acacia pulchella, which is known as a nitrogen-fixing pioneer species, performed well
in these experiments. Although short-lived, with a typical life of 2 - 5 years, it grows
rapidly and its prickly nature helps deter herbivory once it is of significant size (small
specimens were eaten by kangaroos in the small-scale experiments). As it is known to
be self-thinning (Monk, Pate et al. 1981), there is no point in using a high multiplier for
it, as intraspecific competition will limit the number of surviving plants in a given area
(Lonsdale 1990).

Kennedia prostrata performed well, but unfortunately it is known to be eaten by
kangaroos, as was confirmed in the small-scale Oakley Brook 2007 field experiments.

Of the other species, Melaleuca rhaphiophylla performed well in the control, with 16.7%
survival, but poorly in the other treatments, with no survivals. Perhaps this could be
attributable to something in the mulch and soil conditioner, though Handrek (1997) lists
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this species as thriving at all levels of phosphorus (around 18% of Australian native
plant species are negatively affected by high P levels).

The experiments started later in the year than is the preferred normal practice (July
rather than May), and this may have had some effect on the development of some of
the species, and explain why no Hypocalymma angustifolium resulted in any of the
treatments.
Large-scale field experiments commenced in 2008

The over-representation of Citrullus lanatus (Afghan Melon) and Cucumis myriocarpus
(Prickly Paddy Melon) weeds in PMSC3 is explained by the germination of seeds from
hand-pulled melons of these species stockpiled there early in the previous year,
awaiting removal from site, many with seeds spilling out.

The rapid emergence of Ehrharta longiflora, Lolium rigidum, Hordeum leporinum and
Lotus species, but practically no emergence of Arctotheca calendula, which dominated
in paddocks surrounding the experiment area, was evidently related to timing of
herbicide (glyphosate) and mulch application. According to The Western Australian
Flora (Department of Environment and Conservation 1998-) Arctotheca calendula is
susceptible to glyphosate at all growth stages, especially when it is germinating,
between April and May. Timing of spraying on 3 May would therefore have been ideal
for controlling this species. The other species are most susceptible when germination
occurs, between June and October, except for Lotus species, which are not susceptible
at all. As glyphosate is not a residual herbicide (Blackwell Science 1999), its spraying
on 3 May would have had no effect on the ungerminated seeds of the other weed
species still in the soil, and the killing off of the Arctotheca calendula would have
significantly reduced competition for these other species. The mulch spread on 16 May
would have provided additional nutrients to the seeds of the weed species germinating
or about to germinate. Timing of herbicide application explains why weed control was
very successful in the small-scale experiments in 2007, but much less successful in the
larger-scale experiments in 2008. The 2007 application was done on 15 June, when it
would have killed off emerging Arctotheca calendula as well as any emerging Ehrharta
longiflora, Lolium rigidum, and Hordeum leporinum weeds. However, the 2008
application, done six weeks earlier in the year, on 3 May, would have only killed the
Arctotheca calendula, allowing the other weed species to develop, unhindered by the
usual intense competition from it. This type of occurrence has been reported by others
(Hulme, Pysek et al. 2012), and highlights the desirability of controlling weeds on direct
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seeding sites for a year or more before seeding, rather than just immediately before
seeding. Herbicides are available that can be used to selectively control weeds that
germinate after seeding without damaging native germinants (Vranjik, Groves et al.
2000). However, it is important to control weeds earlier, to prevent them competing with
native germinants for water and nutrients.

With respect to herbivory of E. rudis, it is well known that some plants allocate
resources to the production of chemical compounds to deter herbivory (Coley 1988;
Barton and Koricheva 2010). When crushed, E. rudis leaves are highly aromatic.
Analyses of tannins in the leaves, bark and stems of E. rudis (Cadahía, Conde et al.
1996) showed all parts to contain tannins, but the molecular weights differed
significantly between the plant components, ranging from 1892 to 1936 for leaves,
compared to 2744 to 3000 for bark and 2711 to 3043 for stems. Presumably the
tannins in the leaves, with much lower molecular weights, have quite different
properties to those in the other parts.

Coppicing, as a response to stem damage caused by herbivory observed in E. rudis, is
a form of “divaricate branching” (Hanley, Lamont et al. 2007), a type of defence
mechanism which makes it difficult for kangaroos to get their teeth around stems to
chew the bark.

The large ants observed on some E. rudis branches were evidently protecting small
bugs in exchange for sugar extracted from the trees and excreted by the bugs (Metz,
Liancourt et al. 2010). It is not known if the presence of the ants would have deterred
kangaroo herbivory. This phenomenon was only observed between September and
November. Perhaps this spring period is a time of peak growth, when near-surface
sugar levels in E. rudis stems are highest.

Profuse growth of the deep-rooted species Cucumis myriocarpus, Citrullus lanatus and
Solanum nigrum through the long drought indicated that the soil was not lacking in
moisture or nutrients, and that the poor results for planted seedling survival and growth
in the experiments were due primarily to kangaroo herbivory.

In these experiments eight of the nine Myrtaceous species were completely consumed,
and the other one partially consumed and damaged by kangaroos. This is contrary to
the common wisdom that kangaroos avoid Myrtaceous species. However, the
experiments spanned the longest summer drought ever recorded, when there was an
extreme food shortage for animals. Perhaps if there had been more non-Myrtaceous
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species available to eat the situation may have been different. In any case, the use of
Myrtaceous species should not be relied upon as the sole deterrent when kangaroos
are present on a revegetation site.

While rigid plastic tree guards, and, to a lesser extent flexible plastic tree guards,
limited kangaroo herbivory early on, the guards will eventually require removal, then
completely exposing the plants to herbivory. Their use is therefore not recommended
for this purpose. Particularly on weedy sites, they may be useful in protecting plants
from accidental exposure to herbicide overspray, especially in windy conditions.

The scent of kangaroo meat was not an effective kangaroo deterrent in the
configuration and replacement cycle adopted in the experiment. A trial of various
kangaroo deterrents for Main Roads WA (Healey 2008) did indicate otherwise, but that
finding was subject to the caveat that the location of their trial plot (unreplicated) for
that treatment was closer to a main road, and so traffic noise may have contributed to
the deterrence. In addition, in that experiment species richness was low, with only
Eucalyptus species surviving. As at Oakley Brook, E. rudis was the main species
surviving there. Healey (2008) concluded that enclosing a revegetation site with 1.8 m
high chain link fencing is the most cost-effective means of preventing kangaroo
herbivory in the longer term (three years or more), and this conclusion is supported on
the basis of the results here for other measures.

From observations, at the field sites rain splash erosion rates can be high, even in
areas with significant plant litter cover, and the use of mulch should help reduce its
impact.

Meaningful comparisons of the effectiveness of the various ploughing and mulching
treatments on native plant development were not possible due to low overall plant
survival rates. Unfortunate timing of prior herbicide application precluded meaningful
analysis of the effects of ploughing and mulching on weed development. Although in
the large-scale experiments ploughing had no effect on weed development; while
mulching promoted weed growth, the results may have been different if herbicide had
been applied six weeks later, as in the small-scale experiments.
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Implications for practice
1. Timing of weed control is critical in direct seeding, and it is preferable to
commence weed control at least one year before seeding, so that all species
that germinate at various times of the year can be targeted at least once.
2. Exclusion fencing, using 1.8 m high chain link fencing, is recommended to
prevent herbivory when kangaroos are present in significant numbers.
3. Tree guards, especially of rigid plastic, while limiting initial kangaroo herbivory
somewhat, will eventually require removal, completely exposing plants to
herbivory.
4. Eucalyptus rudis and Acacia pulchella are somewhat resistant to kangaroo
herbivory.

Concluding comments

These experiments evaluated the use of mulch with direct seeding and seedling
planting with two types of tree guards in the restoration of a burnt riparian zone. The
effects of herbicide application, ploughing and other anti-herbivore measures were also
evaluated.

The precise timing of herbicide application, was found to be critical for weed control.
Kangaroo herbivory had a devastating effect on plant structure, severely limiting plant
species composition and cover. Also with respect to function, some species had better
(biotic) defence mechanisms against herbivory than others. Anecdotally it was evident
that the abiotic mulch reduced soil erosion caused by the function of abiotic rain splash.

It appears that the only reliable, and hence most cost-effective, method for prevention
of herbivory in revegetation areas with high kangaroo populations is to enclose the
area with high chain link perimeter fencing to exclude the kangaroos. Although this has
high up-front costs, others showed it to be the most cost-effective of various treatment
trialled in the longer term (Healey 2008). Also with respect to cost-effectiveness, only
two of the 18 species tested, Eucalyptus rudis and Acacia pulchella, showed any
significant defences against herbivory.
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Chapter 7. The

effects

of biotic and

abiotic factors on

revegetation of a large highway construction project

Preamble
Glasshouse experiments focussed on evaluating the effects of abiotic topsoil and
mulch on plant structure in direct seeding to guide revegetation of newly constructed
verges along 70 km of highway. Abiotic factors of temperature, oxygen and moisture
content were monitored in the biotic breakdown by composting of a novel blend of soil
and mulches used in revegetation.

This chapter, as appears below, was prepared as a report Southern Gateway Alliance.

Experiments using topsoil, mulch and soil conditioner in direct
seeding for restoration in highway construction
Abstract
Only limited amounts of good quality topsoil were available to spread over newly
constructed side slopes for revegetation along 70 km of highway south of Perth,
Western Australia. Glasshouse experiments evaluated this topsoil and the use of mulch
and composted soil conditioner applied to, and with it, in various ways to improve direct
seeding results. To make this limited topsoil resource go further, while at the same time
promoting the development of native vegetation, the use of a composted blend of six
parts site mulch, three parts topsoil and one part composted soil conditioner by volume
was adopted for the construction project. The composting process in large stockpiles
was periodically monitored, with the results used to guide stockpile turnover and
rewatering. This composting of materials including a high proportion of topsoil is a
novel technique. While anecdotally this technique has been successful, formal
monitoring of revegetation success is ongoing. In November 2012 the technique won a
Western Australian Environmental Award. Tests of this method should be carried out
against untreated controls to enable its benefits to be properly quantified. While this
was not possible here, it was nevertheless considered worthwhile to document this
work to inform future research work that may be carried out along these lines.
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Introduction
The Southern Gateway Alliance (SGA) constructed the 70 km new Perth Bunbury
Highway, between 32°19’20” S, 115°49’36” E and 32°53’26” S, 115°42’45” E, south of
Perth, Western Australia, between 2006 and 2009. Federal, state, and local
government approvals for the project prescribed revegetation completion criteria.
Vegetation communities traversed comprised 72% “parkland cleared farmland”, 8%
pine plantations, and 20% native vegetation. The majority of the topsoil available from
the cleared road alignment for reuse in revegetation of newly constructed road side
slopes was poor: the soil seed bank comprised mainly weed species, with few native
species present (A Grist, SGA, Perth, 2007, unpublished report). I conducted various
experiments for the SGA aimed at optimising use in revegetation of the limited amounts
of good condition topsoil, mulch available from site vegetation clearing operations, and
a commercial mulch, as typically produced by local government from household
greenwaste collections. Based on size grading, the commercial product used was
actually classified as composted soil conditioner (CSC) in terms of the Australian
Standard mulch definitions (Standards Australia 2003), and so from here on it is
referred to as CSC.

Methods
All glasshouse experiments were conducted in plastic trays 240 x 340 mm x 120 mm
deep with slotted sides and bottoms, lined with 6 mm thick jute mat to retain the solids
but facilitate drainage. Trays were randomly placed on steel mesh trolleys. Mist sprays
controlled by a timer were set up to apply tap water daily at a rate approximating
average daily rainfall. Thermostatically controlled evaporative coolers maintained
temperatures below 34°C. When monitoring, a steel mesh grid with 25 mm squares
was placed over the trays to facilitate quantifying percent foliage cover.

Statistical analyses used the open-source R statistics package, and unless otherwise
noted, were by ANOVA, with multiple comparisons of means between treatments done
using Tukey’s t contrasts.
Glasshouse testing for propagules in the soil seed bank

The first glasshouse experiment tested for weed and native propagules in individual
topsoil samples taken over a large area from which a pine plantation had been
stripped, to guide the selection of topsoil for reuse in revegetation. On 21 March 2007
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topsoil samples were collected from the upper 100 mm in 12 locations at 100 m centres
along the cleared road alignment (32º23’21” S, 115º49’40” E). Each was placed 50 mm
deep in the trays, with no further treatment, and the experiments commenced on
25 Mar 2007. The emergence of weed and native species from the soil seed bank and
foliage cover was monitored and recorded weekly until 21 October 2007.
Glasshouse mulch and CSC experiments

To examine the effects of site mulch and CSC used with topsoil on direct seeded native
species, a topsoil composite was prepared. Site mulch and CSC were applied in four
different ways, and tested against unmulched controls. The results were used in
finalising the revegetation specification for the highway construction project.

Larger topsoil samples taken from the same 12 locations as the first experiment were
thoroughly mixed in a cement mixer. The site mulch was un-composted, having been
produced on site by tub grinding vegetation cleared from the site. The CSC was from
Custom Composts, Nambeelup, WA. Mulch and CSC composites were prepared by
thoroughly mixing random samples taken from various locations in five stockpiles of
each in a cement mixer. Size gradings were determined in accordance with AS 4454 –
Composts, soil conditioners and mulches (Standards Australia 2003).

Seven species of native plants from the Swan Coastal Plain (Table 7-1) of various
growth forms were selected for testing from a list of species to be used on the project
(Strategen, Perth, 2006, unpublished report). The number of seeds of each species
nominated for each tray, five of the larger seeds and 10 of the smaller, was intended to
produce at least one plant of each species. Because of the small size of some of the
seeds, it was necessary to count them out under a magnifying lens. Seeds were
purchased from Tranen Revegetation Systems, Perth, who treated them to promote
germination as appropriate, on the basis of experience. Seeds for each tray were
thoroughly mixed in plastic bags containing approximately 200 grams of slightly moist
washed sand as a bulking agent to facilitate even seed dispersal.
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Table 7-1 Seed species and treatments for each tray in direct seeding glasshouse experiments

Species
Allocasuarina humilis
Banksia attenuata
Calothamnus sanguineus
Hakea trifurcata
Hemiandra pungens (prostrate)
Kennedia prostrata
Melaleuca thymoides

Seeds/tray Treatment
5
smoke
5
smoke
10
smoke
5
smoke
5
none
5
scarification
10
smoke
Total
45

Four combinations of mulch or CSC and seed application methods were trialled, as
well as seeding of the untreated controls, each in four randomly located replicates.
Materials were spread 50 mm thick in the trays. Some of the combinations included
simulated dozer tracking, intended to compact the applied material and anchor it to the
substrate. Dozer tracking was simulated by placing a 20 kg solid concrete block with
end dimension 190 mm square on the surface, and then repeatedly lifting it up 75 mm
and dropping it on the surface, in eight overlapping passes. Swamp-tracked D3 dozer
ground bearing pressure is 29.3 kPa (Caterpillar Australia (2007)). Calculated bearing
pressure of the concrete block at rest is 5.5 kPa. The block was lifted and dropped to
use gravity to increase the ground bearing pressure. The four combinations were:
1. Seeding over a 2:1 by volume mix of mulch or CSC and soil, then simulating
Caterpillar D3 dozer tracking over it. This method was proposed for the revegetation of
the highway verges (Strategen, Perth, unpublished report, 2007). Mulch or CSC and
soil were mixed in a cement mixer.
2. Seeding after simulated dozer tracking over 50 mm deep mulch. This method is
recommended in Main Roads Western Australia (MRWA) specification 304 issued
1 August 2006.
3. Seeding under 15 mm deep mulch applied with approximately 70% surface cover.
This method was specified and successfully used for the revegetation of some of the
cut and fill batters on a section of the highway constructed previously, with the mulch
applied pneumatically, nominally within 24 hours after seeding.
4. Seeding over 15 mm deep mulch applied with approximately 70% surface cover.
This method was also successfully used in the revegetation of some of the cut and fill
batters on the section of the highway mentioned in 3. above, in areas where for
logistical reasons it was not possible to apply the mulch pneumatically after seeding as
specified.
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The experiments commenced on 22 April 2007 and ended 6 months later on
21 October 2007, when numbers of each species were counted and percentage foliage
cover estimated. Shoots of all native plants and weeds were then harvested by cutting
them off at surface level. Each native species from each tray was then placed in a
paper bag, dried in an oven for 6 days at 70°C, and then weighed. Weed species from
each tray were all placed in a paper bag, dried, and weighed, as were native species
that had not been seeded, and assumed to originate from the soil seed bank.
Blended topsoil/mulch/CSC stockpiles

Large-scale experiments involved the monitoring of the composting process of a blend
of site mulch, topsoil, and composted soil conditioner in stockpiles in various locations
around the highway construction site. This material was later applied 100 mm thick
over all disturbed road verge areas along the highway alignment that were to be
revegetated, followed by direct seeding and low-density planting with seedlings. Based
on the results of the glasshouse trials, volumes of the three materials readily available,
and previous experience on another similar project, SGA decided to use a 6:3:1 blend
by volume of mulch, soil and CSC, to be composted prior to application. Large, long
narrow stockpiles of this mixture were established in six locations to accommodate the
167,000 m3 required. These were constructed by measuring the ingredients out in the
required proportions and thoroughly mixing them, and then spreading the material out
in layers. Earthmoving equipment used for mixing and spreading operations included
large front-end loaders (Figure 7-1) and scrapers.

Figure 7-1 A front end loader mixing composted soil conditioner, soil and mulch

Each layer was watered by a water truck driven along it. The long stockpiles so
produced had maximum heights of around 2.5 m. Composting was intended to elevate
stockpile temperatures sufficiently to kill any weed propagules and pathogens, as well
as facilitating microbial activity and decomposition of the site mulch component. The
road alignment passed through some areas that may have contained the pathogen
Phytophthora cinnamomi, a fungus that causes dieback of many native species. Water
was added during construction of the stockpiles to optimise the moisture content of the
mixture and maintain conditions not conducive to spontaneous combustion of the
organic components. The stockpiles were turned over occasionally to further mix the
ingredients and to add more water.
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On five occasions over six months from March 2008, I monitored temperature, oxygen,
and moisture content of 20 stockpiles of the blended topsoil/mulch/CSC mixture
established in six locations throughout the construction zone. This data was used to
manage the turnover and watering processes. The probe used for measuring
temperature and oxygen content (Demista Instruments, Illinois, Model OT-21, Figure
7-2) was inserted 500 mm deep into the tops of the stockpiles, after withdrawing a
10 mm diameter steel rod hammered in to make a pilot hole. The air inlet on the probe
required frequent cleaning to remove accumulated fines, especially when the material
was damp. The probe was left in the hole until the oxygen and temperature readings
stabilised, after air had been repeatedly pumped through the oxygen sensor using the
rubber hand bulb pump. Up to six readings were taken on each stockpile, depending
on its length, at random locations along the top. For gravimetric moisture testing, I
hand-dug a hole around 250 mm deep in the stockpile side using a metal scoop, and
then took a sample up to 250 mm further in, placed it in an aluminium tray, sealed it
with a lid, and placed it in a cool box for transport to a laboratory. Three such samples
were taken at random locations along a long side of each stockpile on each occasion.
Moisture content was determined in accordance with AS4454 (Standards Australia
2003) - after the lid was removed, each sample was weighed, oven dried at 100°C to
constant mass, and reweighed. Only the results for all seven stockpiles at Baldivis Pit
(BP) and one nearby at Tuart Ridge (TR) are included here, as these are considered
the most representative, with all of the Baldivis Pit stockpiles turned over and
rewatered around the same times. The TR pile was established a few months later
than the BP stockpiles, with turnover and rewatering commensurately later.

Figure 7-2 Demista Instruments temperature and oxygen measuring equipment

Unfortunately it was not possible to compare the effectiveness of the use of this mixture
in large-scale revegetation to untreated controls, as it was applied throughout the
project to all road verges that were direct seeded.
Post-construction monitoring of revegetation success commenced at all highway
interchanges, in limited locations on a small-scale. The highway opened to traffic in late
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2009. I was subsequently awarded a commercial contract covering monitoring of all
revegetation work associated with the 70 km of highway construction against the
federal, state and local government imposed completion criteria. However, this
monitoring work is not scheduled for completion until after the date for completion of
this thesis. The focus of this chapter is therefore on the initial small-scale glasshouse
work and monitoring of the composting process in the mulch/topsoil/CSC stockpiles.

Results
Propagules in the Soil seed bank

Figure 7-3 shows the weeds and native plants that had germinated and survived in the
twelve topsoil samples at the end of the experiments after seven months, and Table
7-2 presents corresponding data on numbers of germinants, foliage cover, and
numbers of native species identified.
Table 7-2 Number of germinants, percentage foliage cover and number of native species in
each of 12 trays in glasshouse experiments after 7 months on topsoil samples collected from
New Perth Bunbury Highway
Tray No
No of germinants
% foliage cover
No of natives

1
59
14
1

2
41
10
0

3
38
18
0

4
18
5
1

5
19
10
2

6
11
5
3

7
8
3
0

8
7
5
2

9
3
2
0

10
3
8
1

11
10
5
2

12
14
12
0

Mean
19.3
8.1
1.0

Germinants include weed and native species. In determining the numbers of natives, it
is possible that some were missed, being too small to positively identify as natives.
Although the numbers of germinants were marginally higher in some of the trays in
prior weeks, percentage foliage cover was at a maximum at the end of the
experiments. Many of the germinants remained quite small throughout the
experiments.
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Figure 7-3 Photographs of germinants in each of 12 trays in glasshouse experiments on topsoil
samples collected from NPBH after 7 months
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Glasshouse mulch experiments

The uncomposted site mulch appeared rather stringy. Its size grading met the
requirements of standard AS4454:2003 for mulch, with 70% of the material being
retained on a 16 mm aperture screen. Custom Compost CSC was not claimed to be
manufactured in accordance with AS 4454:2003 for composted products. Its size
grading of 16% retained on a 16 mm screen was far below the 70% minimum in the
standard for mulch, and even below the requirement for fine mulch, of more than 20%
but less than 70% retained on a 16 mm screen. This is why it was classified as
composted soil conditioner. The following abbreviations have been used in the X axis
labels in the two figures that follow: The top line indicates the material type (Siteproduced mulch or Custom Composts CSC). The bottom line indicates the application
method (Blend indicates that the material was mixed with topsoil and seeded over,
MRWA indicates 50 mm material thickness surface applied with 100% cover and
seeded over, Under indicates seeding under 15 mm material thickness with 70% cover,
and Over seeding over 15 mm material thickness with 70% cover).
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Figure 7-4 shows mean results after six months for firstly numbers of seeded natives
and secondly their dry masses, by material and treatment type, and Figure 7-5 shows
the same data for weeds.

Native plant numbers and dry mass (g)

50
45
40

35
30

Mean no of
native plants
per replicate

25
20

Mean native plant
dry mass per
replicate (g)

15

10
5

0

None
None

Site
Blend

Site
MRWA

Site
Under

Site
Over

Custom Custom Custom Custom
Blend MRWA Under
Over

Mulch or CSC type / treatment type

Figure 7-4 Mean numbers and dry masses per replicate of plants growing from seven seeded
native species after 6 months in glasshouse experiments on topsoil, and mulch and CSC, each
applied in four ways. For treatment abbreviations, refer to the text above.
50
45

Weed numbers and dry mass (g)

40

35
30

Mean no of
weeds
per replicate

25
20

Mean weed
dry mass per
replicate (g)

15

10
5

0

None
None

Site
Blend

Site
MRWA

Site
Under

Site
Over

Custom Custom Custom Custom
Blend MRWA Under
Over

Mulch or CSC type / treatment type
Figure 7-5 Mean weed numbers and dry masses per replicate after 6 months in glasshouse
experiments on topsoil, and mulch and CSC, each applied in four ways. For treatment
abbreviations, refer to the text above.
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Monitoring of blended topsoil/mulch/CSC stockpiles

Table 7-3 shows mean monitoring results over time for the various Baldivis Pit and
Tuart Ridge stockpiles. Maximum temperature recorded was 56°C in one location in
BP4.
Table 7-3 Mean temperature and oxygen content at 500 mm depth, and moisture level in
stockpiles of topsoil/mulch/CSC blend at Baldivis Pit (BP) and Tuart Ridge (TR) on various
occasions. Shading indicates highest recorded temperature for each stockpile. Values are
means of 6 determinations.
12-March-2008

02-April-2008

30-April-2008

05-August-2008

Stockpile

t
°C

O2
%

moisture, %

t
°C

O2
%

moisture, %

t
°C

O2
%

moisture, %

t
°C

O2
%

moisture, %

BP1

45.7

2.7

12.5

38.5

1.5

6.0

38.3

1.5

10.5

21.8

14.8

29.2

BP2

47.3

5.0

nd

43.8

3.3

9.9

40.8

0.0

22.2

24.8

5.3

18.1

BP3

46.3

9.0

5.5

40.5

8.0

3.3

42.5

0.0

23.3

24.5

7.3

27.6

BP4

49.8

5.3

nd

44.8

3.5

13.4

41.0

0.5

23.5

25.5

3.0

21.0

BP5

47.3

6.0

7.5

41.5

1.0

6.6

47.0

0.0

16.3

28.3

2.3

18.5

BP6

37.0

6.3

nd

32.3

2.8

4.3

30.5

5.0

25.5

22.8

6.3

16.3

BP7

31.0

3.3

10.6

28.5

1.3

18.9

30.5

3.8

20.2

22.3

6.8

17.4

TR1

35.3

4.0

25.6

42.3

0.7

23.3

37.0

2.8

23.6

26.5

2.3

10.7

For BP, all measured temperatures were at their peak on the initial monitoring, and
declined gradually over time, indicating decline in composting activity. In BP7, and to a
lesser extent BP6, maximum mean temperatures were lower. For TR, temperature
peaked later than for BP, to be expected with this stockpile having been established
later than the others.

Oxygen levels, averaging 5.2% on the first monitoring, declined with composting
activity, but rose again by the time of final monitoring, when temperatures were lowest.

Discussion
Soil seed bank propagules

More weed than native plant propagules were evident in the topsoil. This was not
unexpected, as the site from where the topsoil was obtained had been occupied by a
pine plantation, estimated to have been in existence for at least 20 years. Some seeds
may have possibly been blown in, or carried in by construction vehicles, between the
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time of felling of the plantation and sampling, though this would have been more likely
for weed species than natives. None of the topsoil samples was overly weedy over the
period of the experiments, and the development of native plants from propagules in the
soil seed bank was supported, despite the seeds most likely having lain dormant in the
soil seed bank for many years. Others have reported seeds of some hard-seeded
Australian species to have remained dormant in the soil for up to 50 years (Cavanagh
1980). All soil samples were considered suitable for use in revegetation. However, the
fact that many of the germinants remained quite small throughout the experiment
indicates low soil nutrient levels. The subsequent decision to compost the
soil/mulch/CSC mixture may have resulted in the death of weed propagules, and
possibly also native plant propagules, although the temperatures recorded in
composting were generally lower than the 55°C minimum suggested for maximising the
sanitation rate (Stentiford 1996).
Glasshouse mulch experiments

Although Figure 7-4 shows both numbers of plants of the seven seeded species and
their dry masses, the numbers are not considered as important as dry masses, as in
many cases where the mass is high, large plants, particularly the groundcover
Kennedia prostrata, out-shaded smaller germinants, causing them to die. In addition,
performance of Melaleuca thymoides, the species with the lowest seed weight,
averaging 0.001 g, was very inconsistent across the treatment types, and this accounts
for a large proportion of the variation in total plant numbers. Possible higher
phosphorus levels in Custom Composts treatments do not explain these variations, as
Melaleuca thymoides thrives on high phosphorus levels (Handreck 1997). Others have
reported 54% germination rate of this species in a comprehensive study over 21 years
(Alcoa Australia, Perth, 2007, unpublished report), the second-highest rate for species
used in these experiments. Their Banksia attenuata germination rate was higher, at
60%. Their germination rate for Hemiandra pungens was only 3.9%, of the same order
as the 4.7% overall here. Reasonable numbers of plants were produced in all mulch
types and treatments, which is particularly surprising in the case of seeding over
50 mm thickness of coarse site mulch. However, this is explained by larger-seeded
species having sufficient resources on board (apart from water) to support the growth
of roots down through interstitial spaces in the mulch until they are able to make
contact with the soil and access its resources. Some, but not all, of these results are
consistent with the findings of Rokich, Dixon et al (2002) that seeding under or over 10
mm thickness of mulch reduced plant numbers, by up to 40%, They concluded that in
Banksia woodland revegetation the use of mulch was not justified on cost grounds.
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However, they did not take account of the fact that mulch is often available on a site at
no cost where pre-existing vegetation has been cleared and chipped, and that if the
mulch is not used on the site, costs will be incurred in its disposal off-site. Also, they did
not investigate the effects of mulch on plant growth rates as I did. The use of mulch is
also often desirable to help reduce soil erosion, and to improve aesthetics in the early
stages of plant development, where a mulched surface may be more visually appealing
than bare sand. Custom Composts CSC blended with topsoil produced significantly
better results in terms of dry plant mass than all other treatments (df=8, f=6.7, p<0.01)
except for seeding over Custom Compost CSC applied 15 mm deep with 70% surface
cover. Its superior performance to site mulch is attributed to site mulch being uncomposted, and likely to have competed with plants for nutrients in the soil, nitrogen in
particular, to assist with its decomposition (Smith 1996).

Treatments with Custom Composts CSC produced higher numbers of weeds than their
site mulch counterparts, but they were generally not higher than the control. The blend
of Custom Composts CSC with topsoil produced highest weed dry mass, but overall
weeds were not a major issue in these experiments, as weed masses were far below
native plant masses. Weeds are likely to be more of an issue in the field, where weed
seeds can blow in.

The recommended treatment with direct seeding is mixing CSC with topsoil. If mixing is
not possible for some reason, such as cost, 15 mm thickness of mulch or CSC applied
to give 70% cover is the next preferred option with respect to plant establishment, with
seeding over or under the mulch or CSC. In the field, spreading of mulch or CSC
immediately after seeding may help prevent seed from being blown or washed away.
The use of large blowers for pneumatic spreading of mulch or CSC after seeding is the
preferred application method, to minimise disturbance of the spread seed. However,
while the mulch blowing industry using large machines is well-established across the
USA (Keating 2001), this is currently not the case around Perth, where from experience
mulch blowing is limited to one or two niche operators with relatively small machines.

Seeding over mulch to the MRWA specification (50 mm thick, surface-applied, with
100% cover) seems counter-intuitive, but the results were reasonable, even without the
application of fertiliser that is called for in the specification. However, results in the field,
without guaranteed regular daily watering, could be expected to be worse, especially
where coarse mulch is used, with smaller-seeded species lodging near the mulch
surface likely having difficulty in sending roots down through the mulch into the topsoil.
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These experiments showed that, when mixed with topsoil, CSC produced better results
than site mulch with respect to dry mass of native plants produced from seed. Pedra
Polo et al (2007) found that the highest rate of incorporation of CSC in a soil/CSC mix
produced a result inferior to that of a lower incorporation rate. This was also
demonstrated in experiments in an offset area immediately adjacent to the highway
alignment of this study (Grose 2011).
Monitoring of blended topsoil/mulch/CSC stockpiles

The composting of a mixture containing a significant proportion (30% by volume) of soil
with the mulch and CSC is unusual (No reports were found of this being done
elsewhere). When monitoring conventional mulch stockpiles, it is not normally
necessary to make a pilot hole prior to insertion of the oxygen/temperature probe, but it
was necessary where soil was incorporated and stockpiles compacted, to avoid
damaging the probe with excessive insertion force. The values of parameters usually
monitored to control the composting process with minimal soil present may not be
entirely appropriate here. Moisture content percentage is expressed gravimetrically,
and soil has a much higher bulk density than mulch and CSC (typically 2,000 vs
250 kg m-3). Moisture contents determined would therefore not be truly representative
of those of the organic components of the mixture, which are most relevant to the
composting process. Microbial activity is reported to drop off at moisture levels below
30% (Stentiford 1996). Moisture levels ranged between 3.3 and 29.2%, and were
generally lower when temperatures were higher.
Increases and subsequent decreases in temperatures in the stockpiles of
mulch/soil/CSC indicated composting activity had occurred and ceased. The effects of
temperature bands with respect to the composting process are reported to be
(Stentiford 1996):
>55°C – maximising sanitation,
45-55°C – maximising biodegradation rate, and
35-45°C – maximising microbial biodiversity,
with turnover frequency to control temperatures in windrow systems left largely to
operator discretion. In this case, for cost reasons, stockpiles were turned over
infrequently. According to AS4454 (Standards Australia 2003), temperatures in the
range 40-50°C produce stable composts more rapidly than do higher temperatures.
Mean temperatures of five of eight of our stockpiles fell within this range, while two
were in the range of 35-45°C, and one, BP7, fell outside these ranges, reaching a
maximum temperature of only 31°C. However, all maximum BP temperatures were
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recorded on the first monitoring, and it is possible that temperatures in stockpile BP7
(and indeed also in the other BP stockpiles) peaked at higher temperatures before the
first measurements. It is desirable for composts to be allowed to stabilise for 6-10
weeks, as unstable and immature composts can cause available nitrogen depletion
(Smith 1996), and in all cases durations of composting in the stockpiles were in excess
of this.

A minimum soil temperature of 47.5°C is recommended to kill Phytophthora cinnamomi
(Faber, Eskalen et al. 2008). Temperatures in excess of this were recorded in some of
the stockpiles. Anecdotally, although Phytophthora cinnamomi was detected by others
in many topsoil samples tested pre-construction (Strategen, unpublished report),
monitoring to date has not indicated its presence in any revegetated areas.

Composting of a mulch, soil and CSC for use in revegetation is a novel and expensive
process. Anecdotally, it has resulted in good native vegetation cover. Final formal
monitoring of the highway revegetation work against the federal and state government
project completion criteria is expected to confirm this observation. In November 2012
this approach was awarded the Western Australian Environment Award for Resource
and Waste Management (Department of Environment and Conservation 2012) on the
basis of it:


“offering the benefits of recycling ‘wastes’ otherwise destined for landfill
disposal;



fuel and labour resource conservation otherwise used to relocate degraded soil
and imported soil replacement,



protection of soil resources,



risk mitigation in the spread of dieback from green waste,



eliminating scour, erosion and dust,



manufacturing of a ‘fit for purpose’ landscaping product and



the successful revegetation programs through enhancing soil structure and
organic matter.”

Main Roads specifications are being updated to reflect these practices for their
application to other major road projects.

Tests of this method should be carried out against untreated controls to enable its
benefits to be properly quantified. This was not possible here, but nevertheless it was
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considered worthwhile to document this work to inform any future work that may be
carried out along these lines.

Concluding comments
Various experiments were conducted using mulches and direct seeding for a 70 km
highway construction project.

Glasshouse experiments showed that mulch improved structure in terms of cover and
the biotic factor of plant height, with composted mulch (actually classified as soil
conditioner, because of its size grading) producing better results than uncomposted
mulch. Mixing the mulch with soil improved structure with respect to plant cover.
Composting is a complex microbiological process in which the oxidation of organic
materials generates heat, with potential to kill weed propagules and pathogens, and
makes abiotic nutrients more accessible for plant development. While temperatures
measured in stockpiles of blended mulch, soil and composted soil conditioner indicated
that composting had occurred, the overall success of this treatment and assessment of
its contribution to structural and functional changes require further monitoring.

Mulch used with direct seeding improved structure with respect to plant cover.
However, the cost-effectiveness of different methods (e.g. the use of site-produced
and/or other mulch and its mixing with topsoil or not) will depend on many site factors.
Composting of site mulch, soil and CSC was expensive, although the actual costs
could not be itemised for this project.
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Chapter 8. General discussion
In this chapter I examine practical implications for cost-effective local ecological
restoration. I then integrate the various components and consider my study in a
broader context.

Then I take a global view and integrate the findings from all of my work with respect to
structure vs function and revegetation, followed by a general conclusion.

Overview of structure vs function, biotic and abiotic factors and
thresholds associated with them
My results indicate that in restoration, there are indeed relationships between structure
and function and inter-relationships with biotic and abiotic factors and allied thresholds.
However, in my various experiments I was unable to find ways to express the
relationships mathematically. This was because many of the factors involved were
either binary (with or without the treatment) or impractical to adequately quantify with
the resources and time available to me. Factors that I did quantify were mainly related
to structure. Completion criteria for projects in Western Australia mandated by the three
tiers of government (federal, state and local), all tend to focus heavily on structure. For
instance, a broad sample of 12 recent revegetation projects, all with different approving
authorities, on average called for the following criteria to be met after 3.5 years:


native plant stem density ≥1.7/m2 (not applicable to sedges in wetland water
body fringes),



projected native foliage cover ≥58%,



native species richness ≥55, and



projected weed foliage cover ≤10%



some called for no signs of disease or insect pests, and



some called for soil to be stable, but there were no requirements to quantify any
functional parameters.

For example, I examined the Folly Pool experiment (Chapter 3) with respect to
Bradshaw’s 1984 model (Figure 1-1). Prior to the latest successful restoration, nutrient
content on the Y-axis was satisfactory (on the basis of soil assays and weed growth),
but to measure biomass of the seven main weed species that peaked at different times
of the year, monitoring over at least one year would have been necessary. On the Xaxis the structure was relatively static with the weeds dominating the site, except for
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the seasonal variations among the nine species. When, after five years of failure of
concerted normal restoration activities, revegetation finally became possible by the use
of weed mat to overcome the weed threshold, ecosystem function increased, with large
increases in biomass, and structure improved through the re-introduction of 38 native
species. With some trees reaching over 7 m in two years, determining increase in
biomass would have been problematic. On the functional side, nutrient content of the
biomass would probably have increased, with the small-form weed species replaced by
some much larger tree species (none of the weed species was of tree form). It is not
possible to determine how close the system is to the target of the original ecosystem,
because the analogue, the surrounding nature reserve, does not reflect the true original
ecosystem. Rather, in the obvious absence of serious efforts to prevent the incursion of
weeds, this nature reserve could now be considered a novel ecosystem. The
revegetation is no doubt resulting in abiotic changes, as the trees grow and take up
more resources in the form of nutrients and water, and affect atmospheric CO2 levels
as part of the transpiration process (though on a very small scale). However, resource
limitations prevented my measuring these and plotting them on a graph of structure vs
function.
Whisenant’s 1999 model (reproduced in Figure 1-2), with its transition threshold
controlled by biotic interactions, in some ways better reflects the Folly Pool situation.
However, after the crossing of the first threshold, recovery required more than
vegetation manipulation as shown in the figure, as it was necessary to use abiotic
weed mat to allow planted natives to overcome this threshold. While the second
transition threshold appears to have been crossed, I believe that control of the site was
solely by biotic limitations, rather than by abiotic limitations as shown on the label of the
second threshold in the diagram. In terms of the primary process functionality on the
right side Y-axis, it appears to me that there has been little change with restoration of
flora. The nine weed species that completely dominated the site initially were simply
replaced by 38 native species, but it appears to me that the primary processes (with
respect to flora) still function in the same way. There were no discernible changes in
any of the abiotic parameters shown at the bottom of his graph. With respect to avian
species, with revegetation there was an increase in species richness, with the native
plants apparently providing more suitable habitats for many bird species. This avian
species richness was an attribute that was relatively easy to measure.

It is likely that the weeds entrenched on the Folly Pool site represented a threshold.
According to Hobbs (2007), “Although evidence is increasing that such thresholds are
important in some systems, there is currently no clear generally applicable method for
96

recognising where thresholds are likely to be important”. I was unable to prove the
existence of this threshold mathematically using the simple measures readily available
to me. There are some examples available in the literature of the quantification of
thresholds. In an examination of processes related to the structure and function of
regulated river ecosystems, McBain and Thrush (1997) detailed nine general physical
and biological attributes related to thresholds, and assigned an “ecological significance”
to each of them. However, the nine attributes are themselves quite complex, some
containing sub-attributes, which makes analysis very complicated. Garten and
Ashwood (2004) modelled soil quality thresholds to ecosystem recovery on degraded
soils. They used soil carbon and nitrogen dynamics to predict nutrient thresholds to
recovery of above-ground ecosystem biomass. They found four factors key to the
development of the recovery threshold: initial amounts of above-ground biomass, initial
soil carbon stocks, relative recovery rate of biomass, and soil sand content. Their
model is also extremely complex, and involved analysis of many other factors along the
way, before these four were accepted as the most appropriate. With my limited
resources, it was not possible for me to contemplate development of a mathematical
model with this level of complexity. I found a more general discussion of threshold
concepts and their application to rangeland restoration (Bestelmeyer 2006),
summarised in Figure 8-1 below, of more practical application here:

Figure 8-1 A classification of thresholds and their relationships. Example measurements after
the bullets could be used to quantify position relative to the given threshold (if one exists). The
arrows at the sides indicate whether the pattern, process, or degradation thresholds should be
used to define the two types of classification threshold (from Bestelmeyer (2006)).

In the case of Folly Pool, the Degradation threshold is appropriate, in terms of habitat
occupancy, by the weeds. The difficulty in quantifying thresholds is consistent with
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conclusions of Briske, Fuhlendorf et al. (2005): “Thresholds are difficult to define and
quantify because they represent a complex series of interacting components, rather
than discrete boundaries in time and space. Threshold components can be categorized
broadly as structural and functional based on compositional and spatial vegetation
attributes, and on modification of ecosystem processes, respectively”.

Tongway and Hindley (2004) adopted a slightly different approach to thresholds in the
application of Landscape Function Analysis to the long-term monitoring of restoration
progress, rather than simply monitoring the status at a single point in time. This is
illustrated in Figure 8-2.

Figure 8-2 Three contrasting ecosystem rehabilitation trajectories (from Tongway and Hindley
(2004))

In Figure 8-2 they have plotted functional responses (the actual function is not stated)
from three different mine sites (curves A, B and C) over time, and the critical threshold
represents the critical range below which the site would not be self-sustaining. Perhaps
Folly Pool structure could be envisaged in these terms. Curve C could represent the
initial unsuccessful attempts at restoration using conventional techniques, with weed
control efforts temporarily allowing the development of native species, improving the
native structure, but then weeds once again becoming dominant, and the structure
deteriorating, with this process being repeated on the cyclical basis shown over a fiveyear period. The application of weed mat would result in a step change, allowing the
native plant structure to rise above the critical threshold. However, based on my
(limited) practical experience with LFA monitoring, this would not be appropriate for the
measurement of function at Folly Pool, as of the 11 parameters assessed in LFA, 10
relate to soil properties, which would not vary greatly whether the site were covered
with weeds or natives. In any case, the presence of the weed mat would, I believe,
make the LFA monitoring methods inappropriate.
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From all of the above I came to the conclusion that when investigating restoration
issues, while it is important to have an understanding of the concepts of structure and
function and biotic and abiotic factors and their relationships, as well as thresholds.
However, their complexity and my resource limitations precluded my quantification and
mathematical modelling of them.

Overview of restoration timeframes
As mentioned in Chapter 1, full ecological restoration, if in fact ever practically
achievable, may take much longer than the typical 3-5 year permit requirement. The
results of my experiments generally confirmed this, though there were wide variations
in plant growth rates by species and soil types. While some local tree species grew
relatively quickly in some situations, a key local species, Banksia attenuata, grew very
slowly in the typical nutrient-poor sands in the region. Based on trials over 7½ years, it
is not possible to forecast how long it would take this species to reach a typical
maximum height approaching 10 m. While it may be possible to meet typical permit
requirements in terms of native plant foliage cover in Banksia woodland restoration
within permit time frames, full restoration would take much longer.

Overview of restoration costs
As mentioned in Chapter 1, there is a general lack of meaningful data on revegetation
costs to guide restoration efforts. Actual costs can vary widely, depending on many
factors. Chapter 5 provides some current commercial cost information relevant to the
Perth area and some comparisons to costs in other parts of the world.

General recommendations for restoration planning in the
region
These recommendations are directed at restoration on the Swan Coastal Plain around
the Perth area, with a Mediterranean climate.

Site access control

Chain wire exclusion fencing 1.8 m high, though expensive, should be installed around
restoration sites with high kangaroo populations. Normal farm-type fencing is
ineffective for stopping kangaroos. Also, as found at Folly Pool, it is ineffective at
99

controlling unauthorised vehicle (four-wheel drive and motorcycle) access, as it is
easily cut, so other precautions may need to be taken to protect areas where there has
been a history of, or is potential for, unauthorised vehicle access. Where rabbits are
present, tree guards can be used to prevent herbivory, although if planting density is
high, it may be cheaper to install rabbit-proof site perimeter fencing, or if fencing
already exists, add a rabbit-proof skirt. Particular attention must be paid to rabbit
proofing of gates, and thorough rabbit baiting must be done inside the fenced area,
repeated if required, as often as necessary.

Weed control

For sites with moderate weed coverage, control by conventional means, primarily
herbicide application should be sufficient for direct seeding and seedling planting.
Weed control should preferably be carried out at least one year in advance of
restoration activities, so that all weed species that germinate at different times of the
year can be tackled at least once, although with the use of non-residual herbicides,
weed seeds still present in the soil seed bank may germinate in subsequent years.
However, due to time and budgetary constraints this does not always happen, in which
case the timing of weed control is critical. Six weeks difference in the time of herbicide
spraying in successive years on one site made the difference between success and
failure. When scheduling herbicide spraying, close attention should be paid to the
germination times of all weeds found on a site, and it is preferable that weed surveys
be done over a period of at least one year prior to commencement of revegetation, to
document which species typically germinate at particular times of the year. It should
also be recognised that elimination of some weed species that dominate a site may
lead to the emergence of other weeds previously suppressed by the dominant species.
Weed control is especially important in the case of direct seeding, as selective weed
control after germination can be very difficult, time-consuming and costly. This is
because it is difficult to discriminate between the tiny germinants of native plants and
weeds. This is not such an issue with larger planted seedlings, especially if they are
protected by tree guards.

In extremely weedy sites where there is a weed threshold to overcome, the use of
woven black plastic weed mat may be a viable alternative to conventional weed control
methods. Weed mat may also be appropriate if it is desired to avoid the use of
herbicides. Allowance should be made of the ultimate removal of the mat, which may
not be easy. Removal difficulty and cost will increase over time.
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Surface treatments

As well as providing nutrients for promoting plant growth, mulch (in coarse, fine or soil
conditioner grades) may help prevent soil erosion and rain splash erosion, and may
improve the appearance of otherwise bare soil. Composting of the mulch is
recommended to kill any propagules and pathogens present and break down the
contained nutrients into forms more readily accessible by plants. Incorporation of the
mulch into the topsoil, although adding to costs, is recommended where direct seeding
is to be used, or if the site is subject to inundation and the mulch may otherwise float
away. With direct seeding, if the mulch is not to be incorporated into the topsoil, a thin
application with approximately 70% surface cover is recommended, to provide for
seeds to make direct contact with the soil. Seeding after mulch application is
suggested. Mulching after seeding may help prevent seed being blown away, but is
best done by mulch blowers. At the time of writing suitable blowers were not widely
available in the Perth area. Dozer tracking (typically with wider swamp tracks to better
spread the machine load) after seeding over mulch may help anchor the seed and
mulch, but will add to costs. The type of mulch to be used is also important. On many
construction sites, mulch produced from cleared vegetation will be freely available. If it
is not used on the site, there will be a disposal cost. However, it may cause problems if
it is not composted before use.

Banksia attenuata

While Banksia attenuata is known to be slow growing, just how slow is underappreciated, and this should be recognised when planning restoration and when
formulating restoration project completion criteria. If planted as seedlings, native plant
fertiliser tablets are recommended, to optimise cost-effectiveness with respect to
growth rates. Planted seedling survival rates through the first summer after planting are
likely to be only around 30%. Seed germination rates are generally high. However,
unlike many other WA native plant species, when direct seeded, Banksia attenuata
seeds not germinating before the first summer after sowing are unlikely to germinate in
subsequent years.

Direct seeding vs seedling planting

As was found to be the case with Banksia attenuata, broadcast direct seeding is
generally cheaper than planting of nursery-grown seedlings. For other species direct
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seeding should also be more cost-effective than seedling planting. Timing of seeding of
some species is critical.

Tree guards

As tree guards have no effect on long-term seedling survival and growth rates, their
expense is not justified, unless they are necessary to reduce herbivory or for other
reasons, such as deterring traffic, or preventing accidental exposure to herbicide
overspray. However, with respect to herbivory they are of limited use against
kangaroos. Leaving tree guards in place through summer may cause plants to
overheat – some species, such as Banksia attenuata, seem to me more susceptible to
overheating than other species.

Further research
Several of the components of the research presented in this thesis involved field
examination of the outcomes of commercial restoration operations. This has had
advantages and disadvantages. The main advantage is the provision of ready-made
experimental set-ups that would likely be beyond the scope of a PhD project to fund
and establish. The main disadvantage is an often sub-optimal experimental design that
limits rigorous examination of likely causal factors. Further research could therefore be
based on a mix of further work on operational restoration sites and more detailed
manipulative experiments.

Some of the projects will continue to be monitored, so that longer-term trends can be
documented. The projects also, however, provide the basis for designing more detailed
experimental approaches that examine the trends found in this study and take a more
mechanistic approach to separating out key factors. For instance, further studies could
be initiated that examine Banksia attenuata survival, growth and costs using direct
seedling and seedling planting, with and without tree guards and slow-release native
plant fertiliser. These would ideally be initiated over a number of years, covering
periods with below-average, average and above average first-summer rainfall, allowing
consideration of the effects climate variability and declining rainfall on restoration
outcomes.
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Relevance of recommendations for restoration planning to
other regions
Some of my recommendations for restoration on the Swan Coastal Plain may be
applicable to other regions, especially those with similar Mediterranea-type climates
and those with impoverished sandy soils. These are described below, together with
some references to the work of others along similar lines.

Site access control

Kangaroos have the ability to bound over typical farm-type fencing. Other animals in
other parts of the world, such as deer (Parsons, Koch et al. 2006), are also capable of
this, and may similarly pose the threat of herbivory. I would expect unauthorised
vehicle access by four wheel drive vehicles and motorcycles to also be a worldwide
problem. The cutting of fences for vehicle access can open areas up to predation, as
well as causing direct physical damage to plants, and disturbing the soil, possibly
triggering weed germination. Thus my recommendations with respect to fencing may
be applicable elsewhere.
Weed control

Native plants from one location are often considered weeds in other locations, such as
Australian Acacias in South Africa (Holmes and Richardson 1999). Closer to home
Acacia iteaphylla, Flinders’ Range Wattle, a South Australian native, can become very
weedy around Perth, where it thrives and multiplies rapidly (Western Australian
Herbarium 1998-). Despite regions with non-Mediterranean climates having different
rainfall patterns, I would expect my general recommendations on weed control to be
universally applicable, at least to some degree.

Black plastic weed mat is used in other parts of the world, but I believe that my work is
the first to document its longer-term use on a large scale in restoration. Peer-reviewed
experiments overseas have generally been confined to small-scale plots over relatively
short time frames (Derr and Appleton 1989; Martin, Ponder et al. 1991).
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Surface treatments

My results with the use of mulch and other composted products generally confirmed
the results of others in Australia (Dorahy, Pirie et al. 2007) and in other parts of the
world (Hermes 2001; Glanville, Richard et al. 2003; Faucette, Risse et al. 2004).
Banksias

Banksias, of the Proteaceae family, are unique to Australia, apart from one species that
also occurs on nearby islands. Of the 78 species identified to 2008, 61 occur only in
southwestern Australia (Collins, Collins et al. 2008), in an area extending 1500 km
north up the coast, 1000 km along the south coast, and up to 450 km inland (Lamont
and Connell 1996). Banksia attenuata, which I studied, is the most common of these
(Enright and Lamont 1992a), and has the widest distribution (He, Lamont et al. 2009).
Thus my results for this species may be applicable to other parts of Western Australia,
dependent on the climate and soil types. In South Australia, some experiments
conducted 2,300 km east of Perth involved Banksia ornata, co-dominant in climax
heath vegetation, also in low-nutrient sandy soils, and Banksia marginata (Heddle and
Specht 1975). These species exhibited low response to fertiliser addition, which is at
odds with my findings. Consistent with my results, Banksia growth rates were also said
to be slow, though not quantified. In contrast to my sites, annual rainfall was said to be
high, though also unquantified. Under the Köppen-Geiger classification system (Peel,
Finlayson et al. 2007) there is only one other zone in Australia, apart from that in
southwest Western Australia, with Mediterranean climate. While it is located in South
Australia, their experiment site does not appear to be within it.
Direct seeding vs seedling planting

My finding that for Banksia attenuata direct seeding is more cost-effective than
seedling planting confirmed the results from other continents with other species
(Palmerlee and Young 2010; Cole, Holl et al. 2011)

Tree guards

Experiments in other regions, such as Hong Kong (Lai and Wong 2005) and France
(Bergez and Dupraz 2000) also showed tree guards to have no positive effect on longterm seedling survival and growth rates, unless they are necessary to reduce
herbivory. Some positive results were reported, but only when used with other
104

amendments, such as weed mats. The amendments that I tested with tree guards had
no synergistic effects.
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Conclusion
There are many challenges in restoration in the typical impoverished southwest
Western Australian soils. This study has explored the relationship between ecological
structure, function, and thresholds as barriers to restoration in the region. It provides
information to guide cost-effective and timely restoration through mulching,
revegetation and weed control. It is the first to formally document the success of largescale plastic weed control mat usage, to quantify the slow growth rates of Banksia
attenuata, and to detail the composting of a mulch, soil and soil conditioner blend. In
closure, I believe that the words of Ewel (1987) are very appropriate: “Ecologists have
learned much about ecosystem structure and function by dissecting communities and
examining their parts and processes. The true test of our understanding of how
ecosystems work, however, is our ability to recreate them.”
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Composted soil conditioner
and mulch promote native
plant establishment from
seed in a constructed
seasonal wetland complex

Fine particles in composted soil conditioner (CSC) can
increase soil waterÐholding capacity, water inÞltration and

nutrients, and improve soil health (de Arau«jo et al. 2010).
Coarser particles in mulch, and also in the coarser fraction
of CSC, can assist direct seeding by providing niches to
prevent seeds being blown or washed away, conserving
soil moisture and reducing temperature extremes. (Whisenant 2002). Dorahy et al. (2007) reported that a 40:60
blend by volume of CSC and mulch applied in 20- and 40mm-thick layers reduced soil erosion and promoted vegetation establishment, with the larger particles forming a
physical shield to protect the soil, whether the material
was left on the surface or incorporated into the topsoil.
As an offset for wetlands destroyed during freeway construction, the Southern Gateway Alliance (SGA) constructed a four-stage seasonal wetland complex near Perth,
Western Australia, centred at 32 24¢18¢S and 115 49¢30¢E,
with Mediterranean climate. This study is focused on ecological revegetation of a relatively ßat area surrounding
one of the shallow basins. The site previously contained a
production pine plantation. All trees were harvested, their
stumps pulled out and removed from the site. Although
there was no natural vegetation, qualitative glasshouse trials showed the rather hydrophobic topsoil to still contain
viable native seeds, with few weed seeds. Contoured with
gentle slopes using this topsoil, the permeable, although
hard in places, complex intercepts contaminants ßowing
from the roadway and buffers peak runoff, with any water
exceeding the capacity of the complex discharged to the
Serpentine River.
The local soils are termed ÔBassendeanÕ, described as
Þne to medium grained sand varied in colour and texture,
with low water-holding and nutrient retention capacity.
These soils have been reported by Wells (1989) to be particularly low in phosphorus, and our site soil assays conÞrmed this trend.
The Western Australian Department of Environment
and Conservation, their consultants GHD, SGA, Custom
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Summary
Three thicknesses of composted soil conditioner, and one
combined with mulch, surface-applied and then incorporated into the sandy topsoil, were tested against controls
for promotion of native plant establishment by direct seeding in construction of a seasonal wetland complex. Located
50 km south of Perth, Western Australia in a Mediterranean
climate, the site typically dries out in summer. In wetter
seasons ponds intercept contaminants in freeway runoff
and act as a buffer for peak ßows. The 20 mm thickness of
soil conditioner was the most effective. The 40 mm thick
40:60 blend of soil conditioner and mulch was also effective Ð the mulch can help reduce soil erosion. Composted
soil conditioner, typically produced by recycling accumulated municipal waste, counteracts soil organic matter and
nutrient depletion.
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Composts and I trialled CSC compliant with AS4454: 2003
(Standards Australia 2003), typically produced from municipal green waste, for promoting the establishment of
native vegetation on the site. I monitored these trials independently, using additional quadrats and different criteria
to the others over a longer period, 21 3 rather than 1 year.
Typically, not all seed germinates in the Þrst year (Merritt
et al. 2007) and large sites do not always develop homogeneously or simultaneously (Walker & del Moral 2003).
Various thicknesses of CSC were used, some mixed with
un-composted mulch produced by ßat-bed chipper from
Banksia woodland cleared from a nearby construction site.
All were incorporated into the topsoil, to minimise the risk
of them ßoating away should the sites become inundated.
By deÞnition CSC and mulch differ in size grading, with
the former being <20% by mass + 16 mm and the latter
>70% + 16 mm (Standards Australia 2003).
The beneÞts of CSC use can be twofold, recycling accumulated municipal waste, while counteracting soil organic
matter and nutrient depletion (Mbarki et al. 2008).

Methods
Trial establishment followed earthworks completion, in
August 2008.
Three 3000 m2 replicate plots were established around
a 500 mm deep basin. In each, Þve subplots were
established Ð treated with 20, 30 and 40 mm thicknesses of
CSC, 40 mm of a 40:60 blend of CSC and mulch, all incorporated into the top 100 mm of topsoil by rotary hoe, or
left without CSC or mulch as controls. Control soil surfaces
were cultivated by chain harrowing immediately before
seeding.
The 45 site-indigenous species direct seeded at
3.5 kg ‡ ha had unit seed masses ranging between 10 and
5000 per g. Seed was treated to promote germination and
bulked up with vermiculite before spreading by hand in
multiple overlapping passes. Ten core low-form species,
predominantly fast-growing and nitrogen-Þxing pioneers,
were used in all replicates, with the other species allocated
to the replicates based on providing variety in the landscape, with lower species closer to the freeway, so as to
not block the view of the basin and the taller species on
the far side.

Selective herbicide applications controlled weeds. Done
at the same times across the site, they are not detailed here.
Live weed cover at Þnal monitoring was negligible.
In February 2009, I established three clusters of ten
1 · 1 m quadrats at random locations in each of the subplots, giving 90 quadrats per treatment type.
For natives in each quadrat, at each monitoring, except
for the last, I recorded the numbers of plants and species,
estimated percentage cover, and maximum and average
heights. For weeds I only estimated percentage cover.
Only living specimens were included. I initially only
recorded the numbers of different species in each quadrat
because of the difÞculty in positively identifying some species, especially when they are small, the large numbers of
quadrats and species, and because my primary interest
was in the performances of the various treatments rather
than the performances of the individual species. However,
for the Þnal monitoring, I recorded the numbers of each
particular species in each quadrat to examine the overall
species diversity.
Monitoring was carried out on Þve occasions, but
detailed statistical analysis is conÞned to the last results,
after 21 3 years.
Single-factor ANOVA analysis (using the R statistical
package) was performed for each of the recorded parameters for all of the treatments. Where there were signiÞcant
differences, multiple comparisons of means between each
of the treatments were done using TukeyÕs t contrasts.

Results
In the CSC ‡ mulch subplot in Replicate 2, there were ultimately no native plants in any of the 30 quadrats, compared with 58 and 78 in the other replicates. Photographs
of the CSC ‡ mulch subplots in each of the three replicates
taken just after trial establishment indicate that in Replicate
2 the CSC ‡ mulch mixture was not properly rotary hoed
into the topsoil. No native germinants were recorded in initial monitoring of these 30 quadrats, rising in 2009 to one
in May and August, and 10 in December, but falling to zero
from May 2010. I therefore performed statistical analyses
both with and without data for the CSC ‡ mulch subplot
in Replicate 2 to examine the effects of this apparent
anomaly.

Figure 1. Native plant means ± 1 SE 21 3 years after 2008 direct seeding at Anstey wetland of 90 one metre square quadrats (three clusters of 10
quadrats in three replicate plots) for controls and 20, 30, 40 mm of composted soil conditioner (CSC) and 40 mm of 40% CSC:60% mulch incorporated
into the topsoil for: (a) numbers of plants, numbers of species, and plant cover percentage and (b) maximum and average plant heights. In (a) 40%
CSC:60% mulch results are shown with and without data from Replicate 2, as it is doubtful that the material in this replicate was properly rotary hoed
into the topsoil.
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ANOVAs showed that there were signiÞcant differences
between replicates for many of the measured parameters,
which was not unexpected with each of the three replicate
plots seeded with different species (apart from the common core species), but space limitations in this short note
preclude their inclusion here. It was considered more
appropriate to explore the overall results using ANOVA by
treatment type (Fig. 1).
Compared with the control, all other treatments showed
signiÞcantly better (P = 0.001) maximum and average
plant heights. There were no signiÞcant differences among
the other treatments for these parameters.
For all other parameters, for CSC alone, the 20 and
30 mm thicknesses were signiÞcantly better than the control (P = 0.001), with the 20 mm signiÞcantly better than
30 and 40 mm thicknesses (P = 0.05 and 0.001). For the
CSC ‡ mulch blend, percentage cover was signiÞcantly better than the control (P = 0.001), irrespective of whether
Replicate 2 was included. The number of plants was not
signiÞcantly higher, with or without Replicate 2, but the
number of species was (P = 0.001), but only if this
replicate, was excluded.
The site performed well, given 4 months of drought
with negligible rainfall in summer 2009 ‡ 10, the longest
drought ever recorded in the area, followed by an extremely dry winter and spring, and seeding in early August,
several months later than planned (and optimal).
Overall species diversity was best for the 20 mm thickness of CSC (Table 1).
The maximum number of species per quadrat of 11 in
May 2009 declined to nine in December 2009, and to seven
after the drought. Eight species, Acacia lasiocarpa, Acacia
pulchella, Beaufortia squarrosa, Ficinia nodosa, Kennedia
prostrata, Melaleuca systena, Regelia ciliata and Regelia
inops, each of which was present in all treatments, comprised 84% of the total number native plants, although
their seeds represented only 53% of the total by mass.

Discussion
My Þnding that the thickest application of CSC incorporated into the soil did not yield the best results is consistent
with the laboratory Þndings of Pedra et al. (2007) that the
equivalent of approximately 32 mm thickness of CSC
incorporated into the soil, after 28 days showed more
improvement in soil organic matter, important for maintaining soil quality, than 63 mm thickness.
Rokich et al. (2002) reported negative effects of 5 and
10 mm thicknesses of surface-applied mulch on recruitment from seed. However, at these thicknesses, their
mulch would be closer in size to our CSC than our mulch,
which was much coarser, being nominally in line with
AS4454-2003, of 70% plus 16 mm, as commonly used in
local revegetation. In contrast, our trials showed that incorporating the materials into the topsoil, whether CSC used
alone or in combination with mulch, produced better
ª 2011 Ecological Society of Australia
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results than the controls. Such coarse mulch is freely available from clearing on many construction sites, and mixing
it with CSC for use with direct seeding can obviate its disposal costs, enhance plant development, improve aesthetics, prevent crusting of the soil (Black et al. 2003) and
reduce soil erosion.
The relatively poor species diversity, with only 53% of
seeded species ultimately present in the quadrats, is probably a function of the longest drought ever recorded in
2009 ‡ 10 affecting some species more severely than others.
Also, some of the species from personal experience typically have low success rates in direct seeding, even under
ideal conditions.
The design, using different species, apart from 10 common core species, in each of the three replicates was predicated on various conditions in Federal and State
government approvals for the project. While this limitation
precluded meaningful statistical analysis by replicate, it did
produce interesting overall results by treatment type.
Another potential limitation is that some of the differences
between the controls and other treatments may be attributable to differences in surface treatments, the former being
chain harrowed and the latter rotary hoed. Seed bed cultivation by chain harrowing immediately prior to direct
seeding is commonly used with success on sandy soils in
the region. With respect to the apparent failure to incorporate the CSC ‡ mulch blend into the surface in Replicate 2,
analysis of the data for this blend with and without Replicate 2 included indicated better plant cover (even better,
though not signiÞcantly, than 20 mm of CSC) and slightly
better numbers of plants and species in the latter case.
Dorahy et al. (2007) reported that this treatment, surface
applied, should promote germination. The germinants
observed in this blend in Replicate 2 in December 2009
would likely have utilised moisture in the CSC ‡ mulch to
establish in spring, but have perished later in summer, the
driest ever recorded, having not yet been able to send
roots down through the CSC ‡ mulch into the soil below to

access moisture after supplies in the CSC ‡ mulch were
exhausted. It is also possible that this subplot was not
properly seeded Ð the work was contracted out to normal
commercial standards, and formed a small part of a very
busy schedule, with work extending over 70 km of road
construction.

Look before planting: using
smokewater as an inventory
tool to predict the soil seed
bank and inform ecological
management and restoration

Key words: invasive species, land management, smokewater, soil seed bank.
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Summary
This study tested the efÞcacy of smokewater to determine
the potential germination from soil seed bank in three
management sites of the same National Park: a forest site
prior to restoration, an ex-pine plantation site and an
ex-mine site. This will provide further information to land
managers so that more accurate planning can occur.
Results showed that smokewater signiÞcantly increased
the germination from the soil seed bank, and signiÞcant
differences in the level of germination of weed species
ª 2011 Ecological Society of Australia
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Short Report
Restoring a seasonal wetland
using woven black plastic
weed mat to overcome a
weed threshold
By Peter J. Grose (School of Plant Biology, University of
Western Australia, Crawley, WA 6009, Australia;
Email: 20537327@student.uwa.edu.au).
Key words: jute mat, plastic weed mat, restoration, thresholds, weed control.

Summary
Little information is available on the use of woven black
polypropylene weed control mat in ecological restoration.
At a 6.5-ha area of fertile Vertosol soil ex-farmland near
Perth, Western Australia, concerted efforts to control weed
using conventional methods such as herbicides, Þre and
cultivation proved ineffective. After 5 years, weeds still
dominated the site, and native plant establishment was
poor. Small-scale preliminary trials of various weed suppression coverings were then undertaken, with plastic
weed mat the most cost-effective in overcoming the weed
threshold, permitting native tree seedling establishment. In
a larger-scale trial of weed mat over the whole site, weeds
were controlled and high levels of native plant establishment achieved, with a diverse range of understorey, midstorey and overstorey species providing 56% projected
foliage cover. This ensured that completion criteria were
Þnally satisÞed. These results suggest that weed mat may
be effective for weed control in large-scale restoration
where conventional methods have failed, as long as ultimate removal or decomposition and other issues are
addressed.

Introduction
As an offset for wetland destruction, Main Roads Western
Australia undertook to restore native vegetation communities on 6.5 ha of ex-farmland. This offset expands the
adjoining Folly Pool Bush Forever reserve (lat 32 19¢20 S,
long 115 49¢46 E), 40 km south of Perth, Western Australia, with Mediterranean climate. Environmental Protection
Authority restoration completion criteria were based on a
survey of the reserve (Gibson et al. 1994), which reported
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relatively intact vegetation in wetland and low forest structural units. Rainwater perching in the wetter winter months
in underlying muddy sand causes the black Vertosol soil to
become dense, waterlogged and untrafÞcable. In summer,
the soil dries out, and extensive deep surface cracks
develop.
Restoration works commenced in 2001 using conventional weed control by burning, repeated application of
herbicides, slashing and deep ripping, plus spreading of
gypsum, to counteract deep cracking; mounding, to provide an elevated environment for planting; and repeated
direct seeding and seedling planting. By 2005, the canopy
closure, species richness and diversity criteria had not been
met: few small trees and shrubs survived in the thirty four
0.7-m-wide by average 300-m-long parallel mounds
spaced at 4.5-m centres, and the site remained extremely
weedy. Seven main species provided almost complete
weed foliage cover in some seasons. Soil nutrient analyses
showed no differences that would explain poor plant
establishment and variations between poor and better
areas. A positive feedback cycle (DÕAntonio & Chambers
2006) had evidently resulted from the weeds depositing
more and more seeds into the soil seed bank. In winter,
abundant water facilitated rapid, dense weed growth. In
hotter months, weed seeds fell into cracks. After being
trapped for some time in the soil seed bank as the cracks
Þlled with water and sediment, they subsequently germinated. A critical weed threshold so established had prevented the return of the site to a more natural state using
conventional methods.
Although woven black polypropylene weed control
mat is sometimes used in landscape gardening applications, covered with mulch for aesthetics, (Derr & Appleton
1989; Martin et al. 1991), there is little information on its
use in larger-scale restoration, with or without mulch
cover.
Initial smaller scale trials
Preliminary unreplicated trials commenced in autumn
2006. Each of four 100-m-long strips between mounds
were subjected to one of the following four treatments:
woven polypropylene weed mat (100 g ‡ m2) (henceforth
referred to as Ôplastic weed matÕ), thick jute weed mat
(680 g ‡ m2), 100 mm thickness of commercially available
high-temperature composted forest mulch, or left with no
cover, before planting native tree seedlings (Tranen Revegetation Systems 2007). All of the strips had received
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identical soil preparation including herbicide spraying, ripping, gypsum addition and light tillage.
After 8 months, these trials suggested plastic weed
mat, even allowing for the actual cost of its removal,
was the most cost-effective in controlling weeds, with
0% cover, compared with 82% for the uncovered control. Average seedling survival and height were 20% and
0.6 m in the control, compared with 90% and 1.1 m in
the weed mat. With intense weed competition, trees in
the control were comparatively elongated compared
with those where weed was more effectively controlled
(Fig. 1).
Similar peak summer soil temperatures at various
depths in the control and weed mat indicated that the mat
worked by preventing light transmission for photosynthesis, rather than heat killing weed propagules.
As these preliminary trials had clearly demonstrated the
effectiveness of weed mat in this application, fresh trials
were commenced covering the whole of the site, apart
from the mounds.

Large-scale weed mat trial methods
Soil in 35 rows alongside the mounds was prepared in the
following manner. After killing weeds with non-residual
herbicide, the ground was ripped to 200 mm depth, spread
with gypsum at 5 t ‡ ha and lightly tilled with a rotary hoe
to level the surface. As after 2 weeks no weeds had
emerged, no further herbicide was applied. Plastic weed
mat from 100 m · 3.66 m rolls (Pope Packaging, Welshpool, Western Australia) was secured with 150-mm-long
steel U-pins at 500-mm spacing along the edges and at
100-mm joint laps, and at 2-m spacing along the mat centreline. Work was staged over two planting seasons, in alternate rows, in the winters of 2008 and 2009, with the option
of aborting the trials after the Þrst year if signiÞcant problems arose. A tool with three 75-mm-long blades cut
star-shaped slits in the mat to facilitate planting using
Pottiputki hand planters (Lannen Plant Systems, Sa¬kyla¬,
Finland) while minimising light penetration.
Seedlings of 39 locally indigenous species (16 overstorey, 16 midstorey and seven understorey) from local

(a)

nurseries were planted at random, one per linear metre,
on a wavy line in each row, with species allocations proportional to row length. Waterlogging of the site in 2008
made installation and proper tensioning of the 6 km of
mat difÞcult. Drier ground earlier in the year, when the
remaining 6 km of mat was installed in 2009, made installation and tensioning much easier. A motion-activated camera was installed to photograph animal activity in one
matted area. Winds gust up to 92 km ‡ h loosened small
amounts of mat, which were re-pinned.
Damage by unauthorised vehicles to some mat and
fencing was repaired. Herbicide was applied as required to
control weeds in un-matted areas. Any weeds that grew in
planting holes were removed manually at approximately
6-month intervals. Weeds germinating in soil deposited by
water receding after inundation, and in leaf litter patches
in some matted areas, their seeds having blown in were
similarly controlled. Scissors were occasionally used to
enlarge the planting holes of expanding clump-forming
sedges. Seedling survival was periodically monitored by
row, with the open-source R statistical package used to
perform ANOVA on survival by year of planting.
No untreated controls were established for comparison,
as it was a requirement to restore the whole site to achieve
the completion criteria, and previous work had shown
planting without effective weed suppression to be futile.
For Þnal monitoring, in May 2011, six 1000-m2 quadrats
were set up at random over the site (including the mounds
between the matted rows, as the completion criteria
applied to the whole site). Although not a requirement of
project approvals, three 1000-m2 control quadrats were
established in the adjoining nature reserve for comparison.
An informal visual inspection of the whole site was done
late December 2011, 7 months after the Þnal formal monitoring.

Results
No weed species managed to germinate under the mat and
grow up through it. However, adjacent to planting holes,
some sharp-pointed stems of laterally expanding planted
native sedges were able to grow up through the tiny holes

(b)

Figure 1. (a) The non-matted control plot with white rectangles highlighting highly elongated and poorly performing planted trees among weeds and
(b) the weed matted plot, 1 year after commencement of the preliminary trials, showing a more healthy plant growth response.
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Figure 2. (a) A native sedge growing up through tiny holes in the
weed mat weave and (b) a Flooded Gum that germinated in a leaf litter
patch.

in the mat weave (Fig. 2a). Despite supposedly rabbitproof perimeter fencing, cut at times by vandals, and
previous rabbit baiting, some rabbits were observed.
Approximately 1% of recently planted seedlings were
found lying on the mat in 2008, thought to have been
pulled out by rabbits to nibble the roots. After the next
plantings, a fox was photographed by the monitoring camera, and no seedlings were pulled out.
In November 2009, survival of recently planted seedlings by row averaged 69%, compared with 58% for those
planted in 2008. After the next summer, in mid-2010, corresponding values fell by 16 and 6%. At Þnal monitoring in
May 2011, overall survival averaged 52% (SE 1%), with survival of those planted earlier signiÞcantly higher, by 4.5%

(df = 33, f = 5.6, P = 0.02). Summer 2009 ‡ 10 was the driest
ever recorded, with only 3 mm of rain in 4 months
(Bureau of Meteorology 2012).
Flooded Gum (Eucalyptus rudis) in particular grew
well, with several growing 7 m in 2 years. In 12 months,
several Swishbush (Viminaria juncea) grew 4 m, and several Orange Wattle (Acacia saligna) 2.6 m. Some Flooded
Gum and Swamp Sheoak (Casuarina obesa) seeds germinated in leaf litter patches on the mat (Fig. 2b). Their roots
found their way down into the soil through the tiny gaps
in the mat weave and they expanded laterally.
In May 2011, completion criteria with respect to projected foliage cover (56%, target 50%), average plant density (1.2 plants ‡ 8 m2, target 1), and average overstorey
and understorey species richness (7 and 21, targets 2 and
4) were all met (Fig. 3). Thirty-six native ßora species
were present, compared with only six in the unplanted
control quadrats in the adjoining reserve, and weed
cover was <1%, compared with 70% in the untreated
controls. Bird species richness increased (39, target >16)
(Prefumo 2011).
After 4 years of exposure to the elements, no mat had
broken down, except for green strands woven longitudinally into some mat at 300 mm centres. This had no effect
on weed establishment. Seven months after the trials
ended, it was evident that, in the absence of weed control
in surrounding areas, weeds were beginning to encroach
into the site perimeter.
All inclusive (2008) costs for the trials averaged AUD
3.50 ‡ m2.

(a)

(b)

Figure 3. The restoration area, bounded by Folly Pool Reserve and Kwinana Freeway, on (a) 3 March 2006, after 5 years of concerted conventional
restoration activities, and (b) 8 September 2011, subsequent to the weed mat trials.
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Discussion
The weed threshold was overcome with the large-scale
use of weed mat. This permitted the establishment of
native species and satisfaction of the completion criteria,
where more conventional weed control methods had
failed.
Proper mat tensioning is important. Others have also
reported uneven plastic sheet surfaces to cause rapid sheet
tension loss and lift (Grinstein & Hetzroni 1991). Loose mat
ßapping in the wind can physically damage and cover
plants.
The relatively higher attrition of 2009 planted seedlings
over their Þrst summer is attributed to the 2008 planted
seedlings being better established, with roots deeper into
the water table, enabling them to survive better through
the driest summer on record. Tree species survived better
than midstorey and understorey species, and these generally have deeper roots. Veneklaas and Poot (2003)
reported shrubs with shallow roots exhibiting greater
drought stress.
Overall seedling survival of only 52% is attributed to
prolonged inundation in parts, wind-induced ßapping
of the mat damaging smaller species early on, weed competition in mud deposits on the mat and in planting holes,
herbivory by rabbits (until presumably the fox predated or
drove out the rabbits), the driest summer ever recorded in
2009 ‡ 10 and vandalsÕ vehicles driven over some plots. The
high growth rates of some native species indicated satisfactory soil nutrient levels and that, with the elimination of
weed competition, ecological processes are functioning
satisfactorily. Despite low plant survival, foliage cover
remains substantial at the date of publication.
It is intended to eventually remove the mat. However,
removal is not recommended while its presence is not
exhibiting negative effects on the development of the
planted natives and while it is still limiting the encroachment of weeds from uncontrolled areas surrounding the
site. Merri Creek Management Committee in Melbourne,
Victoria (B. Bainbridge, 2009, pers. comm.), used weed
mat successfully for 8 years, between 1988 and 1996, but
stopped because removal became difÞcult and cost-prohibitive as silt, litter and roots anchoring the mat increased.
Safety issues arose, with the mat providing a good habitat
for snakes and spiders, and with high potential for eyestick injuries when clambering through to the base of
bushes when removing mat. Also understorey species that
grew into the mat were uprooted during mat removal.
Folly Pool mat removal difÞculty and cost should be lower,
given target native plant density of only 0.125 stems ‡ m2
compared with up to 10 stems ‡ m2 at Merri Creek (Bainbridge 1999). In typical landscape gardening applications,
weed mat is not intended to be removed, but it is normally
covered with mulch to improve aesthetics, and there is not
the same expectation of natural regeneration of the species
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planted as in restoration. Covering with mulch is expensive, and weeds can germinate and grow in mulch. As at
Merri Creek, mat removal difÞculty and cost will increase
over time. Removal will increase foraging bird access to
feed on the ground.
Merri Creek Management Committee changed to using
more expensive jute mat, together with carefully planned
herbicide maintenance routines, as this proved effective in
controlling their weed species, and, being biodegradable,
the mat need not be removed. Jute mat is used extensively
around Perth, but mainly for erosion control. Experience
on other Perth projects with weeds such as Century Plant
(Agave americana), Bridal Creeper (Asparagus asparagoides) and Soursob (Oxalis pes-caprae) has been that while,
as claimed by the manufacturer, jute mat may suppress
growth of broad-leaf weeds germinating under it, it does
not prevent the emergence of other local weeds. None of
the seven main weed species at Folly Pool is broad leaved.
It remains to be seen whether natives that germinated
from seed falling into litter patches on the mat and sedge
stems growing up through the mat adjacent to planting
holes will survive in the longer term if the mat is not cut to
facilitate lateral expansion. There is potential for natives to
reproduce from seed and vegetatively in the un-matted
mounds, which comprise 16% of the site. It also remains to
be seen when, if ever, the mat will break down appreciably. Errant whole mat sections, blown or washed off before
plants have grown sufÞciently to prevent this, or decaying
fragments, have potential to cause damage, such as by
blocking drainage structures. This applies to both weed
mat and, probably to a lesser extent, jute mat.
Australian Standard 4843 (Standards Australia 2001) for
synthetic weed blocking fabric cites AS 3706.11 (Standards
Australia 2004) for the determination of resistance to degradation by light and heat, with stability considered a positive attribute. The green plastic strands that broke down
prematurely evidently did not contain carbon pigments to
slow degradation by ultraviolet rays. If faster breakdown is
desired, it may be possible to procure mat manufactured
from polypropylene with reduced pigment levels, or from
other more biodegradable plastics.
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Short Reports
Growth of Slender Banksia
from seedling planting, with
and without fertiliser
Peter J. Grose (School of Plant Biology, University of
Western Australia, Crawley, WA, 6009, Australia; Email:
20537327@student.uwa.edu.au).
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Summary
Slender Banksia (Banksia attenuata) is a primary component of declining Banksia woodlands around Perth, southwestern Australia. It is important that its re-establishment
be promoted, but there are little data on its growth rates
and response to applied nutrients. To quantify longer-term
growth rate, I periodically measured heights of Slender
Banksia planted mid-2005 over 7½ years. Without fertiliser, these seedlings grew slowly to about 1½ m. In mid2009, I planted Slender Banksia on the same site, with
and without fertiliser tablets, and evaluated survival,
growth and root development over 1½ years. First-summer Slender Banksia seedling survival of around 30%
was not unusual for this species. Low-phosphorus native
plant fertiliser tablets increased growth signiÞcantly.

Introduction
Banksia woodlands are widespread in the Perth region of
south-west Western Australia, with Mediterranean climate.
They have declined substantially because of various factors, including land clearing, altered Þre regimes, dieback
(Phytophthora cinnamomi), declining rainfall and ground
water drawdown (Lamont et al. 2007). Of 61 local Banksia
species, Slender Banksia (Banksia attenuata) is the most
common (He et al. 2009). Being an important food source
for the endangered CarnabyÕs Black Cockatoo (Calyptorhynchus latirostris) (Shah 2006) and other bird species,
it should be prioritised in restoration projects.
Deep, sandy soils characteristic of Perth, on which
Banksias typically occur, are low in nutrients. While the
local ßora are well adapted to this circumstance (Lambers
et al. 2010), it may not be conducive to the achievement
of target growth rates for revegetation projects, with completion criteria typically mandated to be achieved after
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3 years. Slender Banksia has high germination rates, but
low survival rates through the Þrst summer (Enright & Lamont 1992b). In summer, its long tap root seeks access to
deep ground water, while in winter, near-surface cluster
roots take up nutrients when soil is moist (Marschner et al.
2005). With projected longevity of 300 years (Enright &
Lamont 1992a), it grows slowly, up to 10 m (George
1987), but as there is a lack of data on longer-term growth
rates. I measured heights of Slender Banksia seedlings
planted in mid-2005 (without fertilisation) periodically
over 7½ years.
Fertiliser is often used to promote seedling growth, but
high P levels can be detrimental to Slender Banksia survival and growth; its proteoid roots unable to limit uptake
(Fisher et al. 2006). Low-phosphorus fertiliser tablets formulated speciÞcally for Western Australian native plants
release nutrients gradually over 12 months. I examined
the effects of these tablets on survival and growth rates
of seedlings planted on the same site in 2009 over
1½ years. While the results of the two experiments are
not strictly comparable due to temporal and hence
weather differences, they provide interesting insights into
various aspects of Slender Banksia growth.

Methods
The 2005 and 2009 experiments were in a cleared area in
Banksia woodlands at Leeming (32º5 6 S, 115º50 55 E),
17 km south of Perth. Local nurseries grew seedlings in
5-cm-square by 12-cm-deep forestry tubes from seeds sown
in October 2004 and 2008, respectively. To assist post-planting acclimatisation, exposure to the elements was gradually
increased from 2 weeks before delivery, while fertiliser and
watering were reduced. Planting was by Pottiputki hand
planter (Lannen Plant Systems, Finland), when soil was
moist from recent rainfall. Plant height was adopted as a
simple and rapid nondestructive measure of plant growth
for both experiments, supplemented by destructive methods (dry shoot, root mass, etc.) for the 2009 experiment.
Rainfall
Rainfall percentages of long-term averages were 87% and
69% over the 2005 and 2009 experiment periods. Firstsummer rainfall for December 2005 to end February
2006 was 139% of the long-term average of 42 mm, but
for December 2009 to end February 2010, the percentage
was negligible, with only 0.2 mm of rain, the worst
drought on record.
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2005 experiment
On 16 July 2005, as part of a commercial revegetation contract, I managed the planting of 330 Slender Banksia seedlings in each of four replicate 2500 m2 plots along steep,
newly constructed and lightly mulched highway cut slopes.
Plant numbers were higher than originally intended, supplemented by seedlings from other areas not ready for
planting in 2005, conveniently providing a large population
for study in single area. Seeds of some native understorey
species were hand broadcast at the same time. The site
was virtually weed free at planting, and subsequent weed
invasion was low. Heights of typical specimens were measured at planting. Survival was not monitored. On Þve occasions between 2009 and 2012 (i.e. 4…7½ years after
planting), heights of 75 specimens in each replicate were
recorded. Specimens were randomly selected on each occasion, as identifying individuals was impractical.
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Figure 1. Mean heights ( 1 SE) over time of 75 Slender Banksia
planted as seedlings in each of four replicates at Leeming in 2005.

(Weiner & Thomas 2001). However, here, growth to
8.1 years (Fig. 1) followed a linear trend. The low height
standard errors indicated that random sampling of the
populations on separate occasions had not compromised
the results.

2009 experiment

2009 experiment

On 26 July 2009, 15 pairs of Slender Banksias were randomly planted in each of the four replicate plots in weedfree gaps in the existing vegetation (which was generally
only <75 cm high). The Þrst plant in each pair was a control,
with no further treatment. The second had a 10-g Typhoon
native plant fertiliser tablet (Langley Fertilisers, Wangara,
WA) (20.7% N, 1.2% P, 10.5% K, plus trace elements) buried
3 cm away and 12 cm deep. Planted seedlings were spaced
2 m apart, and at least 60 cm from existing plants. Heights
were measured immediately after planting, at 4 months,
and then monthly at 6…18 months, when shoots of all surviving plants were harvested. After counting leaves, shoots
were oven dried at 100°C to constant mass. Roots of six random survivors of both treatment types were hand excavated. Main tap root lengths and diameters just outside the
root balls were measured. After drying, soil and other foreign matter were separated from the Þne cluster roots,
and dry root mass determined as for shoot mass.

After 4 months, survival of fertilised seedlings averaged
80% (SE 2%) compared to 53% (SE 11%) for the controls.
There was considerable attrition over the Þrst summer.
All survivors of this extreme drought survived to the end
of the experiment 18 months after planting. Final survival
was 32% (SE 7%) with fertiliser and 22% (SE 11%) without
fertiliser, but the difference in survival rates was not significant.
Mean height of plants in the control treatment did not
increase in the Þrst 15 months after planting (Fig. 2), but
growth commenced in November 2010 and continued
through to the end of the experiment in late January
2011. In contrast, fertilised plants did grow in the Þrst
15 months, although growth was minor outside November to January.
At the end of the experiment, fertilised plants had signiÞcantly greater height increase, number of leaves, dry
shoot and root masses and also greater cross-sectional
area of main tap root than unfertilised plants (Table 1).
PearsonÕs product-moment correlation between dry
shoot mass and plant height was 87%, supporting the
adoption of plant height as a nondestructive surrogate
for shoot mass (at least for these early growth stages).

Statistical analyses
Heights were compared by time since sowing of seed,
rather than time since seedling planting. The open-source
R statistical package was used for one-way ANOVA, with
factorial analysis using TukeyÕs t contrasts, paired t tests
and PearsonÕs product-moment correlation. Results were
considered signiÞcant when P < 0.05. Arcsine square root
transformation was applied to survival data for conformity
with assumptions of homogeneity and normality.
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Results
2005 experiment
All trees exhibit sigmoid growth curves, in the shape of a
stretched ÔƒÕ (without the cross bar). Growth starts off
slowly and then speeds up markedly, before tapering off
ª 2013 Ecological Society of Australia
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Figure 2. Mean heights ( 1 SE) over time of Slender Banksia
seedlings planted at Leeming in 2009, with and without fertiliser.
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Table 1.

Mean values of various parameters over four replicates after 18 months of Slender Banksia seedlings planted at Leeming in 2009

Increase in height
(cm)

Leaf
count

4.2 a
15.1 b

53 a
76 b

Control
Fertiliser

Dry mass (g)
Shoot

Root

5.8 a
25.0 b

8.4 a
26.4 b

Root-to-shoot
ratio

1.45 a
1.06 a

Main tap root
Length
(cm)

Cross-sectional area
(mm2)

53.8 a
76.7 b

5.3 a
16.0 b

Different letters indicate signiÞcant differences.

Discussion
The well-Þtting linear trend line (R2 = 0.98) for the
growth of the 2005 planted seedlings indicates that the
point on a sigmoid curve where growth starts to accelerate had not been reached 8.1 years after the sowing of
seed. Assuming this curve is applicable to this species,
monitoring would therefore be required over a much
longer period to enable a sigmoid curve to be drawn
and for the time taken to reach an ultimate height of
10 m estimated. The growth trends evident for the 2009
experiment in Figure 2 are quite different. However, this
is a reßection of the relatively short period of the experiment, and the fact that main shoot growth of Slender
Banksia only occurs between November and January,
as reported by Veneklaas and Poot (2003). This stepped
growth is also evident in Figure 1: mean height after
almost 5 years, which is below the trend line, was measured early October, before the start of the annual shoot
growth period, whereas subsequent heights were measured around the end of the growth periods. Also, in
both experiments, seedlings had the beneÞt of fertilising
and regular watering in nurseries, and so the heights
measured at planting may not be representative of seedlings grown in the open without fertilising and regular
artiÞcial watering.
First-summer survival rates of 32% and 22% for the 2009
plantings with and without fertiliser are of the same order
as the 35% reported by others for restoration with this species in similar soils in the region, over a summer slightly
wetter and cooler than average (Enright & Lamont 1992b).
The lack of control shoot growth in the Þrst 15 months
after planting indicates that for this long-lived species,
early development is focused on establishing solid foundations for the longer term. Plants with additional
resources available from fertiliser allocated some of these
to earlier shoot growth. Herbert (1990) reported for other
species that N and P fertilisation at planting on low-nutrient sites has a lasting impact on root and shoot development. Presumably, growth timing is genetically
controlled, as in the experiment where additional nutrients were available year-round, seedlings only showed
limited growth from February to October.
At the times of planting, seedling roots were densely
packed in forestry tubes. Burdett (1990) reported, for
other species, that 1- to 2-year-old naturally established
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trees of comparable stem height (10…20 cm) and biomass
to newly planted nursery-grown seedlings had root systems 1…2 m in diameter. It would therefore be interesting
to compare establishment of Slender Banksia by direct
seeding with seedling planting, both with and without fertiliser, in long-term experiments initiated in multiple years,
to attempt to include Þrst summers with low, average and
high rainfall.
Improvements in height and mass of Slender Banksia in
the early growth stage, and evidence that fertiliser at least
did not weaken the response to drought, suggest that
there may be beneÞts in applying slow-release tablet form
fertiliser when planting Slender Banksia. This may be
especially important on typical low-nutrient sites around
Perth, where re-establishment of Slender Banksia will
otherwise be very slow, possibly exposing it to out-competition by other species, as well as delaying availability
of its fruit as a food source for endangered bird species.
Fertiliser tablets buried 12 cm deep did not promote weed
growth, as surface-applied fertiliser may have done (Fisher
et al. 2006).
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Substrate modiÞcation for
enhanced native forest
restoration, Reefton

stacks are often the most dominant postmining landform
and are usually the primary focus for terrestrial restoration
efforts. One of the biggest challenges in restoring plant
and animal communities to these features is soil remediation (Bradshaw 1997; Heneghan et al. 2008; Bunning
et al. 2011). Soil not only provides the substrate within
which plants grow, but is also essential for key ecosystem
processes such as decomposition and nutrient cycling
(Heneghan et al. 2008).
Managing soil during mining is critical to the success of
postmining restoration. In some situations, soil stripped as
part of pit development can be moved directly to rehabilitation sites as mining moves progressively through an
area (e.g. Koch 2007). Direct transfer of vegetation and
soil is also possible where mining occurs in a progressive
manner, allowing both soil and many of the smaller plants
and importantly soil fauna, to be transferred between
mine and rehabilitation sites (Ross et al. 2000). However,
in many other cases, there is a temporal gap between soil
stripping and rehabilitation efforts, which necessitates the
storage of soil and subsequent respreading. While prolonged soil storage can have a number of adverse effects
on soil properties (Banning et al. 2008), there can also
be issues with the amount of soil available for subsequent
restoration (because not all soil can be recovered).
In New Zealand, several large open-cast mines are
operating on public conservation land where there is a
legal requirement for restoration back to native vegetation
postmining. While the importance of soil has been well
recognized in the New Zealand context (e.g. Davis et al.
1997; Ross et al. 2000; Rufaut et al. 2010), operational
issues mean that there is always the potential for there
to be insufÞcient soil available for restoration. In this short
report, we describe the results of two trials established to
assess the effects of different substrate treatments on the
growth and survival of native forest restoration plantings.
The Þrst trial assessed the effect of different soil types,
while the second assessed if wood chips (sourced from
trees felled on site) could be used as a substitute for soil
as a medium for restoration.
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Summary
Restoration of postmining substrates to native forest is a
standard requirement of resource consents for mine sites
located within areas of native forest in New Zealand.
Unweathered waste rock presents signiÞcant challenges
for plant growth, and past research highlights the importance of replacing soil as part of restoration. However,
replacing soil with its horizon structure intact or even
obtaining sufÞcient soil for restoration can be a challenge
in some situations. In this paper, we describe the results of
two trials undertaken at the OceanaGold Ltd. open-cast
gold mine in Reefton to explore the inßuence of substrate
conditions on the growth of native forest seedlings. We
show that beech (Nothofagus) seedlings grown on A-horizon soil grew signiÞcantly better than those grown on soil
mixed with waste rock, and both grew signiÞcantly better
than plants grown just on waste rock. In the second trial,
we show that bark chips are not a good substitute for soil.
These results conÞrm the importance of having the correct
substrate for successful native forest restoration.

Introduction
Mining, especially open-cast mining, usually results in the
complete loss of the original ecosystem, and the creation
of a range of new landforms and habitat types that are
often very different to those originally present. Postmining
landforms at open-cast mine sites can include waste rock
stacks, pits and tailings impoundments, each of which presents a number of challenges for restoration. Waste rock
ª 2013 Ecological Society of Australia

Methods
The two trials were established at the OceanaGold (New
Zealand) Ltd Reefton Gold Project mine site on the west
coast of New ZealandÕs South Island (42°07 S, 171°50 E,
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