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Abstract

This project focussed on how rangeland management influences the capacity of biological soil crusts
to replenish soil nitrogen lost in export of livestock production. Using multi-tiered cutting-edge
science spanning from gene-centric analysis to satellite imagery, we explored tools to quantify the
presence, composition, and function of biocrusts in long-term fire and grazing trials over multiple
seasons. Imaging can distinguish biocrusts from degraded bare and vegetated soil. Biocrust-topsoil
has 4-times more nitrogen and carbon than bare soil confirming their essential role in rangelands. N
input from biocrusts of 5 kg per hectare represents a substantial input that accounts for
approximate one sixth to half of the annual pasture N demand in extensive northern Australian
ecosystems. Bacterial genes responsible for nitrogen fixation emerged as a sensitive indicator, which
responds to landscape condition and season, confirming that management modulates nitrogen fixing

capacity.

Stocking rates that maintain good land cover support nitrogen fixation via biocrusts, which are most
productive when sheltered by grass. Informed by land condition and climatic conditions, where wet
season spelling can facilitate nitrogen inputs during peak biocrust activity (Williams et al., 2018). Fire
regimes using moderate temperatures will speed biocrust recovery while reducing litter buildup and
boosting nitrogen fixation. Based on previous research well-developed biocrusts in healthy
landscapes generate annually 5 kg nitrogen per hectare. This conservative estimate means that per
square km, biocrusts provide 25-50 tonnes nitrogen for pasture with 1-2% dry matter nitrogen. The
findings can augment good industry practice by harnessing biocrusts to annually replenish nitrogen
in grazed rangelands. Rapid and cost-effective restoration of biocrusts could support the rapid

recovery of rangelands after disaster, and there are insights on how this could be accomplished.

*Team includes a range of contributors to this project and report that are listed at the beginning of
each chapter and tabled in Acknowledgements
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Executive summary
Background

Biocrusts form the biodiverse living layer of microscopic organisms that colonise the upper
centimetre of soils in rangelands and other drier regions as dense soil cover between vegetation.
Dormant and dark coloured in the dry season, biocrusts are green and active in the wet season.
Biocrusts reduce erosion and increase water infiltration in healthy landscapes but are less developed
or absent in degraded areas. Following fire, drought, or flooding, biocrusts are the first responders
to recolonise bare soil. This project examined the capacity of biocrusts for biological nitrogen

fixation as they harbour specialist bacteria, including comparatively large cyanobacteria.

Addressing the industry’s interest in soil health and expanding producers’ understanding of
biological nitrogen fixation beyond legumes, biocrusts were studied in long-term trials focussing on
fire (Victoria River Research Station, NT) and grazing regimes (Wambiana Grazing Trial, QLD).For the
first time in Australian rangeland soils, a multi-tiered technology-driven approach quantified and
characterised biocrusts, their organisms and the bacterial genes responsible for nitrogen fixation and
nitrogen cycling processes. The overarching aim was to evaluate how rangeland management and
biophysical conditions affect the presence of biocrusts and their potential to fix nitrogen and
thereby regenerate nitrogen that is removed in livestock production. Since few Australian producers

knew about biocrusts, communication raising awareness was a key project aim.

Objectives

The key objective was to identify how pasture management affects the capacity of biocrusts to
generate nitrogen as natural fertiliser so that producers can maximise the capacity to replenish
nitrogen in soil for pasture growth. The project addressed these questions:

e Canimage analysis (proximal, drone/UAV, satellite) quantify biocrusts to upscale from patch

to landscape?

e Do biocrusts have preferred habitats within landscapes?

e Do biocrusts on different soil types differ in species composition and function?

e How do fire and grazing impact biocrust presence and capacity to fix nitrogen?

e Can DNA analysis of biocrust organisms provide information on nitrogen fixing capacity?

e Can analysis of bacterial genes quantify biocrust processes, especially nitrogen fixation?
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e Which management recommendations emerge from the findings?

Methodology

An integrated methodology was used to upscale from molecular precision to landscape-level

industry relevance. We:

o chose two long-term research sites with >25-year fire and grazing treatments and two soil
types at each site to discern the impact of management on biocrusts presence and nitrogen
fixing capacity. Fire regimes contrasting no-fire, with 2,4,6-year early and late dry season
burning. Grazing regimes are ungrazed control, moderate and heavy stocking rates, and wet
season spelling.

e quantified the presence/absence of biocrusts at plot and landscape levels in dry and wet
seasons using imagery (smart phone, multi-spectral sensing with UAV and satellite).

e used landscape function analysis that categorised landscapes into four microsites (bare soil,
between grasses, under grasses, under litter) to distinguish biocrust types and function.

e assessed biochemical indicators of biocrust development and function.

e analysed biocrust DNA to identify communities and nitrogen fixing bacteria.

e analysed bacterial DNA with powerful bio-informatics methods to quantify genes
responsible for nitrogen fixation and all nitrogen conversions.

e quantified nitrogen fixation with laboratory assays (**N, tracer, acetylene reduction).

e communicated project discoveries in producer-relevant forums from the onset of the

project.

Results/key findings

This project provides unparalleled insight into the presence and function of biocrusts. The principal

guestion of ‘how much nitrogen can biocrusts generate for pastures’ has to consider the net effects

of biocrust nitrogen input, uptake by pasture, and nitrogen loss from soil.

e In degraded landscapes that lack vegetation cover and are eroding, nitrogen input by biocrusts is
lowest. Such landscapes have negative feedback: low nitrogen input, low uptake by pasture, and

high risk of nitrogen loss.
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e |n well-managed landscapes with suitable vegetation cover, nitrogen input from biocrusts is
highest. Such landscapes have positive feedback: high nitrogen input, high uptake by pasture,

and low risk of nitrogen loss.

e Nitrogen input is maximised when biocrusts are undisturbed in the wet season during the peak

nitrogen fixation period.

Summarised results and key findings

Multispectral imaging and Imaging distinguishes biocrusts from bare soil and from pasture in dry and wet
remote sensing to identify seasons.

biocrusts

Satellite imaging is cost-effective and readily available but is restricted to 3-

meter resolution, while UAV imaging is more costly but achieves 6 cm resolution.

Chlorophyll was tested as a potentially cost-effective marker for nitrogen
fixation with green cyanobacteria as a major nitrogen fixing taxon in Australian
biocrusts. But with many non-green N-fixing bacteria present, chlorophyll is not
a proxy for fixation potential but facilitates the multi-spectral sensing of active

green biocrusts in the wet season.

This means current satellite-based pasture assessment can be expanded to

include biocrusts and can be refined with UAV imaging where required.

Landscape function analysis | Bare soils have no or low biocrust presence due to unfavourable conditions with
to quantify biocrust excess light, low moisture, high physical forces promoting erosion.

presence

Between and under grass hummocks, biocrusts are most prominent and active.
These sheltered microsites have favourable conditions (attenuated light and
physical forces, higher moisture). Under leaf litter, biocrust is less active with

light being a limiting factor.

This means desirable land cover that has adequate pasture supports and

promotes biocrusts function.

Soil nitrogen and carbon as | Amount of nitrogen and carbon in the top cm of soil at the four microsite types
indicators for biocrusts was not a universal indicator of biocrust presence. Rather, both elements occur
in biocrust, soil organic matter and indicate past events that subtract or add

nitrogen and carbon (e.g., erosion, manure deposition).




B.PAS.0502 — Boosting natural regeneration of the nitrogen capital in grazing lands

Comparing two microsites ‘bare soil” and ‘soil with biocrust’ revealed up to 4-
times higher nitrogen and carbon in ‘soil with biocrust’, confirming biocrust

functions for erosion prevention and nitrogen and carbon inputs.

This means biocrust cover on soils preserves and likely increases soil nitrogen and

carbon stocks.

DNA metabarcoding

identifying bacteria

DNA analysis of biocrust communities confirmed a universal presence of

nitrogen fixing bacteria.

DNA analysis did not distinguish biocrusts under distinct fire management, but
soil type, microsite and season were the drivers of differences in bacterial

communities.

Grazing regimes altered biocrust communities together with soil type, microsite,
and season. This highlights that grazing intensity had a stronger influence on the
composition of biocrusts and soil microbiomes, than the fire management

studied here.

This means bacterial communities in biocrusts change in response to
environmental conditions, and management can promote biocrusts with

desirable functions.

Gene-centric and *°N tracer
analyses to estimate

nitrogen fixation

Newer methodologies characterising all genes within a community identified
significant impacts of grazing and fire on the composition of bacterial genes
including nitrogen fixing potential and nitrogen conversion processes

(ammonification, nitrification, denitrification etc).

The presence of nitrogen-fixing genes was highest in the wet season in biocrust

growing at favourable microsites between and under pasture grasses.

15N tracer analysis showed nitrogen fixation rates ranked from highest to lowest
with ungrazed > wet season spelled > moderate/high stocking rates without wet

season spelling.

This means biocrusts that are undisturbed in the wet season and grow in

favourable microsites have the highest nitrogen fixation capacity and rates.

Benefits to industry

The project raised industry awareness of biocrusts so that producers can accommaodate biocrusts in

their land and grazing management decisions. The benefits are; (i) biocrusts are most prolific in

rangelands that are carefully managed for pasture retention and (ii) biocrust can annually
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regenerate soil nitrogen to ensure soil health and fertility and support pasture growth for long-term

sustainable use of rangelands and livestock production. This requires:

(1) optimising stocking rates in line with existing and emerging recommendations,

(2) wet season spelling informed by paddock condition, i.e., more degraded paddocks will benefit

from more frequent and/or longer wet season spelling.

(3) considering soil type because biocrusts are more vulnerable in sandier soils than clayey soils, with

degraded land on sandy soils taking longer to recover biocrust cover and function.

(4) optimised fire regimes that reduce leaf litter build up while ensuring speedy recovery of biocrusts

to be active in the wet season.

With producers aiming to maximise pasture production, managing biocrusts allows controlling
erosion and maximising input of the ‘renewable nutrient nitrogen’ which is quantitatively the most
important nutrient, accounting for 60-70% of soil-derived nutrients. A confident estimate is that
well-developed biocrusts generate annually 5 kg nitrogen per hectare or 500 kg N per square km.
Modelling predicts that N contributions by biocrusts improve pasture quality on a seasonal basis.
When biocrusts access sufficient moisture during the wet season, they are both protected by
pasture cover from harsh conditions, and from trampling during peak nitrogen fixation in the wet
season. Higher nitrogen inputs may occur under optimal conditions, in line with estimates
elsewhere. The conservative estimate of 500 kg N/km? would provide sufficient nitrogen for 25-50

tonnes of pasture with 2 to 1 % dry matter N.

Future research and recommendations

This project took comprehensive steps to examine biocrusts in the context of Australian rangelands
and their management. Situating the project at two research stations with fire and grazing

management enabled a dual focus on:

(i) develop methods to detect and analyse biocrusts and their nitrogen fixation potential, and

(ii) discerning biocrust responses to environmental and management variables.
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(iii) develop modelling program (e.g. CLEM) to further elucidate industry benefits.

(iv) incorporate biocrusts into land management including natural capital and restoration goals.

We are confident that the overarching principles for biocrust responses to pasture management and

environmental factors (seasons, soils) are universally applicable.

However, specific implications for managing biocrusts across a wider range of land conditions,
locations (climate, soil), and management (e.g., regenerative grazing) demand attention and are

discussed in the conclusions of this report.
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1. Background

1.1 Dryland ecosystems and the role of biocrusts

Drylands cover approximately 40% of the global terrestrial surface (Hartley et al., 2007) in regions
with high temperatures and low rainfall and are key contributors to earth system processes and
primary production (Metternicht and Smith, 2020). Ranging from arid, to semi-arid and dry-
subhumid, dryland vegetation is characterised by discrete patchiness due to discontinuous cover of
vascular plants (herbs, grasses, shrubs, trees) and often with inherently poor soil fertility in many
regions (Bowker et al., 2014; Carberry et al., 2011; Maestre et al., 2016; Williams et al., 2021). A
distinguishing trait is that biocrusts cover the soil surface between and under vascular vegetation,

and these are the focus of this report.

The functionality of dryland ecosystems is impacted by changing land cover, climate and fire and the
interactions between biotic and abiotic components, and functionality impacted by soil erosion, loss
of biodiversity and loss of primary productivity (Maestre et al., 2016). In Australia’s northern dry-wet
savannas and semi-arid shrublands, seasonality influences vegetation structure and regional
biodiversity with summer rains (monsoon in savanna) driving primary productivity over an annual

cycle of a few months of a wet season, followed by a long dry season period.

Biocrusts are integral and often overlooked component of dryland systems with biodiverse
communities of microbial and small organisms, including bacteria (cyanobacteria are often the most
prominent organisms in Australian biocrusts), fungi, microalgae, lichen, liverworts and mosses
(Williams et al., 2014). Biocrusts form an expansive protective cover on the soil surface, serving
important ecological functions including soil stabilisation, carbon and nitrogen fixation, and are
integral to carbon and nitrogen cycles (Elbert et al., 2012; Williams et al., 2018, 2014). Biocrusts
green up and are metabolically active when sufficient moisture is present (wet season) and form a
dark or reddish crust on the soil surface when dormant in the dry season. Nitrogen fixation by
cyanobacteria and other diazotrophs provides a direct source of bioavailable (plant-available)
nitrogen (N) for plants that fluctuates seasonally (Barger et al., 2016; Williams et al., 2018).
Biocrusts survive fire and contribute to the post-fire bioavailable nutrient spike that has been
observed in global savannas, but this is less well understood in Australian drylands (Weber et al.,
2016). Cyanobacteria are particularly important in Australian biocrusts as their extracellular matrix

(ECM) encapsulates colonies of microorganisms in a hydrophobic hardened polysaccharide coating
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that, in response to humidity, temperature and rainfall, turns to hydrophilic slime (Billi and Potts,
2002; Potts, 1999; Williams et al., 2014). This enables cyanobacteria to survive desiccation
throughout the dry season and resurrect in the wet season following abundant rainfall (Bldel et al.,
2018; Williams et al., 2014). The ECM stores nutrients and partially disintegrates at the start of the
wet season (Budel et al., 2018), thereby releasing plant-available N (Williams et al., 2018). In
savanna impacted by grazing, fire, monsoonal rainfall and drought, the ability of biocrusts to recover
from disturbance including in abundance and diversity is likely instrumental for maintaining

ecological functions.

1.2 Grazing management in dryland ecosystems

In Australia, approximately 75-80% of the land mass is classified as rangelands and most of the area
is used for livestock production. Extensive grazing is the most extensive use of land within dryland
ecosystems and supports livelihoods of rural communities (Asner et al., 2004). 60% of the national
cattle herd is located across northern Australia. With demand growing and the availability of suitable

agricultural land limited, production has intensified (Maestre et al., 2016).

The introduction of hard-hooved livestock to Australian ecosystems impacts the structure and
functionality of the ecosystem (native animals are smaller and have padded feet). Interactions
between climate and grazing are a fundamental driver of ecosystem function within drylands and
hold many implications for their management (Maestre et al., 2016). With increasing grazing
pressure, species richness of flora and fauna declines, and overall land degradation increases
(Eldridge and Delgado-Baquerizo, 2017). Heavy grazing impacts biocrusts and reduces their diversity,
alters soil surface stability, and carbon and nitrogen fixation (Asner et al., 2004; Eldridge and
Delgado-Baquerizo, 2017; Williams et al., 2008). Our project examined the effects of managing
grazing lands with stocking rates and fire to explore how management can best harness biocrust for

soil fertility regeneration and maintenance.

1.3 Land degradation and soil fertility

Declining soil fertility of agricultural land is a global problem (Reed et al., 2019), and dryland
ecosystems under extensive cattle grazing are no exception. Soil fertility describes the soil’s ability to
provide anchorage, water, nutrients and beneficial organisms to vegetation, and is enabled by the

soil’s physical, chemical and biological integrity (Young et al., 2022). Poor land management,
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together with climate extremes, can lead to a decline in soil fertility and erosion, and resulting land
degradation means lower quantity and quality of pasture plants (Bastin et al., 2024). Degradation of
grazing lands is a serious problem in Australia and globally with drylands degrading due to
inappropriate human activities (land clearing, overgrazing, weed invasion, fire) as well as weather

extremes (droughts, floods, wildfires, Asner et al., 2004; Hartley et al., 2007; Maestre et al., 2016).

Here we focus on grazing and fire in the context of soil fertility loss that stems from the decline in
soil N stocks when nutrient is exported via cattle sales, exceeds the rate of N replenishment
(Duniway et al., 2018). Nitrogen is our focus because it accounts for over 60% of the soil-derived
nutrients that plants require for growth and as such, has a strong impact on the productivity and
quality of pasture (Shah et al., 2020). Like carbon, N is replenished in ecosystems by biological
processes, so-called ‘fixation’ that convert atmospheric dinitrogen into bioavailable N. To ensure
long-term productivity, grazed landscapes must be sustainably managed, which demands nitrogen

replenishment via biological N fixation.

1.4 The importance of biocrusts

Described as a “living skin” by Bowker et al., (2018), biocrusts are now broadly accepted as
multifunctional and globally relevant communities (Bowker et al., 2014; Maestre et al., 2016).
Biocrusts grow in the upper centimetres of soil between and under vegetation in drylands and
savannahs and are regularly defined by their microscopic communities that include cyanobacteria,
bacteria, algae, micro-fungi, lichens, liverworts, and mosses (Weber et al., 2022). They vary in
composition and functionality. Among the numerous functions of biocrust in ecosystems, an
essential one is fixation of atmospheric N, which enables biocrusts to colonise soils with inherently
low N levels, including early succession substrates and degraded, N depleted soils. In addition to N
input into soils, biocrusts provide physical protection to the soil surface (Belnap, 2003; Delgado-
Baquerizo et al., 2013), have a strong influence on the hydrological cycle (Eldridge et al., 2010) and
fix carbon to generate organic matter (Delgado-Baquerizo et al., 2013; Thomas and Dougill, 2007).
The internal and external structure of biocrusts enable the community of organisms to play a major
role in ecosystem function and soil stability, conferring increased resilience to global changes in
temperature and rainfall (Delgado-Baquerizo et al., 2013; Eldridge and Greene, 1994). In the
Australian rangelands biocrusts often cover all the soil surfaces between grass plants, thereby

forming an integral part of the ecosystem.
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Research gaps exist regarding the N fixation capabilities of bacterial species and their host organisms
(e.g., lichen) within biocrusts despite the recognised importance of biocrusts for N input into
ecosystems (Belnap, 2003; Roman et al., 2021; Torres-Cruz et al., 2018). Specifically, the amount of
N input and N mineralisation within biocrusts is lacking on a global scale (Barger et al., 2016). For this
reason, it is essential to understand the fundamental processes involved in biocrusts and the

interactions between biocrusts, soil, plants and managing the land for grazing.

1.5 How soil renews and delivers nitrogen

Nitrogen accounts for over half of the essential nutrients that plants acquire from soil. It is also a
major ingredient of soil organic matter, a key component of fertile soil. Maintaining the soil’s
nitrogen capital is essential for sustainable production, and here we discuss the role of biocrusts in

Australia’s rangelands for replenishing nitrogen and protecting soil from degradation.

1.5.1 Nitrogen is a renewable nutrient

Both nitrogen and carbon are renewable nutrients that are not part of the initial makeup of the
rocks that form soil. Rather, both are biologically generated. This is termed ‘biological carbon and
nitrogen fixation’ which converts atmospheric gases into bioavailable forms of carbon and nitrogen.
Nitrogen is fixed by specialist bacteria (including cyanobacteria), carbon by plants and the

microscopic and microbial organisms that form biocrust.

Nitrogen-fixing bacteria grow on the soil surface in the biocrust, deeper in the soil as part of the
soil’s biological community, or in symbiosis with plants such as legumes. Once nitrogen has entered
soil, it cycles through soil-plant-animal systems in many chemical forms, which include organic (e.g.
protein) and inorganic (e.g. nitrate) nitrogen (organic in the chemical sense means that carbon is a

part of a molecular structure).

Organic carbon and nitrogen are the main constituents of the soil’s organic matter. Soil organic
matter keeps soil physically, chemically, and biologically healthy, and enables sustainable

agricultural production.

Soil organic nitrogen (SON) is the main nitrogen reservoir that supplies nitrogen to plants. Soil
organisms feed on organic matter directly or consume small soil organisms such as bacteria or fungi.

These processes release organic nitrogen (e.g. protein, amino acids) and inorganic nitrogen
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(ammonium, nitrate). Bioavailable nitrogen is loosely bound to soil particles from where root-
excreted chemicals can remove it or is dissolved in soil water. Dissolved nitrogen can also be washed

into the deeper soil by rain and thereby lost from the site.

When more nitrogen and soil organic matter is lost than replenished, soil degradation occurs. The
diagram below shows the three nitrogen paths: input from biological N fixation, cycling through

biological matter and soils, and nitrogen losses as leaching, gas or exported stock (Fig. 1.5.1).

The various soil nitrogen pools are outlined in the table below. The most common form of soil
analysis estimates the ‘plant available nitrogen’, the so-called exchangeable pool, using a strong salt
solution that removes ammonium and nitrate from soil exchange sites which are quantified. This
analysis is an estimate and generally does not include organic nitrogen, although amino acids and
protein fragments can account for a large portion of the exchangeable soil nitrogen pool and can be

bioavailable directly, or after conversion, by soil microbes.

Figure 1.5.1 lllustration of the nitrogen cycle demonstrating inputs and losses.
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The relevance of nitrogen and its forms in soil are multi-fold:

1.5.2 Nitrogen availability is a major factor driving vegetation growth and productivity. It is an

inherent trait of production systems that is linked to biophysical conditions (water
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availability, temperature, soil type, availability of other nutrients). Nitrogen accounts for
~70% of soil-derived nutrients for plants (legumes are an exception, receiving air derived
nitrogen from symbiotic bacteria) and is therefore the most important nutrient for plants.
With insufficient nitrogen, plants cannot photosynthesise to realise their growth and are
stunted. Nitrogen cycling is part of nitrogen availability because nitrogen enters soil
including via nitrogen fixation of bacterial, dead organic materials and manure. Nitrogen is
metabolised by soil organisms and absorbed by plants and recycled to soil from vegetation
and animals.

Nitrogen availability and nitrogen forms are connected because nitrogen supply and
transformations result in various outcomes. For example, excess available nitrogen can be
generated in situations when soil organisms are active (e.g., start of wet season rain) and
vegetation is lacking (following dry season, drought, fire or overgrazed). When too much
bioavailable nitrogen accumulates in soil, it can be lost. Most loss prone is nitrate as an end
product of nitrogen conversions which readily leaches from soil (more information below).
In contrast, in vegetated biodiverse landscapes, nitrogen is efficiently absorbed by
vegetation and losses are low as roots of herbaceous and woody vegetation mop up
nitrogen from different soil depths.

In degraded landscapes, negative feedback means that little carbon and nitrogen are
recycled into the soil, soil organisms starve and decline, and nutrient availability declines.
Biocrusts are the first to colonise degraded land so that eroded landscapes start rebuilding

organic matter by adding nitrogen so that vegetation reestablishes.

1.5.3 Nitrogen input occurs via biology nitrogen fixation of specialist bacteria that convert inert
atmospheric nitrogen gas to bioavailable nitrogen. All ecosystems contain nitrogen fixing
bacteria but how much nitrogen they fix will depend on the biophysical conditions. High
input occurs when legumes (e.g., Acacia wattle, clover, bean etc) have a strong presence in a
system. In rangelands, biocrusts are a second source of nitrogen input with often a high
potential for nitrogen fixation through photosynthesising bacteria. These bacteria are green
(cyanobacteria) gain energy from light just like plants, to fuel nitrogen fixation.
Cyanobacteria are visible as green, red, or dark film on soil surfaces, and are prominent in

Australian biocrusts.

21



B.PAS.0502 — Boosting natural regeneration of the nitrogen capital in grazing lands

154

1.5.5

Nitrogen loss from soil via erosion, leaching or gaseous losses (including through fire) and by
removing livestock, diminishes productivity and degrades landscapes when net loss exceeds
nitrogen input. When examining losses from soil, the form of nitrogen determines how
vulnerable to loss it is as some are held tightly while others are leached or volatilised. The

broad forms of nitrogen are organic and inorganic (mineral) outlined below.

Nitrogen forms (chemical structure that result from biological conversions) which are

relevant for how nitrogen is retained by soil and how available it is to vegetation:

Organic nitrogen - Complex organic nitrogen (e.g., fresh and decaying organic matter, soil
organic matter) is that largest soil nitrogen pool and the most stable. It is not immediately
plant accessible but can become available when mobilised by soil organisms. This pool is part
of the soil organic matter pool and has on average a 10:1 carbon:nitrogen ratio (i.e., 10 units
of carbon per 1 unit of nitrogen). Thus, nitrogen stabilises soil organic matter, ensure soil
fertility and carbon sequestration. Organic nitrogen is a soil store with low risk of leaching
but can be lost via erosion and fire. It is activated through enzymatic digestion (bacteria,
fungi, plants), consumption and excretion (e.g. worms, insects). For example, certain fungi
grow on/ in plant roots (mycorrhiza) digest organic matter and feed nitrogen to their plant
host. From this organic nitrogen pool, smaller organic nitrogen molecules (e.g., amino acids
the building blocks of protein) are generated by soil microbes which plants can easily absorb.

Small organic nitrogen is a transient pool that feeds both plants and soil organisms.

Inorganic (mineral) nitrogen - Small organic nitrogen is further processed (mineralised) by
soil organism to generate inorganic nitrogen, i.e., ammonium and nitrate. This mineral pool
can be small in systems with well-matched nitrogen delivery and absorption rates by plants.
It is large in degraded systems where nitrogen supply outstrips demand by vegetation. A key
difference between ammonium and nitrate is that ammonium has a positive charge that
binds it to the soil, while nitrate’s negative charge makes it highly mobile in soil. Nitrate
accumulates in soil when high availability of organic nitrogen and ammonium fuels the
activity of specialist nitrifying bacteria. This situation occurs when vegetation is lacking or
inactive and does not absorb organic and ammonium nitrogen, which risks nitrate leaching

from soil or conversion to nitrogen gases by soil bacteria.
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1.6

Plants readily absorb ammonium and nitrate and often grow best with both forms present.
Some plants are better able to use nitrate (e.g., certain herbs store nitrate for later use)
while others (including certain grasses) prefer amino acids and ammonium over nitrate.
Plants can influence the nitrogen forms around their root: e.g. by inhibiting nitrifying
bacteria, plants reduce nitrogen losses, an example is African gamba grass in northern

Australian savanna (Rossiter-Rachor et al. 2009).

In summary, for this project, input, cycling and the losses of nitrogen are a central
consideration as various scenarios can occur. Low input and low losses of nitrogen may have
similar net outcome for the nitrogen budget as high input and high losses. The relative input
of nitrogen into a landscape is directly related how nitrogen is retained and recycled. In line
with other management decisions promoting productive landscapes, retaining sufficient
vegetation is central to maximise nitrogen input by biocrusts, and nitrogen recycling and

retention.

Nitrogen processes within biocrusts

Understanding the function of nutrient cycles in relation to the uptake of biologically available

nitrogen and other nutrients by plants is paramount to several of our key research questions. Here,

we enumerated the relative frequencies of 57 microbial genes involved in nitrogen cycling (Fig.

1.6.1) including those associated with inputs (nitrogen fixation) and losses (denitrification - nitrous

oxide emission (N20)) to the atmosphere, as well as conversion into nitrate via nitrification (NO5’)

which is a highly mobile form of N that is easily washed from soil. The presence of these genes in our

samples is indicative of their capacity to perform these functions. See illustration below (Fig. 1.6.1).

Figure 1.6.1 Processes involved in the nitrogen cycle and bacteria participation; bacterial genes

involved in these processes.
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1.6.1 The soil nitrogen bank

If soil was the Australian Reserve Bank, the nitrogen capital would increase with nitrogen fixation (in
some regions also input of ammonia from air pollution or lightning). Nitrogen withdrawal occurs
with biomass removal such as pasture grazing, nitrogen leaching, topsoil erosion, gaseous emissions
as part of the nitrogen cycle and fire, and of course with removal of cattle and other stock. The SON
pool are the bank’s shares and gold. Both would not be used for daily needs, while the cash held at

the counter or piggy bank is available to plants (exchangeable and dissolved pools).

Biocrust can contribute to both, the Reserve Bank and the piggy bank at different times. In the wet

season, a significant amount of nitrogen is fixed by cyanobacteria, bolstering shares and cash. In the
dry season, the biocrust dries and partially disintegrates. At all times, soil organisms feed on biocrust
and excrete plant-available nitrogen. How much nitrogen is being fixed by different types of biocrust

across a year’s cycle, and its fate in the nitrogen cycle, is investigated in this project.

Nitrogen is a deal breaker for agricultural production, which is why most cropping and intensive
livestock systems use nitrogen fertiliser to boost soil nitrogen stocks. This is not possible in extensive

grazing lands, which have to rely on biological nitrogen fixation for input. Better understanding of
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nitrogen inputs and transformations in soil will inform grazing management to maximise the benefits

from ecological processes.

Experimental data shows that the estimated annual N input from biocrusts of 5 kg per hectare
represents a substantial input that accounts for approximate one third to half of the annual pasture
N demand in extensive northern Australian ecosystems (see below). Note, N fixation also occurs

through legumes in native pastures and from lightning strike.

1.6.2 Five kg nitrogen input per hectare (0.5 t per square km) is a lot in northern extensive
grazing systems

Global estimates of N inputs from biocrusts vary from annually 5 kg N per hectare in north
Queensland tropical savanna (Williams et al., 2018) to 41 kg N/ha in the Negev desert in Israel
(Russow et al., 2005). N-fixation rates are heavily influenced by the biocrust community structure,
number of active days (when soil surface is wet) and disturbance (grazing, fire, drought) (Williams et
al., 2018). The N contribution by cyanobacteria and biocrust community matches legume pastures in
central Queensland that, over a 4-year period, fixed on average 5 to 40 N kg N/ha/year, with up to

68 kg N in some years (Armstrong et al., 1999) .

1.6.3 How much nitrogen is typically available to northern native pasture systems?

The annual uptake of N by native pastures is typically 5 to 30 kg N/ha/year. This compares with
average N uptake rates of 20 to 95 kg/ha/year in improved legume pastures in central Queensland
(Armstrong et al. 1999). Nitrogen uptake in native pastures has been extensively quantified across
northern Australia in pasture growth sites, known as SWIFTSYND sites(O’Reagain and Scanlan, 2013)
(Day and Philp 1997). In the Victoria River District, annual N uptake rates by pastures averaged
between 15 and 30 kg N (M. Cobiac, Technical Bulletin 324, NT, 2006).

Annual N uptake can be much lower on less fertile land types. In the Barkly region, Cowley et al.
(unpublished) found on a spinifex/perennial grassland type that the maximum N uptake was only 8
kg N/ha/year. Similarly, the maximum N uptake in woodlands at Kidman Springs and Katherine was

5.5 to 18 kg/ha/year (Dyer et al. 2004 unpublished report).

Nitrogen uptake measured in the Northern Territory is consistent with levels at the Wambiana

grazing trial (5-21 kg N/ha/year, Table 1.6.1 from O’ Reagain et al. 2008 unpublished report;
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O’Reagain and Scanlan, 2013) and across 46 sites in Queensland (Day et al. 1997) where N uptake

was 13 to 24 kg N/ha/year (excluding brigalow and exotic pasture sites).

Table 1.6.1 Mean, maximum and minimum N uptake between 1999 and 2005 for SWIFTSYND
exclosure sites on five land types at the Wambiana grazing trial. NB: Values for the Box and Ironbark

are the means of two individual sites.

N Uptake kg/ha/yr

Land type | Mean | Minimum | Maximum
Box 12 6 21
Ironbark 8 5 11
Blackbutt 12 5 17
Brigalow 15 5 21
Coolabah 12 6 17

1.6.4 Nitrogen losses and inputs in grazed native pasture systems

Nitrogen is lost through several process in grazed systems including runoff, erosion, leaching, and
volatilisation from dung and urine and through gaseous emissions from ingested pasture (mostly

belching) and through removal of livestock and fire (Pifeiro et al., 2010).

Table 1.6.2 Nitrogen budget for northern NT grazed pasture systems with average stocking rates 11

AE/km? where AE = Adult Equivalents (compiled by R. Cowley, unpublished).

26



B.PAS.0502 — Boosting natural regeneration of the nitrogen capital in grazing lands

Nitrogen Source of loss Annual N Reference Notes
loss/input or input inputs &
losses
(kg/ha)
Input fixation by 2 Norman & Wetselaar (1960); Varied between papers from 2- 12 kg/ha,
legumes Langkaamp et al. (1979) so took lower point. 12 kg/ha is for acacia
densities double total stem density at
Kidman Springs, where mostly not
acacias, although Lysiphyllum may fix N?
Input fixation by 5 Williams et al. (2018) From Nth Qld, may vary with rainfall, soil
biocrusts type, disturbance
Input rainfall 1.5 Cook (1994) fate of Nutrient
during fires in tropical savanna
Aust Journal Ecol; Wetselaar & Cook assumes 15% of N lost to fire - 0.56
Hutton (1963) kg/ha/yr; 1.5kg/ha/yr Wetselaar &
Hutton (1963)
Input cattle 0.45 Varies with SR and region
supplements
Urea @ 30g/day / hd 200 days per year
@ 46% N for VRD. Less for Barkly
Loss fire 1/4 years -1.25 Cook (1994) fate of Nutrient Relationship between fuel load and losses
during fires in tropical savanna N transfer = -0.15+0.0046*fuel load
(same units), assume fire 1/ 4 years; but
Norman and Wetselaar (1960) -
4.5kg/ha/fire = -1.25kg/ha/yr if burnt
every 4 yrs
Loss leaching -0.485 Based on Pineiro et al. (2010)
leaching + volatisation - other
volatisation estimates
Loss erosion and -0.85 Runoff N from Cowie (1993) in
runoff Radford et al. 2007 is
3.4kg/ha/year on grazed 3.4kg/ha/year in pasture catchment
brigalow, where SR =3-5 x NT
rates
Loss cattle removal -0.34 Assuming 3AE/kmsq removed at | Depends on stocking rate and turnoff. 1.6
2.6%N, but varies with SR, which | kg N/ha/yr in Radford et al. (2007) at
varies with land type & region much higher SR = .35 kg/ha at 15AE/kmsq
Loss cattle -0.43 12% of N consumed Dean et al.
emissions N (1975) Nutrient removal by
and NHs cattle from a shortgrass prairie
Loss dung and urine -0.13 Dean et al. (1975) 25% of N
volatilisation consumed to urine and 45% to
faeces and the soil. 14% of N in Compares well with Augustine et al.
urine patches is volatised. (2013) though Augustine et al. at lower
SR
Loss redistribution -0.73
of N to near
waters and Augustine et al. (2013), at lower This could be substantial following
camps SR than here. Need to rework Augustine et al. (2013). still in the
figures for Kidman / NT paddock, but redistributed to where
cattle spend time near waters and camps
Net N 4.7

Cowie (1993) showed N losses due to runoff in a grazed pasture catchment in central Queensland

were 3.4 kg/ha/year (reported in Radford et al., 2007). Losses due to livestock removal vary with
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stocking rates and turnoff but were estimated to be 1.6 kg/ha/y for a Brigalow pasture (Radford et
al. 2007). At the Toorak grazing trial on Mitchell grass in western Queensland, the highest stocking

rate lost on average 3.2 kg/ha/y of nitrogen from the top 10 cm of soil (Pringle et al., 2014).

Nitrogen inputs to extensive grazing systems occur predominantly through rainfall and lightning,
feed supplements, and fixation by legumes and biocrusts. An N budget based on N losses and inputs
from the literature and northern NT levels of pasture growth and stocking rates is shown in Table

1.6.2.

Inputs from biocrusts at 5kg/ha would hence entirely offset N losses due to runoff and product

removal at these rates.

It shows that the N balance is roughly equal to the inputs from biofilms at around 5kg/ha/yr net
input of nitrogen. This suggests biocrusts have a significant impact on maintaining nitrogen in these

systems.

1.7 Biocrust and fire effects on seeds germination

Plants of the northern Australian savanna have adapted to the harsh conditions, with wet summer
rains that flood the land and seasonal winter droughts that deprive plants of water. To ensure that
they germinate in the right conditions native plants often have seed dormancy which prevents
germination until certain conditions are reached (Ralph, 2003). Some of the important seeds for
plants occurring in the study regions and their known dormancy and germination characteristics are
detailed in Section 9.1.1. The seed coat can cause dormancy in plants by preventing water or oxygen
exchange with the embryo or simply preventing the seed embryo from growing larger. The coats
would get broken down by fire, microorganisms, weathering, or passing through an animal over time
or can be scarified as a treatment to overcome it. After ripening is required for some plants,
especially native grasses, where the embryo is not fully formed as soon as seeds are dispersed but
requires some time to become mature. Various chemical inhibitors can also be present and will need
to be overcome before the seed can germinate. Multiple dormancies can be present in seed and will

all need to be overcome for successful germination (Ralph, 2003; Adkins et al., 2002).
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2. Objectives

The purpose of the project has been to advance knowledge that can be used to increase the
nitrogen regeneration of northern grazing lands. The scope of the project explored the impacts of
fire and grazing on biocrusts at two locations and across four soil types: (1) Victoria River District
(Victoria River Research Station, Kidman Springs, NT) and, (2) Wambiana grazing trial (near Charters
Towers, QLD). The five key objectives are summarised in Fig. 2.1. The objectives are driven by the

knowledge gaps identified in understanding the contribution of biocrusts as:

e The natural capital of the rangelands
e Indicators of soil health and productivity
e The first responders after fire, drought, and floods

e Aresilient microbiome that protects and enriches the soil

As the depth of our understanding of the biocrust microbiome increases, imparting this knowledge
to land managers is central to our purpose. This can lead to informed management decisions that

provide positive outcomes and maintains a stable and productive landscape.

2.1 Quantifying the nitrogen-generating capacity of biocrusts.

PARTIALY ACHIEVED

Two approaches were used; i) biocrust sampling and laboratory tests to quantify N production and
direct measures in situ from soil samples including bioavailability of N forms; ii) DNA analyses of
microbial community structure and diversity and gene-centric approach to confirm the presence of N
fixing genes. Our conservative estimate is that well-developed biocrusts in healthy landscapes
generate annually 5 kg nitrogen per hectare and potentially up to 20 kg. This conservative estimate
means that per square km, biocrusts provide 25+ tonnes nitrogen for pasture with 1-2% dry matter

nitrogen.
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Figure 2.1 Summary of key objectives

OBJECTIVES

Quantify the nitrogen-
generating capacity of
biocrusts

Identify the environmental
and management factors that
drive the presence and
activity of biocrusts in
different land types

* Develop and model different
scenarios for N-smart
grazing management

practices

Work with industry to
develop and increase the
adoption of management

strategies for enhanced
nitrogen regeneration.

g

2.2 Identifying the environmental and management factors that drive the presence and
activity of biocrusts in different land types.

ACHIEVED

Key drivers of biocrust activity include a combination of landscape function principles based on

nutrient cycling, soil stabilisation, and infiltration. There were differences in biocrust community
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structures between grazing and fire treatments at a microsite level and functional genes involved in

photosynthesis, C and N fixation.

2.3 Developing and modelling different scenarios for N-smart grazing management
practices.

PARTIALLY ACHIEVED

Spatial and temporal scenarios based on a commercial scale fire trial at Victoria River Research
Station using Planet Scope imagery defined the effects of fire and grazing on ground cover, carbon
and nitrogen stocks generates the methodology for farm-based N-smart practices. Preliminary

results are presented in Section 13.

2.4 Generated knowledge prospective to improve nitrogen Best Management Practices.

ACHIEVED
The impacts of grazing/land management practices on biocrust function:

(a) biocrust health using proximal and satellite imagery.
(b) Commenced and continuing use of a range of metrics including digital phone images,
machine learning and satellite imagery.

(c) Continuing PhD research by Than Myint Swe due for completion in 2026.

2.5 Developed high quality information products for end users that have made 150
pastoralists aware of the opportunity that biocrusts present for N-smart BMP.

ACHIEVED

Communication with industry has been a focus of our project attending relevant conferences,
workshops and participating in local farm-based information days. These were held in conjunction
with regional organisers such as Departments of Agriculture and Southern Queensland Landscapes

(QLD), Livestock Industries (NT) and MLA (Beefup, NT).
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3. Methodology

3.1 Key research questions

1. HOW MUCH NITROGEN IS GENERATED BY BIOCRUSTS IN DIFFERENTLY MANAGED GRAZING
LANDS?

2. ARE THERE HOTSPOTS OF NITROGEN PRODUCTION, AND WHAT CHARACTERISES THOSE
HOTSPOTS?

3. HOW DO THESE CHARACTERISTICS VARY IN THE TWO REGIONS AND ASSOCIATED LAND TYPES
THAT ARE THE PROJECT FOCUS?

4. CAN WE IDENTIFY THE ‘GOLDILOCKS PRINCIPLE’: THE RIGHT AMOUNT AND TIMING OF
DISTURBANCE (GRAZING, WET SEASON SPELLING, FIRE) FOR BIOCRUSTS TO THRIVE AND
MAXIMISE NITROGEN REGENERATION?

5. HOW CAN WE INTEGRATE THE KNOWLEDGE OBTAINED INTO EXISTING BEST PRACTICE PASTURE
MANAGEMENT?

3.2 Approach

To define the research questions in terms of desired outcomes we focused on where they fit into the

overall aims described in the five key questions (Fig. 3.2.1).

Landscape Function Analysis (LFA) has been developed to establish soil surface indicators for
measuring and analysing the nature and severity of problems in a dysfunctional or degraded
ecosystem (see Section 3.6, this report). The conceptual framework is based on the spatial
organisation of the clumps of grasses and shrubs that capture, accumulate, and retain resources
(called patches). The interspaces (or inter-patches) are the open areas between the grass patches

and can be natural ‘hotspots’ for biocrusts, due to less competition for light, moisture, and litter.

In these studies, we focused on the role of these biocrust hotspots in determining the three LFA
indices: stability, infiltration, and nutrient cycling. These three indices are assessed by 11 soil surface
indicators that are individually scored and provides the percentage level of each index. The indices

are a relative measure and are independent of each other.
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To achieve the answers to these key questions we established a research roadmap with a framework

based around the principles of landscape function (described at the start of this section) and used

this to develop our approach at both research sites (Figs. 3.2.2).

Figure 3.2.1 The overarching aims were to understand how nitrogen production from biocrusts could boost

productivity. Importantly, this research must be communicated on several levels including across the

landscape and to industry.

UNDERSTANDING
NITROGEN
PRODUCTION

NATURAL
REGENERATION &
GRAZING

BUILDING CAPABILITY B & 2

EXTENSION

EDUCATION &
INTERPRETATION

A

How much nitrogen is generated
by biocrusts in differently
managed grazing lands?

Are there hotspots of nitrogen
production, and what
characterises those hotspots?

Can we identify the ‘Goldilocks
principle’: the right amount and
timing of disturbance (grazing,
wet season spelling, fire) for
biocrusts to thrive and maximise
nitrogen regeneration?

How do these variables vary in
the two regions and associated
land types that are the projects
focus?

How can we integrate the
knowledge obtained into existing
best practice pasture
management?
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Figures 3.2.2 (a) Victoria River Research Station, Kidman Springs (NT) and (b) Wambiana Grazing
Trial (QLD) roadmap to understanding landscape function.
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3.3 Research sites

3.3.1 Victoria River Research Station (VRRS) Kidman Springs, NT

Known as Kidman Springs covers 31,400 ha in the Victoria River District south-west of Katherine
(NT). Established in 1966 the research station run by the NT Department of Industry, Tourism and
Trade is the NT’s principle pastoral research station and is managed as a breeding operation. The
Victoria River District contains three main soil types including cracking clays, calcareous red earths,
and sandy red earths. As a semi-arid tropical rangeland, the district has a distinct monsoonal wet

season, followed by a dry season.

The research was conducted at the Victoria River Research Station (VRRS), situated within the
Kanrangpuru Country in the Victoria River district of northern Australia. The prevailing climate is
characterized by a summer wet season spanning from November to April, followed by a drier season
with minimal to no rainfall from May to October. The annual average temperature ranges from 20.1

to 34.9°C, with an average annual rainfall of 753.9 mm.

In 1993, two experimental sites were established, situated 4 km apart within separately grazed
paddocks of native pastures within a Eucalyptus woodland ecosystem (Cowley et al., 2014). The
long-term fire research project was established to investigate the impacts of various fire treatments.
These treatments encompassed (1) different fire intervals at 2, 4, and 6-year cycles and (2) varying
fire intensities, categorized as early dry season (cooler fires) or late dry season (hotter fires), in
addition to unburnt control plots (Cowley et al., 2014). In total, there were sixteen experimental 4 x
4 grid plots established for each soil type, with each plot spanning 160 m x 160 m and separated by
firebreaks (Figs. 3.3.1, 3.3.2).

The fire treatments included early (E) and late (L) dry season burns, with intervals between fires set
at 2, 4, and 6 years (E2, E4, E6, L2, L4, and L6), as well as unburnt control plots. Early dry season
(cool) fires were executed in the experimental plots during June, whereas late dry season (hot) fires
were implemented in October. Furthermore, it is noteworthy that the Fire Graze study area,
spanning an area of five square kilometres, represents the largest research zone for controlled

burning within the VRRS, with the first burning event taking place in October 2022.
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Figure 3.3.1 Conkerberry Paddock fire plots where each plot is burnt to the range of fire regimes
detailed above (UAV imagery June 2023).
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Figure 3.3.2 Rosewood Paddock fire plots where each plot is burnt to the range of fire regimes
detailed above (UAV imagery June 2023).
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3.3.2 Wambiana Grazing Trial, North QLD.

The Wambiana Grazing Trial was established on Wambiana Station near Charters Towers in 1997 to
test and develop evidence-based management strategies to manage for rainfall variability. It
provides a typical grazing landscape encompassing 1000 hectares of land within the Burdekin
catchment. In collaboration with the Department of Agriculture and Fisheries, and Meat and
Livestock Australia, researchers have developed experimental paddocks to provide examples of
contrasting management strategies (Fig. 3.3.1). Key grazing strategies implemented at Wambiana
grazing trial include industry recommended moderate set-stocking (MSR), heavy set-stocking (HSR),
rotational wet-seasonal spelling (R/Spell) and two variable stocking strategies (Flex and Flex + S) on
three main land types (Box, Brigalow and Ironbark) (O’Reagain and Scanlan, 2013). In this study we

used MSR, HSR and R/Spell together with exclosures (no cattle) and selected the two main soil types

in the region: red yellow earths and duplex clays.

Figure 3.3.3 Site layout of the Wambiana Grazing Trial, including 10x 100-hectare paddocks.
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-
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4. Biocrust structure and taxonomic composition

Biocrusts are defined by their physical structure, functional characteristics, habitat, and taxonomic
composition. Biocrusts or biological soil crusts and biofilms result from an intimate association
between soil particles and differing proportions of photoautotrophic (e.g. cyanobacteria, algae,
lichens, bryophytes) and heterotrophic (e.g. bacteria, fungi, archaea) organisms, which live within, or
immediately on top of, the uppermost millimetres of soil. Soil particles are aggregated through the
presence and activity of these often extremotolerant biota that desiccate regularly, and the
resultant living crust covers the surface of the ground as a coherent layer (Weber et al., 2022).
Cyanobacteria are one of the most visible components of the biocrust community where they cover
the surface with a polysaccharide rich slime that forms a skin over the soil and harbours the other

smaller crust bacteria that are invisible to the eye.

4.0.1 Sample collection

4.0.2 VRRS Fire Trials 2019

In June and October 2019, burning of the shrub burn plots coincided (2, 4, 6 years, early and late dry
seasons). At these times, we collected six replicate biocrust samples (1 cm depth) across both soil
types (Vertosol and Calcarosol), both pre-fire and post-fire, from the patches (areas under grass
plant canopies) and inter-patches (open areas between grass tussocks). A second set of samples was
collected and stored at minus 20C for metagenomics studies of biocrust diversity and function. Thus,
the post-fire samples for June were collected in October too but there had been no rain in between
those dates. These samples were stored dry at The University of Queensland’s laboratories and used
for the initial biocrust composition tests (microscopic), the biocrust recovery trials, and a
metagenomic analysis. In 2020 a second batch of samples were taken at the end of the wet season
and used to compare inside an exclosure (burnt early every two years with no grazing) and, outside

exclosure, burnt every two years with grazing.

4.0.3 Wambiana Grazing Trial 2020

Sampling for biocrust presence, diversity and composition was carried out across the grazing trial

paddocks in mid-2020. We selected three main grazing treatments (Heavy, moderate and moderate
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with wet season spelling) and controls (fenced, no stock, previously used as SwiftSynd sites). We
sampled two different paddocks for each treatment. Two existing transects were used as a guide
and sampling was carried out within 6 x 1 m quadrats along a 30 metre transect, three samples each

from patches and inter-patches.

4.0.4 Biocrust microscopy

Cyanobacteria often grows as tufts on the soil surface with a basal layer of filaments anchored to the
soil surface to provide stability. In this image the cyanobacteria have grown around the soil particles
to create a strong network that will let water through but cover and protect the soil surface. In
central and northern Australia where summer rain dominates at the beginning of each wet season
the crust structure breaks down and fertilises the ground creating a new layer of compost that the
new biocrust grows from over the next wet season. This is called stratification or layers of biocrust

(Fig. 4.0.1).

The structure of the biocrust was examined using both high powered scanning electron microscopy
and microscopic imagery of the key species of cyanobacteria that are visible at 100-400x
magnification. Morphological qualities of cyanobacteria are used to confirm species identification.
About one third of Australian cyanobacteria have not previously been identified and recorded in

global taxonomic libraries so this is an important cross-check.

4.0.5 Scanning Electron Microscope (SEM) imaging

Representative biocrusts for imaging were selected from samples collected November 2020 one-
year post fire for all burn treatments both before and after fire. The images were processed at the
University of Queensland’s Centre for Microscopy and Microanalysis. Double-sided carbon stickers
were attached to round aluminium specimen stubs. Silver conducting paint was added to the
stickers for enhanced stability of biocrust samples. Sections were made to appropriate sizes to fit on
to stubs and placed using tweezers. After samples were prepared on stubs, they were coated with
platinum, using the Safematic CCU-010 Compact Coating Unit. Ensuring the appropriate settings
were in use, the chamber was pressurised before samples were coated for 10 seconds. Following
platinum coating, samples were positioned on the viewing stage of the Hitachi TM4000Plus Tabletop
Scanning Electron Microscope (SEM). The same process was carried out for both VRRS, Kidman

Springs NT and the Wambiana Grazing Trial QLD. This was an observational study.
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Figure 4.0.1 lllustration of new season cyanobacteria (20x magnification) and SEM image of hydrated
cyanobacteria filaments (150x magnification, scale bar 100 um), (Biidel et al., 2018).
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4.0.6 Community composition profiled by DNA sequencing

Biocrusts from each of the four soil types across both sites were categorised into four microsites

considered relevant to potential variations in the biocrust composition.

4.1 Influence of fire and grazing on biocrusts at VRRS

We returned to the site in wet season and collected more samples. Of these two samples were
analysed shotgun (1 Gbps each) to work up methods. The adapter sequences were trimmed using
Trimmomatic, assembled reads using metaSPADEs and then attempted to bin contigs into
metagenome assembled genomes (MAGs) using metabat2. This approach failed to yield any MAGs
due to the low quantity of data relative to the complexity of the samples. Hence, we explored what
could be achieved using a gene centric approach. | used CCMetagen to generate a taxonomic profile
of each sample. This indicates that there are more fungi, cyanobacteria and Rhizobia in the exclosure

than in the grazed.

4.2 Results: Taxonomic composition of biocrusts at VRRS

In the initial microscopic inspection of the visible components of the biocrusts, cyanobacteria were
prevalent (size and visibility) and were dominated by N-fixing species (Fig. 4.2.1). This appeared like
a black skin (black from sunscreen pigmentation) covering the soil surfaces (Fig. 4.2.2).

Figure 4.2.1 Cyanobacteria recovery four years early burns, before fire (sample collection June 2019). (a) High

level N-fixing capacity cyanobacteria Nostoc sp. (b) Stabilising N-fixer cyanobacteria Scytonema sp. with
heterosysts (circled), the specialist N-fixing cells. Magnification 400x

(a) (b)
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At Kidman Springs the biocrusts cover almost all the soil surfaces (Fig. 4.2.2) and are especially
visible after fire and following the first rains. Although newly formed biocrusts are green in colour
(due to chlorophyll), after about a day they will turn black or reddish in colour as they manufacture a
pigment (scytonemin) to protect their photosynthetic apparatus from the harmful ultraviolet rays
emanating from the sun. Once the plants grow and cover the ground, the biocrust cannot be seen
unless exposed due to a natural bare patch (called interspaces or inter-patches) or damage from
excessive trampling by cattle. In the paddock one can pull the grass aside and see the biocrust
growing on the soil surfaces. It is brittle when it is dry and soft and flexible when it is wet. At this

time the emerging grass plants can easily push through the biocrust to germinate (Fig. 4.2.2).

Figure 4.2.2 Biocrust regrowing (dark patches on soil) mid wet season after burning. New grasses recovering
with access to plant available nutrients supplied from biocrusts.
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4.3 Metagenomic insights of biocrust function

A focus throughout this research has been on a gene-centric approach to understanding the nature
and function of the biocrust. We focused on the different soils, seasons and microsites. Biocrusts
were shown to have the capacity to carry out the complete nitrogen cycle (Section 7.1) underpinning

their central role in nutrient cycling.

Our first investigation into the functional role of biocrusts was based on a DNA based microstudy of
the impact of fire and grazing at VRSS. We focused on a 2-Yearly Early burnt site on the calcarosol
soils and examined the composition of the whole biocrust inside (no cattle) and outside a small
exclosure (Fig. 4.3.1). These results demonstrated the broad diversity of the biocrusts organisms
present (Fig. 4.3.2 a,b; Fig. 4.3.3 a,b).

Figure 4.3.1 (a) Aerial view of cattle exclosure in 2-year early burn site where DNA samples were taken to

compare the effect of fire on biocrust function with and without cattle. Biocrust is blackish cover on the
ground withing the exclosure and lighter colour outside. (b) After the previous fire in this paddock.

(a)
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(b)

Figure 4.3.2 (a) lllustration of bacterial composition and function of biocrusts inside the exclosure 2-year early
fire with no cattle disturbance and (b) outside the exclosure with cattle present.

(a)
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(b)

Figure 4.3.3 lllustration of bacterial composition and function of biocrusts inside and outside 2-year early fire.

Note that about one third of bacteria are unknown. Chordata was mouse and snake DNA recorded.
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4.4 Structural form of biocrusts at VRSS

The visible biocrust organisms are mainly filaments of cyanobacteria that can be observed gluing the
soil particles together in a network formation (Fig.4.4.1; Fig. 4.4.2). These images were taken after
samples were watered to demonstrate the apparent fire effects even after a recovery phase.
Overall, the late-fire treatments appear to have less visible filaments (Fig. 4.4.9 on). Later it was
discovered there were seasonal effects especially in the vertosol soils. It is clearly visible in the
Scanning Electron Microscope photos (SEM) that biocrust suffers damage and loss of structure post-
fire.

Figure 4.4.1 Micrographs of new cyanobacteria recovering following fire from early-four-year burn: (a)
Porphyrosiphon sp. (above) with Microcoleus sp. (below), both early colonisers, (b-d) Scytonema sp. with

specialist N-fixing cells (circled) that exclude oxygen, (d) illustrates the mass of filaments that aid stabilising the
soil surfaces.

(c) (d)
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Figure 4.4.2. SEM images (50x magnification) of the upper millimetres of biocrust 15 months post-
fire for early fire treatments in vertosol soils (Nov, 2020).
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Figure 4.4.3 SEM images (50 x magnification) of the upper millimetres of biocrust for late fire
treatments in Vertosol soils.

2-year late pre-fire
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4.5 Biocrust composition across microsites

The RDA (Fig. 4.5.1) shows how closely related the OTU’s are for the different microsites. Quite
different communities occupy under grass plants and out in the open spaces between grass plants.
In the vertosol there is a marked separation between bare ground and biocrusts indicating there
would be a loss of ecosystem function in the bare ground. Interestingly the biocrust was less likely to
contain the same taxa as the other microsites demonstrating the exposure and heat adaptations
required by these communities.

Fig. 4.5.1 Distance-based Redundancy Analysis (db-RDA) ordination plots highlighting differences in the
composition of bacterial communities in the four-year early burn treatment between microsite (coloured
ellipses), and seasons (empty ellipses). The most discriminating OTUs are shown in the plot. In both db-RDAs,
the response was a Hellinger transformed OTU table, and the constraints (predictors) reflected the significant
predictors identified using PERMANOVA. Hence, for both soils, the constraints were the main effects of
microsite and season.
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4.5.1 Bacterial community profile: Early 4-year fire microsites VRRS

Bacterial community profiles can be classified as groups of closely related individuals or OTUS
(operational taxonomic units. Here we carried out a focused study for the current recommended fire
regime for four-year burns. Bacterial communities were diverse with dominant representatives from
10 phyla (Fig. 4.5.2). There was a significant difference in the observed number of operational
taxonomic units (OTUs) (Sobs) between soils, but not seasons, or microsites (Table 4.5.1). On the
other hand, the composition of bacterial communities changed with soil, season, and microsite
(Table 4.5.2). This represented the proportions or relative abundance of bacterial communities,

where the OTUs (closely related individuals) changed with soil, season, and microsite (Table 4.5.3).
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We identified 27 OTUs for both soils, 20 OTUs for vertosol, and 13 OTUs for calcarosol that
significantly changed (p >= 0.05) because of microsites. These results describe the changes in
community structure and composition across soil types, microsites (e.g. open areas and shaded
areas, wet areas and drier areas). Therefore, we would anticipate this would drive the functional
process of the biocrust across the landscape. The charts in Figures 4.3.4, 4.3.5 are an example of the

different functional groups of bacteria that occupy the biocrust ecosystem.

The operational taxonomic units (OTU) listed in Figure 4.5.2 (e.g., indicated by arrow,
Acidobacteriota, Pyrinomonadaceae increases abundances in the wet season on both soils;
Pyrinomonas species have been isolated previously from savanna soil (Wust et al., 2016) and present
one of the more common taxa in the studied biocrusts. Another group with high and varied
abundance are Geodermatophilaceae in the Actinomycetia which grow on rock and soil surfaces and
are unusually resistant to oxidative stresses that characterise hot and dry environments, in our
microbe menagerie, these taxa are most more common on calcarosol (Normand et al., 2014). The
most common organism groups into Rubrobacteria, a taxon with members that have a tolerance to
high temperatures and ionising radiation. By comparison, cyanobacteria abundance with known N
fixing capacity is lower and responds to season. However, cyanobacteria by far, make up the physical
biomass of the biocrust occupying the surface of the soil forming a protective skin and habitat for
other microscopic bacteria.

We found that similar bacterial taxa dominate the biocrusts but there are stronger changes in
cyanobacterial presence in the wet season in the biocrust microsites (highlighted by the red box Fig.
4.5.2).

The heatmap represents the relative abundance of bacterial communities found in the Early 4 years
burnt plot and how they change with soil type, in between seasons and the different microsites. The
heatmap shows the mean values of three sample repetitions, and the taxonomy is summarised at
family level. The taxonomy shown in the heatmap is the more representative bacterial communities
(OTUs) by over 0.5% of the total bacterial community. From a total of 420 bacterial communities

(OTUs), 120 were observed over 0.5%, summarised to 70 families (Fig. 4.5.1).

50



B.PAS.0502 — Boosting natural regeneration of the nitrogen capital in grazing lands

Figure 4.5.2 Heatmap summarising the frequencies of bacterial OTUs present at >0.5% mean relative
abundance grouped at family level within microsites. Relative abundances are Hellinger transformed for the
four year early burnt treatment.
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Table 4.5.1 Analysis of variance summary for soil, season and microsites for each alpha diversity
metric in the fire experiment. Metrics include the observed numbers of OTUs (Sobs) and Shannon’s

Diversity Index (Shannon).

Predictor Sobs Shannon

F value P value F value P value
Both soils
Soil 7.732 0.009 ** 14.358 0.001 ***
Season 0.108 0.744 0.398 0.532
Microsite 1.224 0.317 1.285 0.296
Soil:Season 0.346 0.561 0.025 0.874
Soil:Microsite 0.808 0.499 0.706 0.556
Season:Microsite 0.116 0.950 0.266 0.849
Soil:Season:Microsite 0.089 0.966 0.191 0.901

Within calcarosol

Season 0.036 0.852 0.035 0.855
Microsite 0.844 0.489 1.380 0.285
Season:Microsite 0.141 0.934 0.275 0.843

Within vertosol

Season 0.394 0.539 0.403 0.535
Microsite 1.166 0.354 0.567 0.645
Season:Microsite 0.068 0.976 0.213 0.886

ANOVA | Signif. codes: 0 **** 0.001 ** 0.01 *" 0.05°. 0.1 "1

The composition of the bacterial communities’ changes significantly with soil, season, and microsite,
including showing interactions between soil and microsites (Table 4.5.2). This means that species

changes occur that matches changes in function for N fixation with soil and season.

It is worth noting that the cyanobacteria genus Nostoc is a highly productive N-fixing cyanobacteria
that was mostly evident in its presence during the wet season and more so in the vertosol soils.
Furthermore, we believe that this is the first record for Elainella in Australia, a new tropical
cyanobacterium that is also capable of N-fixation (Jahodarova et al., 2018). Additionally,
Coleofasciculaceae is a recently described desert dwelling genus that includes important crust
forming motile species (cyanobacteria that can move up and down the soil profile) (Moreira C
Fernandes et al., 2021). These cyanobacteria are central to the development of a stable biocrust

dominated by N-fixing species and housing other N-fixing bacteria.
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Table 4.5.2 Results from PERMANOVA models summarising the main and interactive effects of soil
(vertosol and calcarosol), microsite and season (dry and wet season) on the composition of bacterial
communities, as well as the effect of microsite and season within each soil separately for the four

yearly early burnt treatment.

Predictor OTU relative abundances
F value R? value P value
Both sites
Soil 5.429 0.094 0.001 ***
Season 2.646 0.046 0.001 ***
Microsite 1.724 0.089 0.001 ***
Soil:Season 1.858 0.032 0.006 **
Soil:Microsite 1.231 0.064 0.067 .
Season:Microsite 1.234 0.064 0.051 .

Soil:Season:Microsite 1.108 0.057 0.197

Within vertosol

Season 1.63 0.064 0.008 **
Microsite 1.57 0.183 0.001 ***
Season:Microsite 1.10 0.129 0.218

Within calcarosol

Season 2.87 0.107 0.001 ***
Microsite 1.39 0.156 0.021 *
Season:Microsite 1.24 0.139 0.084 .

Signif. codes: 0 “*** 0.001 **’ 0.01 ** 0.05°. 0.1 ‘"1

In the wet season cyanobacterial colonies on the calcarosol appeared to favour the open spaces
rather than under the grass. In this case there would be less competition for light and from annuals.
In the vertosol there is often more moisture over longer periods and surface water aids spread of

cyanobacteria.
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4.6 Results: Biocrusts at Wambiana Grazing Trial

The biocrusts found at Wambiana were dominated by cyanobacteria however the duplex clays
included liverworts, mosses and microlichens (Fig. 4.6.1). Some microlichens have a symbiotic
relationship with N-fixing cyanobacteria, therefore an important feature in the nutrient cycling
capacity of these biocrusts. The red-yellow soils were sandy and dominated by cyanobacterium
Symploca that had a distinct reddish colour (Fig. 4.6.2) and compared to the duplex biocrusts were
generally very thin but important for soil stabilisation.

Figure 4.6.1 Duplex soils, photo and scanning electron microscope (SEM) images: (a) Biocrust in good condition
(XCL) with cyanobacteria, lichens, liverworts, and mosses, (b) darkened patches represent poor quality

cyanobacterial biocrust, (c) R/Spell cyanobacterial filaments with fine soil particles SEM 120 x mag. (d) HSR
biocrust in poor condition, cyanobacterial filaments with soil 150 x mag (Williams et al. 2022).
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Figure 4.6.2 Red-yellow earths, photo and scanning electron microscope (SEM) images: (a) Red coloured
biocrust in good condition (XCL) dominated by cyanobacteria, (b) degraded cyanobacterial biocrust seen with
faint discolouration on surface, (c) R/Spell cyanobacterial filaments with soil particles SEM 120 x mag. (d) HSR
biocrust in poor condition, cyanobacterial filaments with soil 120 x mag (Williams et al. 2022).

o

15KV 5.6mm x120 Mix M 15KV 19.5mmx120 Mix M
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4.7 Biocrust metagenomic insights, moderate stocking, wet season spelling

4.7.1 Photosynthesis

Season and microsite in both soils influenced the photosynthesis-related genes in the moderate
stocking rate with wet season spelling (Table 4.7.1). The heatmap in the summary white-blue shaded
showed that biocrust presents a higher frequency of photosynthesis-related genes and rises with the
wet season in the red-yellow soil. While in the duplex-clay, it is higher in the biocrust in the dry
season, with an increase for all the microsites in the wet season (Fig. 4.7.1).

Table 4.7.1 Results from PERMANOVA models summarising the main and interactive effects of soil (vertosol
and calcarosol), microsite and season (dry and wet season) on photosynthesis related genes, as well as the
effect of microsite and season within each soil separately.

Predictor Photosynthesis genes frequency
F value R?value P value
Both sites
Soil 3.948 0.036 0.039 *
Season 11.360 0.103 0.002 **
Microsite 9.578 0.260 0.001 ***
Soil:Season 10.459 0.095 0.002 **
Soil:Microsite 1.269 0.034 0.255
Season:Microsite 3.612 0.098 0.013 *

Soil:Season:Microsite 3.142 0.085 0.006 **

Within Red-Yellow

Season 0.65 0.015 0.553
Microsite 5.27 0.361 0.003 **
Season:Microsite 3.77 0.259 0.005 **

Within Duplex-Clay

Season 21.70 0.343 0.001 ***
Microsite 5.59 0.265 0.006 **
Season:Microsite 2.96 0.140 0.040 *
Signif. codes: 0 “** 0.001 “* 0.01* 0.05°”0.1°" 1
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Figure 4.7.1 Moderate stocking rate with wet season spelling Relative frequency heatmap of photosynthesis
related gene frequency by microsites. Genes are in rows grouped by metabolic pathway and samples are in
columns ordered by soil, season, and microsite. White-black shading represents the frequency per million
bacterial reads while the white-blue shaded shows the sum of the square mean gene frequency across
metabolic pathways. This heatmap has been row-scaled to show the relative abundance of each respective

gene across microsites.
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4.7.2 Taxonomic profiles of biocrusts across microsites

The relative abundance of bacterial communities found in the moderate stocking rate with wet
season (rotational) spelling demonstrates how they change with soil type, between seasons and
across the different microsites. The heatmap shows the mean values of three sample repetitions,
and the taxonomy is summarised at family level. Cyanobacteria appear more highly represented in
the red-yellow soils and more active in the wet season. Leptolyngbya at these sites are most likely

dominated by unknown Microcoleus (sub-surface dwellers) and Symploca species that has the
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distinctive red coloured crust. These cyanobacteria are known N-fixers with Nostoc often highly
influential in the wet season (Williams et al., 2017).

The taxonomy shown in the RDA represents bacterial communities (OTUs) > 0.5% of the total
bacterial community. From a total of 382 bacterial communities (OTUs), 122 were observed > 0.5%

and condensed to 59 families (Fig. 4.7.2).

In both soils at Wambiana Grazing Trial the biocrust community is quite separated from the bare soil
with grass and litter both overlapping but separated from the other microsites. This provides a
clearer picture of how the bacterial communities are adapted to microsite niches. In this case, only a
small number of OTU’s are found in bare soil illustrating the lack of functional processes occurring in
those microsites.

Fig. 4.7.2 Distance-based Redundancy Analysis (db-RDA) ordination plots highlighting differences in the
composition of bacterial communities between microsite (coloured ellipses), and seasons (empty ellipses). The
most discriminating OTUs are shown in the plot. In both db-RDAs, the response was a Hellinger transformed
OTU table, and the constraints (predictors) reflected the significant predictors identified using PERMANOVA.

Hence, for the red-yellow soil, the constraint was microsite, while for the duplex-clay soil, the constraints were
the main effects of microsite and season.
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4.7.3 Biocrust microsites: moderate stocking, wet season spelling

There were 382 Operational Taxonomic Units (OTUs) or bacterial communities across the four
microsites at the moderate stocking rate with wet season spelling in Wambiana. There were
significant differences in the observed number of OTUs (Sobs) between soils, but not season or

microsites (Table 4.7.3). The proportions or relative abundance of bacterial communities' (OTUs)
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changed with soil, season, and microsite (Table 4.7.3). We identified 40 OTUs for both soils, 25 OTUs

for red-yellow, and 28 OTUs for duplex-clay that changed significantly (p > 0.05) within microsites.

Table 4.7.3 Analysis of variance summary for each alpha diversity metric in the fire experiment. Metrics
include the observed numbers of OTUs (Sobs) and Shannon’s Diversity Index (Shannon).

Predictor Sobs Shannon
F value P value F value P value

Both soils

Soil 5.240 0.029 * 6.222 0.018 *
Season 0.962 0.334 0.522 0.475
Microsite 0.141 0.935 0.333 0.801
Soil:Season 0.474 0.496 0.025 0.875
Soil:Microsite 2.618 0.068 2.461 0.081
Season:Microsite 0.651 0.588 0.441 0.725
Soil:Season:Microsite 0.296 0.828 0.019 0.996

Within Red-Yellow

Season 0.064 0.804 0.149 0.704
Microsite 1.241 0.328 2.100 0.140
Season:Microsite 0.221 0.880 0.139 0.935

Within Duplex-Clay

Season 1.048 0.321 0.433 0.520
Microsite 1.449 0.266 0.684 0.575
Season:Microsite 0.601 0.624 0.328 0.805

ANOVA | Signif. codes: 0 “*** 0.001 ** 0.01* 0.05‘" 0.1 1
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Table 4.7.4

Results from PERMANOVA models summarising the main and interactive effects of soil (red — yellow and
duplex clay), microsite and season (dry and wet season) on the composition of bacterial communities, as well
as the effect of microsite and season within each soil separately.

Predictor OTU relative abundances
F value R? value P value
Both sites
Soil 3.440 0.063 0.001 ***
Season 1.598 0.029 0.042 *
Microsite 2.196 0.121 0.001 ***
Soil:Season 1.062 0.020 0.321
Soil:Microsite 1.252 0.069 0.066 .
Season:Microsite 0.995 0.055 0.460

Soil:Season:Microsite 0.996 0.055 0.421

Within Red-Yellow

Season 1.21 0.047 0.150
Microsite 1.90 0.221 0.002 **
Season:Microsite 0.97 0.113 0.477

Within Duplex-Clay

Season 1.48 0.059 0.017 *
Microsite 1.50 0.179 0.001 ***
Season:Microsite 1.02 0.122 0.397

Signif. codes: 0 **** 0.001 **' 0.01 "~ 0.05°” 0.1’ 1
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5 Biocrust recovery after fire at VRRS

5.0.1 Fieldwork (2019 and 2020)

Our biocrust and soil nutrient profiling has incorporated the pre-fire and post-fire measurements
both across the soil surface and at shallow depths (5 cm) where we would most likely expect to find
the concentrations of plant-available nitrogen. We are now assessing the species composition of the
biocrust microbiome, how many nitrogen fixing bacteria are present and how much nitrogen is fixed
over a wet season. During 2021 we plan to provide updates on preliminary results about biocrust

regeneration following fire, and its role in nutrient cycling.
5.0.2 How do we measure biocrusts across 32 fire plots?

Biocrust organisms are quite small but at Kidman (a typical northern dry savanna), they are found
covering the soil surface between the grass plants. Yet, they can be hard to see on the black soil and
not always visible in the dry season. To measure biocrust presence and cover, we use several
methods that included visual estimations of the biocrust presence and ground cover within four
different microsites: litter, grass (basal area and canopy), biocrust and bare ground with no visible
biocrust. Soil surface sampling was followed by laboratory extraction of chlorophyll and taking
hyperspectral images of the soil surface. The latter provided a spectral measurement of the
presence of biocrust chlorophyll. Nevertheless, biocrust cover, diversity and depth varied quite a lot

across the landscape.
5.0.3 Field sampling

In 2019, the 12-yearly cycle occurred when all the trial plots were burnt in June (early cool fire) and
October (late hot fire). Before the early burns (pre-fire) we sampled biocrusts across the two soil
types and all the treatments (Fig. 5.0.1, Table 5.0.1, 5.02). Following the late burns in October (post-
fire) we re-sampled all the plots except for the controls which were not burnt and there was no rain
during this time. Thus, the pre-fire samples had not been burnt for 2, 4 and 6 years respectively and
the post-fire samples had either been burnt four months prior or one week prior to sampling. During
this time frame cattle had access to the plots, however following the late season fires, the paddocks

are closed off for the entirety of the ensuing wet season.
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Figure 5.0.1 Kidman Springs field trip team (July 2020). Collecting biocrusts and soil samples (top);
The team (I-r) Harry Cosgrove, Steve Williams, Laiza Sherar (front), Wendy Williams and Madeline
Dooley; (bottom right) biocrust cover measurements in quadrats.
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Figure 5.0.2 (a) Controlled burn at Plot 19 — Early 6-year (2019), (b) location of Kidman Springs in north-
western Australia, (c) and (d) fire plot design where upper number represents the plot number and the lower
letter represents fire season (early or late) and the number represents the fire interval (2, 4, 6 years or 0 — no
fire); (e) post-fire biocrust sampling.

(b)

17 18 19 20
L6 E4 E4 E6 L6 0 E6 L4
5 6 7 8 21 22 23 24
E6 L4 L4 0 0 E4 E2 12
9 10 11 12 25 26 27 28
0 L2 L6 E2 E6 0 E4 E2
13 14 15 16 29 30 31 32
0 E2 12 0 0 L4 L2 L6 : el ¢
(c) Vertosol (black soil) plots (d) Calcarosol (red soil) plots  (e) biocrust sampling post-fire

The sampling strategy was based on landscape organisation at two spatial scales: perennial plant
patches where resources tend to accumulate and inter-patches (bare open areas between the
patches). Biocrusts were prominent both within the patches (underneath grass and shrub canopies)
and across the inter-patches. We established one 30 m transect on each of the two plot treatment
replicates (positioned adjacent to permanent Transect 2). We then identified and marked three
patches and three inter-patches contiguous to the transect. These areas also extended widthways
and defined the sample collection sites. Five replicate samples of the biocrust or bare soil surface
were cored to a depth of approximately 0.5 cm and placed in six-well plates. These were field dried

(<5% moisture), sealed and transported back to the laboratory.
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Table 5.0.2 Description of field samples collected from the two soil types, different fire intervals (years
between) and fire seasons, early dry season (EDSF) and late dry season (LDSF), and microsites: patches=groups
of grass plants, interspaces=open areas of bare soil often covered by biocrusts situated between grass patches.
*Control (unburnt) samples were only collected during the pre-fire period.

Fire Control 4 years 6 years Control 4 years 6 years
Interval Y Y Y Y
Fire Season Late Late Late Late Late Late
) 7 (hot) (hot) (hot) (hot) (hot) (hot)
I

Soil Fire Interval Fire Season sample Landscape site N= total no. samples
time
2,4, 6 years EDSF, LDSF x 2 Pre-fire Patch N=6x2x2x2x5
Calcarosol | n=3 x 2 plot reps Post-fire Interspace reps = 240 + 20C =260
n=4 n=2 n=2x5reps =10 | samples
Calcarosol | Control No-fire Pre-fire* Patch
n=2 (plot reps) n=1 n=1 Interspace n=2 (Control n=20)
2,4, 6 years EDSF, LDSF Pre-fire Patch N=6Xx2x2x2x5
Vertosol x 2 plot reps, n=2 Post-fire Interspace reps = 260 + 20C =260
n=6 n=2 n=2 x5 reps =10 | samples
Vertosol Control No-fire Pre-fire* Patch
n=2 (plot reps) n=1 n=1 Interspace n=2 (Control n=20)

5.0.4 Fire environment

To understand the impact of the fire on biocrusts we installed Thermochron temperature iButton
loggers, operating temperature range 0 to +85°C (http://thermodata.com.au/), and Hastings Tinytag
data loggers (https://www.hdl.com.au/data-loggers/) to record ambient temperature (in controls)
together with soil surface in the fire plots (range 0 to +125°C), and iButtons were buried at 1 and 2
cm depth. These remained in place while the plots were burnt and retrieved several hours after. Due

to the remoteness of the site these records were only taken for the late season fires (Oct 2019).

5.0.5 Biocrust Resurrection and Recovery

When cyanobacteria dry out for several months, they are in a desiccated state, and they do not
photosynthesise or grow. Following rehydration, normally following rain, cyanobacterial resurrection
takes place. A non-destructive method of measuring the resurrection status is measuring chlorophyll

fluorescence and determining photosynthetic activity. In this study we rehydrated the samples to
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saturation, placed them on trays in a growth chamber set at 28°C and 75% relative humidity on a 12-

hourly light/dark cycle.

5.0.6 Photosynthetic activity

The regrowth of cyanobacteria that constituted the bulk of the biocrust was regularly monitored
over 30 days (13 time periods) using a Pocket PAM (Pulse-Amplitude-Modulation, fluorometer
Gademann Instruments and Walz, Germany) with an encased LED positioned within a few
millimetres of the soil surface. The photosynthetic activity of cyanobacteria was determined by
chlorophyll a (chla) fluorescence saturation pulse method (Raggio et al. 2014). A high intensity, short
duration flash of light is given that effectively transiently closes all PSIl (Photosystem Il) reaction
centres. The fluorescence yield and resulting maximal fluorescence, Fm” value is compared with the
steady-state yield of fluorescence in the light, (Ft) gives information about the performance of PSII
(Maxwell and Johnson, 2000). The effective quantum use efficiency (describe by Schreiber et al.,

1994) or PSll yield is:
Yield = (Fm’- Ft)/Fm’

Yield values range between 0 and 1 and prior studies have shown healthy cyanobacteria have
reported yields 0.3-0.5 and seldom >0.6 while algae (0.65) and higher plants (0.8) are markedly
higher (Sims et al., 2012). Yet the lower values can be an artefact of insufficient light intensity
reaching PSII (Sims et al., 2012). In this study a positive yield value indicated photosynthetic activity
while hydrated and yield increases were indicative of recovery (burnt sites) and resurrection. At the
end of 30 days the samples were measured both on the surface and the sub-surface as there were
visible cyanobacteria underneath the wells. Following this step, the samples were dried at 40°C for

48 hours and used for biomass and chemistry.

5.0.7 Carbon, Nitrogen and Chlorophyll

For each analysis three replicates of each treatment were processed, these were sub-sampled from
sieved material following the micro-core pigment extraction (biomass). Total C and total N were
determined with high temperature digestion using a vario MACRO Elemental Analyser (Elementar).
For pigment content, the chlorophyll a extractions were carried out on the cyanobacterial soil crusts

(Barnes et al., 1992) and calculated using Wellburn's (1994) equations.
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5.0.8 Biocrust morphology and cyanobacterial diversity

The morphological features of the biocrusts are described from field samples with the aid of an
electron microscope. Morphological features and measurements were carried out from wet mounts
prepared from each sample set for both soil types, across all fire treatments and controls. The
samples for the six treatments and control were rehydrated for 24 hours and examined using bright-
field, phase contrast and differential interference contrast illumination systems with an Olympus
BX51 compound microscope to a maximum magnification of x400. Photomicrographs were obtained
using an Olympus DP12 digital microscope camera. Identification was performed to a species level
(where possible) in the laboratory using the closest available keys (Anagnostidis and Komarek, 2005;
Komarek, 2013; Komarek and Anagnostidis, 1999). This work is in progress and detailed results will

be published in 2025-2026.

5.0.9 Statistical analysis

All statistical analyses for nitrogen, carbon, chlorophyll a, and plant-available nitrogen were
conducted using R Studio (version 4.0.2). We employed linear mixed models using the 'Imer"
function to assess the effects of fire treatment and fire season in each plot, as well as the interaction
between these variables. Type Ill ANOVA with Kenward-Roger’s method was utilized to determine
interactions across multiple variations. Estimated marginal mean values of nitrogen, carbon, plant-
available nitrogen, and chlorophyll a were calculated using the 'emmeans' function from the
'emmeans' package in R (Lenth et al., 2024). Post-hoc tests were employed to generate contrasts,
enabling pairwise comparisons between different fire treatments within each patch and interspace.
All graphics were produced using the R package 'ggplot2' (Wickham, 2016). However, heat maps of
carbon and nitrogen for Calcarosol and Vertosol in Victoria River Research station were created
using GraphPad Prism version 10.2.2, GraphPad Software, Boston, Massachusetts USA,

www.graphpad.com.
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5.1 Results: Biocrust resurrection and recovery

Biocrust recovery was measured on all surface soils for 30 days. Biocrust resurrection demonstrated
by positive PSll yields for both soil types and all treatments occurred within the first four days. The
pre-fire calcarosols were fastest to respond with an average PSl| yield over the first four days of
0.244 (£0.15) and the pre-fire vertosols (0.115 +0.15) were the slowest (Fig. 5.1.1). The final PSII
yield at 30 days for the control plots was 0.399 (+0.04) for calcarosol soil surfaces and 0.363 (+.06)
for the subsurface, and the vertosol soil surface was 0.429 (+0.04) and 0.399 (+0.03) for the

subsurface.

For the red soil, there were no significant differences in final yields at the surface (P > 0.14), but for
the subsurface, we found a significant burning by fire interval interaction (F22, = 3.91, P = 0.021).
This showed no significant difference in PSll yield between pre-and post-fire for the 2-year burn, but

significantly higher yield post-fire for both the 4- and 6-year burns.

Unlike the calcarosol soil, we found a significant burning by fire interval interaction for surface
cyanobacteria on the vertosol (F>22 = 15.0, P < 0.001). This interaction showed that there was no
significant difference in yield between pre-and post-fire for the 2-year burn, but significantly higher

yield post-fire for both the 4- and 6-year burns.

Finally for the subsurface cyanobacteria on the vertosol we detected a significant burning by fire
interval by season effect (F2,22 = 5.43, P = 0.003). Our analyses showed that under early burning,
there was significantly greater yield post-fire under the 2-year fire interval, but not 4- or 6-year
intervals. For the late burning, greater yield post-fire occurred only at 4 years, with no effects at

either 2 or 6 years.
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Figure 5.1.1 (a) Average photosynthetic yield for both pre-fire and post-fire biocrusts from calcarosol and
vertosol soils tracked over 30 days. PSlI yield values for cyanobacteria range between 0 and 0.6 and to 1.0 for
plants (b) spread of recovery for all treatments across 30 days.
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Figure 5.1.2 Heatmap for mean surface and subsurface photosynthetic yields (PSlI Yield) at 30 days. This
included patch (P) and interpatch (IP) and all treatments (controls, Early-2, Early-4, Early-6, Late-2, Late-4 and
Late-6 yearly fire intervals). This covers pre-fire and post-fire biocrusts from calcarosol and vertosol soils at 30
days. PSll yield values for cyanobacteria range between 0 and 0.6 and up to 1.0 for plants.
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The end yield (active photosynthesis) was in generally higher in the subsurface calcarosol and higher
in the surface of the vertosol soil (depth 1-2 cm). Overall, the vertosol soil was functionally more

productive than the calcarosol. (Fig. 5.1.3)

In the calcarosol there were no significant differences in the surface photosynthetic yields (Fig. 5.1.3)
between treatments. In the subsurface before fire there were no significant differences between
early dry season burning and late dry season burning (hotter fires). However, post-burning there
were significantly higher photosynthetic yield in four and six yearly burns (p< 0.05) compared to
other treatments, except for the two-yearly burns. After fire, there were no effects of interval or

season of burn on post fire photosynthetic yields.

In the vertosol, pre-fire, there were no significant differences in photosynthetic yields between early
and late burns for 2 yearly burn intervals, but they were significantly higher with late burns at 4 and
6 yearly burn intervals. Post-fire there were no effects of interval or season of burn on

photosynthetic yields. Pre-fire, there was significantly greater PSll yield in the early burn, but only
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at 4 yearly burn intervals. Post-burn, there was significantly greater PSll yield in the early burn, but

only at two yearly burn intervals (Fig. 5.4.2).

5.1.1 Effect of microsite

Although we could not statistically analyse differences between soil types, the temporal trend in PSII
yield up to 30 days was similar for pre-and post-fire and for patches and interspaces in the red soil
(Fig. 5.1.1). Over 30 days, for both soil types we found no difference in PSll yield in the biocrusts for
either calcarosol or vertosol soils (P > 0.22, (Fig, 5.1.1). However, for subsoils, we found greater yield
in the inter-patches on calcarosol soils for early season burns (F1226 = 5.6, P = 0.019). For vertosol
subsurface soils, we found greater yields in the patches, but only for late season burns (F1 2.6 = 4.62,

P =0.033).

5.2 Effects of fire on biocrust nitrogen and carbon at VRSS

5.2.1 Calcarosol

In the calcarosol for the top cm of soil, it was interesting that the Control sites (unburnt over time)
had the lower amounts of total nitrogen (TN) (Fig. 5.2.1). Similarly for plant available nitrogen (PAN),
there was generally lower PAN in the unburnt Controls (Fig. 5.2.2). It is likely that TN would be
leaching to greater depths due to an increase in trees, shrubs together with greater litter fall and

incorporation at the unburnt sites.

Before fire, in both the biocrust under grass patches (P) and in exposed inter-patches (IP) TN was at
the highest level in the early and late 2-year plots. TN trended down in early 4- and 6-years, closest
to the unburnt control values that were generally less than burnt treatments. This was reversed
post-fire with TN trending up in the early fires with more TN in early 6-yearly burnt in the patches,
but trending down in the early burnt inter-patches. Overall, the late fires were lower in TN.
Comparably, PAN also trended down with less frequent fire, especially in the late fires, although

results were quite variable across the plots (Fig. 5.2.2)

In summary, for calcarosol soils, late fires (both before and after fire) trended down in TN and PAN
compared to early burnt sites where post-fire the 4- and 6-yearly burnt sites had the greater
increases in TN compared to other treatments (Fig. 5.2.2). Post-fire PAN was significantly higher in

the 6-year early burnt biocrust under grass patches compared to all other treatments (Fig 5.2.2). This
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is likely due to the higher concentrations of biocrust (Fig. 5.2.) as it was left for a longer time

between fire disturbances.

Figure 5.2.1 Calcarosol: Total Nitrogen (TN) Mean (£SE) for unburnt controls, 2,4,6 early and late fires, pre- and
post-fire. Samples were taken from patches, biocrusts under grass plants, and inter-patches, biocrusts on the

exposed soil surfaces.
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Figure 5.2.2 Calcarosol: Plant Available Nitrogen (PAN) Mean (+SE) for unburnt controls, 2, 4, 6 early and late

fires, pre- and post-fire. Samples were taken from patches, biocrusts under grass plants, and inter-patches,

biocrusts on the exposed soil surfaces.
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In the calcarosol total carbon (TC) trended lower before burning (P) and higher after early fires (P).
Overall TC was trending higher in the early fires post-fire (Fig. 5.2.3) and showed more potential to
incorporate TC in early fires in the grass patches.

Figure 5.2.3 Calcarosol: Total carbon production from biocrusts in from underneath grass (P) and open spaces
between grass plants (IP) before and after fire plus an unburnt control.
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5.2.2 Vertosol

In the vertosol soils, mean TN did not appear to differ across plots and treatments although there
was a wide spread of results especially in the pre-fire plots (Fig. 5.2.4). Mean values of TN in burnt
treatments were similar to the unburnt Controls (Fig. 5.2.4). The early and late 4-year fires in the
biocrust under grass patches seemed likely to have the greater potential to trend in an upwards

direction compared to inter-patches.

There were higher levels of TC in the early 2-year burns after fire in the biocrusts under the grasses
(Fig. 5.2.5). For all other treatments the general trend post-fire was lower TC as years between fire
increased especially in the early post-fire under grass and late post-fire in the open bare ground.
Overall, TC was highly variable across all treatments and microsites. TC processes are likely to be

more stable at depth compared to the soil surface.
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Figure 5.2.4 Vertosol soils: Total Nitrogen (TN) Mean (+SE) for unburnt controls, 2,4,6 early and late fires, pre-
and post-fire. Samples were taken from patches, biocrusts under grass plants, and inter-patches, biocrusts on

the exposed soil surfaces.
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Figure 5.2.5 Vertosol: Total Carbon production from biocrusts in from underneath grass (P) and open spaces
between grass plants (IP) before and after fire plus an unburnt control.
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Figure 5.2.6 Resting from grazing post-fire for the first wet seasons provides a period of time with no
disturbance where biocrusts can regrow. (Photo J. Eastaughffe, VRRS).
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6 Wet season resting from grazing boosts biocrust hotspots

Excerpts from (Williams et al., 2021))

This study was published as scientific journal article, with full article provided as a PDF in Appendix 3.

6.0.1 Field methods

Each long-term grazing trial paddock has several permanent one-hectare monitoring sites consisting
of five 100 m transects 20 m apart. Sites are stratified by soil type. Sampling was conducted in
November 2020, following a season of well below average rainfall (384 mm) and a succession of five
drought years, with 2014/15 the fourth driest year on record. Stocking rates against rainfall are

shown in Fig. 3.6.1. We used the two replicate paddocks for each of the three treatments.

On each of the two soil types we selected one monitoring site. Here we selected two transects (50 m
apart), then laid out a 30 m tape in the same direction as the 100 m transect. Alongside these 30 m
lines, a 1 m? quadrat was placed at 6 m intervals (Fig. 3.6.2). There were two soil types of duplex
soils (DC), and red-yellow earths (RY), two paddocks selected for each treatment (HSR, MSR, R/Spell,
and XCL), two transects per paddock and, six quadrats per transect. Exclosure (XCL) treatments were
fenced areas within these paddocks with no access for stock. In total, 24 quadrats per treatment per
soil type were assessed.

Figure 6.0.1 Stocking rates expressed as adult equivalents (AE) per 100 ha for rotational/spell (R/Spell), heavy

stocking (HSR) and moderate stocking (MSR) against rainfall records at the Wambiana grazing trial (Williams et
al. 2022).
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6.0.2 Landscape function

Landscape Function Analysis (LFA) has been developed to establish soil surface indicators for
measuring and analysing the nature and severity of problems in a dysfunctional or degraded
ecosystem. The conceptual framework is based on the spatial organisation of the clumps of grasses
and shrubs that capture, accumulate, and retain resources (called patches). The interspaces (or
inter-patches) are the open areas between the grass patches and can be natural ‘hotspots’ for

biocrusts, due to less competition for light, moisture, and litter.

In this study, we focused on the role of these biocrust hotspots in determining the three LFA indices:
stability, infiltration, and nutrient cycling. These three indices are assessed by 11 soil surface
indicators (Fig. 3.6.2) that are individually scored and provides the percentage level of each index.
The indices are a relative measure and are independent of each other. In this study we assumed the
exclosures with no cattle grazing would be a benchmark for the best condition. The higher the index
the better the condition. The LFA complete soil surface assessment (SSA) data sheet and detailed
methodology is in the LFA manual. Our aim was to compare the different management strategies for
each of the three indices that were representative of ecosystem function with a focus on the

interspaces.

For each quadrat, the LFA attributes were recorded and ranked. Later they were separated into their
dominant category: patches or interspaces. Only the interspaces were used in the data analysis and
separately analysed as either biocrust dominant (cover >10% based on LFA category assessments) or
bare soil dominant (where biocrust cover <10%). For each treatment and soil type there were at
least five quadrat replicates used in the analysis. Quadrats that matched the criteria were analysed

on separate Soil Surface Assessment (SSA) XL worksheets in the LFA program.

6.0.3 Ground cover

Ground cover was measured in each 1 x 1 m quadrat (Fig. 3.6.2) in two ways, firstly the overall grass
cover was recorded. C. ovata patches were identified separately. This was followed by estimating the
ground-level cover for each component as a total percentage of what was found within each
guadrat. These categories comprised: biocrust, bare soil, basal area of grass plants, and litter cover

and equalled 100%.
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Figure 6.0.2 Box woodland transect on duplex soils (DC) with (a) heavy stocking (HSR) and (b)
exclosure (XCL) no stock; Ironbark woodland on red-yellow earths (RY) with (c) HSR and (d) XCL
(Williams et al., 2022).
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Figure 6.0.3 LFA indices and the different attributes measured that contribute to each one (Williams
et al., 2022).
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6.0.4 Statistical analysis

We examined the differences in biocrusts, bare soil, basal grass area and litter cover across all
treatments using ANOVAs (Minitab V20, [23]) and applied Tukey’s method to identify significant
differences between treatments. To establish the three LFA indices for all quadrats, we processed
the attributes in the LFA XL software, available online accompanying the manual [12] and detailed in
Section 2.2.1. Once the indices had been calculated, we examined the differences in a General Linear
Model with fixed factors to look at the effect on the three stocking levels for each variable. We then
used Tukey’s pairwise comparison tests to determine where significant differences occurred

between treatments.

The above excerpts are from Williams et al., (2021).
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6.1 Results: Wet season resting boosts biocrust hotspots
Results have been published in Williams et al., 2022 (see full paper in Appendix 3).

6.1.1 Biocrust hotspots in duplex soils

The biocrust cover was significantly higher in the exclosures (XCL), and the rotational spelled
paddocks (R/Spell) compared to the heavily (HSR) and moderately (MSR) stocked paddocks
(p<0.001). Biocrust cover across the XCL and R/Spell averaged ~34%, about double that of both MSR
(18.7%) and HSR (14.6%) (Fig. 6.5.1).

In-paddock observations, followed by scanning electron microscopy, showed the well-developed and
cyanobacterial dominated biocrusts in the XCL and R/Spell treatments compared to HSR treatments

that were almost completely devoid of biocrust (refer to Fig. 6.5.1).

Bare ground cover was significantly lower in the exclosures (9.6%) compared with HSR (p=0.03,
21.3%) but were similar between XCL, MSR and R/Spell (9.6-16.9%). There were no significant

differences between treatments for grass/shrub or litter cover (Fig. 6.5.1).

Figure 6.1.1 Duplex soils with comparisons of mean values + SD for grass cover (included Carissa sp.),
and ground cover: biocrusts, bare soil (no visible biocrust), litter and basal grass area that together
make up 100% of the quadrats, at different stocking levels: High stocking rates (HSR), Moderate
stocking rates (MSR), Rotational Spelling at Moderate stocking rates (R/Spell) and, No stock,
Exclosures (XCL).
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6.1.2 Biocrusts in red-yellow earths

The red-yellow earths (RY) did not significantly differ in their biocrust cover across grazing
treatments; however, the bare ground in the heavily grazed paddocks was up to 2.5 times higher
than the XCL, R/Spell and MSR (p<0.001). Overall, the various treatments were significantly different
from each other where the bare ground cover (mean % £SD) in the XCL was the lowest (14.8 £11.75)

and R/Spell (29.9 +20.7) compared to the HSR (79 £11.5) and MSR (51.4 £30.9), (Fig. 6.5.2).

Observation in the paddock showed that the biocrusts on the RY soils were often thin and fragile and
easily broken. We followed up with SEM and confirmed cyanobacterial dominated biocrusts in the

XCL, and HSR were almost devoid of biocrust (Fig. 6.5.2).

Grass and litter cover were both significantly different across the grazing treatments p<0.001).
Although grass cover (mean % xSD) in the XCL was by far the highest (32.4 +34.3), this was variable.
However, HSR and MSR were similar (1.6 5.1 and 1.6 +2.4% respectively) while R/Spell grass cover
was 9.9 £12.3%, highly variable and statistically similar to HSR and MSR. Litter cover ranged from
57.7% (XCL) to 12.7% (HSR), with a significant difference between the XCL and R/Spell (p<0.001),
however, these were significantly different from MSR and HSR (Fig. 6.5.2).

Figure 6.1.2 Red-yellow earths with comparisons of mean values * SD for grass cover, and ground cover:
biocrusts, bare soil (no visible biocrust), litter and basal grass area that together make up 100% of the

guadrats, at different stocking levels: High stocking rates (HSR), Moderate stocking rates (MSR), Rotational
Spelling at Moderate stocking rates (R/Spell) and, No stock, Exclosures (XCL).
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6.1.3 Landscape function across interspaces

Across the interspaces, all LFA indices were negatively affected by HSR management strategies,
which had the lowest percentage indices for stability, infiltration, and nutrient cycling (Table 6.5.1).
However, there were varied differences between the LFA indices across all treatments, particularly
in the RY soil types (Fig. 6.5.2), especially in HSR that was dominated by >80% bare soil, and very low
levels of biocrusts (Fig. 6.1.2). Although the Rotational Spelling (R/Spell) had the highest average
levels of landscape function of all the grazed treatments, due to the high variance, especially in the
RY soil type, there were no significant differences, and it was not included in the overall analysis

(Table 6.5.1).

Table 6.1.1 LFA Indices across all treatments (Mean % * SE). DC Duplex soil, RY, red-yellow soil. HSR
heavy stocking rate, MSR moderate stocking rate, R/Spell rotational spelling (paddock resting during

wet season) with MSR moderate stocking rate, and XCL exclosure.
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Variable Soil HSR MSR R/SPELL XCL
Stability DC 65.0 £3.39 65.1+1.64 65.1+1.21 66.9+1.24
RY 53.8 +£3.88 590.8+1.94 62.1+3.66 68.5+2.24
Infiltration DC 31.6+0.76 34.8+0.99 36.8+£0.82 37.1+1.17
RY 28.2+1.93 32.3+4.25 38.3+3.89 40.6 £1.49
Nutrients DC 31.8+1.8 33.9+3.38 35.6 £ 0.97 35.5+1.86
RY 19.4+0.94 27.5+4.11 33.8+4.67 36.7£1.55

6.1.4 Stability

The duplex soils (DC) and red-yellow earths (RY) that dominated the Box and Ironbark woodlands
differed in their structure (Aspandiar et al., 2003), and the stability of the interspaces was
significantly different (p= 0.04). In the DC soils, the exclosures (XCL) had significantly higher stability
compared to the HSR paddocks (p= 0.003), and although not significant, XCL was somewhat different
to MSR (p= 0.06). RY soil stability indices (mean %) had the widest ranges between 53.8% (RY, HSR),
and 68.5% (XCL) (Table 6.5.1, Fig. 6.5.3).

6.1.5 Infiltration

DC and RY soils did not significantly differ in their infiltration indices (p= 0.89) (Fig. 6.5.3), however
XCL had significantly higher infiltration compared to HSR (p< 0.001), and MSR (p= 0.009) (Fig. 6.5.4).
RY infiltration indices (mean %) also showed the widest range between 28.2% for the HSR and 40.6%

for the XCL (Table 6.5.1).

6.1.6 Nutrient cycling

Nutrient cycling across the interspaces was significantly different between the DC and RY soil types
(p=0.05) (Fig. 6.5.3). The XCL had significantly higher nutrient cycling levels than both for the HSR
paddocks (p< 0.001), and for the MSR paddocks (p=0.03) over both soil types. Yet, due to the high
variability in DC soils (Table 6.5.1), HSR and MSR were not significantly different (p= 0.13). High litter
levels in DC likely contributed to this (Fig. 6.1.3). Nutrient cycling indices in the RY soils also widely
differed (mean %) from 19.4% (HSR) to 36.7% (XCL) (Table 6.5.1).
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Figure 6.1.3 Overall results for LFA indices for heavy (HSR), moderate (MSR) rotational spelling (R/Spell) and
exclosure (XCL) stock treatments at the paddock scale. Significant differences marked with * or NS for not

significant.
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Figure 6.1.4 Overall results for LFA indices for both soil types, duplex clays and red yellow earth at the paddock
scale. Significant differences marked with * or NS for not significant.
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7 Metagenomic insights into biocrust function

7.0.1 Shotgun sequencing and gene-centric analysis of biocrust

Most studies limit microbial analyses to profiles of the relative abundances of taxa present. This is
typically achieved by PCR amplifying and sequencing a ‘barcode’ gene (e.g., 16S) present in all
members of the target group (e.g., bacteria). While this approach is useful for measuring
biodiversity, its exclusive focus on the ‘barcode’ gene means that information about the other genes
within the organisms present is ignored. New methods (i.e., metagenomics) now make it possible to
sequence all of the genetic information present in a DNA sample, which means that we can generate
not only profiles of who'’s there and at what abundance, but also which functions may be possible
based on the genes present. For example, to assemble the nitrogenase enzyme complex, which
mediates N fixation, microbes require a range of nif, anf, or vnf genes. Hence, if the relative
abundance of these genes’ changes in response to a treatment, this may indicate a shift in the
capacity for the microbial communities to perform that function. For example, the presence of the
nif genes indicates that a biocrust community, may fix nitrogen, i.e., convert atmospheric dinitrogen
gas into ammonia, which is a plant-available form of nitrogen (Fig. 1.6.1). We can infer from the
relative frequencies of such genes how the microbial community is able to fix nitrogen. We expect
fewerof these genes in a degraded community and more useful genes in a healthy biocrust with, for
example, more capacity to fix nitrogen. As microbes respond very quickly to environmental changes,

we can detect changes in response to season and rangeland management.

Here, we performed shotgun sequencing of DNA using the lllumina NovaSeq platform. We used
SingleM (Woodcroft et al., 2024) to generate profiles of the relative abundances of bacterial species
present in each sample and customised GraftM (Boyd et al., 2018) packages generated in Cl Dennis’

lab for 57 nitrogen cycling genes and a range of other processes. (Fig 7.0.1).

We then analysed the relative frequencies of bacterial species and nitrogen cycling genes relative to

the experimental treatments (Fig 7.0.2).

Genes for nitrogen fixation are only found in specialised diazotrophic bacteria which, in biocrusts,
include photosynthesising cyanobacteria. Compared to other bacteria this is unique as they can fix
both carbon and nitrogen, and are, like green plants, primary producers. Other N-fixing bacteria can

live within the cyanosphere (the external layers of polysaccharides that envelope cyanobacterial
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cells) or associate with other organisms (green plants, fungi, other) as available carbon will fuel their
N fixation.

Figure 7.0.1 A visual explanation of a shotgun metagenomic sequencing workflow (untargeted).

Non-targeted (shotgun) sequencing of DNA

Soil sample Extract and lllumina (150 bp high quality)

(a mixed microbial community) sequence DNA ONT/PacBIO (10-100 kb lower quality)

Figure 7.0.2 A visual explanation of a shotgun metagenomic sequencing workflow. This is called an
untargeted approach as we obtain fragments or reads from all the DNA precent in a sample or
microbial community (the rationale is explained in the paragraphs above), this way we can identify
and quantify genes of interest, in our case, genes that are involved in the biogeochemical processes

relevant to this research: nitrogen fixation, carbon fixation and metabolism of nitrogen.

Assemble contigs

(1

N\

> Gene-centric

Look at genes in read pool

Individual reads

or sample

e.g. frequencies of nutrient cycling genes
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7.0.2 Overall experimental design

Soil/biocrust samples were collected from the different microsites at the first centimetre of soil (Fig.

7.0.3). The microsites were identified as:
1) bare soil, no visible biocrust growth.
2) biocrust, visible biocrust growth in the interspaces.
3) grass, biocrust under grass canopy.
4) Litter, soil under perennial vegetation litter.

The first set of samples were collected in June 2021, in the dry season one-year post-fire and the
second set of samples, in April 2022, late in the wet season. It should be noted that the wet season

had extremely low rainfall and may have impacted some of the results.

Figure 7.0.3 Representative images of the landscape mosaic of microsites with bare soil, biocrust, grass and
perennial vegetation litter. We identified these categories based on the landscape observation completed in
this project as they enable proportioning a landscape into biocrust-relevant categories. Biocrust grows under
litter and grass (and other herbaceous and woody vegetation) as well as in the open. In comparison with the
bare soil, biocrust is supported by literature to reduce soil erosion in between other ecosystem services.

| Bare sail

Biocrust

Grass
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7.0.3 Biocrust function evaluation on fire and grazing trials

We used four different subsets of samples to understand possible changes in the microbial

communities and their functions:

1)

3)

VRRS long-term fire regimes — Effects of fire regimes within biocrusts

To understand the changes with fire: We used biocrust in the two main soil types, two

seasons (dry and wet) and across the 7 fire regimes (treatments) at Kidman springs.

VRRS long-term fire regimes — Effects of microsites within Early 4-year fire regime

To understand the changes in microsites: We used samples from a moderate fire regime,
which is burnt early in the season at four yearly intervals (Early 4-years), to evaluate the

effect of soil type, season (dry and wet) and microsites on nitrogen fixation genes.

Wambiana grazing trial - Effects of grazing intensities within biocrusts

To understand the changes with grazing: We used biocrust in the two main soil types, two

seasons (dry and wet) and across the four grazing intensities (treatments) at Wambiana.

4)

Wambiana grazing trial — Effects of microsites within moderate grazing intensity with wet

season spelling

To understand the changes in microsites: We used samples from the current recommended
grazing intensity or stocking rate, which is moderate stocking rate with wet season spelling,
to evaluate the two main soil types, two seasons (dry and wet) and across the four

microsites.

7.1 Results: Nitrogen processes within biocrusts

7.1.1 N cycle genes across microsites of the ‘Early 4-year’ fire treatment

Confirming the validity of our approach to analyse microsites rather than a ‘whole of treatment site’,

we discovered that N cycle genes change significantly with soil, season, and microsites, with

significant interactions between microsites and season (both sites, Table 7.1.1). In the vertosol,
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microsite was the only significant determinant of N cycle genes, while in calcarosol, they are

significantly influenced by season and microsite and the interactions.

Examining each of the functional groups of N cycle genes, we found that microsite within each soil
type is the strongest determinant of gene presence (Table 7.1.1). In the vertosol biocrust, microsite
was the only determinant of N cycle genes, whereas in calcarosol biocrust, season, microsite and
their interactions were significant for all N cycle genes and highly significant for N fixation gene
presence. This means that in calcarosol, the relative abundance of N fixation genes depends on

season and microsites

Table 7.1.1 Results from PERMANOVA models summarising the main and interactive effects of soil (vertosol
and calcarosol), microsites and season (dry and wet season) on the relative frequencies of genes associated
with nitrogen cycle pathways (N fixation, Ammonification, Assimilation, Nitrification and Denitrification), as
well as the effect of microsite and season within each soil separately.

Predictor N cycle genes frequency N fixation genes Amonification genes Assimilation genes Nitrification genes Denitrification genes

F value R”value P value F value R”value P value F value R”value P value F value R”value P value F value R®value P value F value R value P value
Both sites
Soil 11.859 0.165 0.001 *** 20.707 0.216 0.001 *** 0.608 0.013 0.591 6.266 0.085 0.005 ** 25.466 0.277 0.001 *** 39.522 0.423 0.001 ***
Season 2675 0.037 0.022* 7.080 0.074  0.001 *** 0.799  0.017  0.443 2590 0035 0.109 3757 0041 0.032* 1236 0013 0297
Microsite 4.280 0179  0.001 *** 5.684 0178  0.001 *** 2021 0125 0.057. 7.447 0304  0.001 *** 3733 0122 0.003** 2518 0081  0.027*
Soil:Season 1305 0018 0214 1788 0019 0.145 0.704 0.015 0513 1046 0.014  0.299 0397 0.004 0.743 0.586 0.006  0.601
Soil:Microsite 0.939 0.039 0.543 1621 0051 0.115 0531 0.033 0.849 0.601  0.025 0.695 1820 0059 0.106 1377  0.044 0220
Season:Microsite 1823 0076 0.022* 3.041 0095  0.005** 1301 0081 0267 1597 0065 0173 3129 0102 0.012* 1.980 0.064 0.083.
Soil:Season:Microsite 0.966 0.040 0471 1124 0035 0341 0.895 0.056 0471 0.853 0.035 0487 1383 0045 0.206 0.816 0.026 0.583
Within vertosol
Season 128 0042 0242 325 0.091 0.053. 030 0011 00919 158  0.047 0.192 119 0033 0322 051 0018 0723
Microsite 311 0306  0.001** 3.88 0325  0.003 ** 195 0219 0.057. 478 0429  0.008 ** 317 0263 0.007 ** 273 0293  0.005**
Season:Microsite 129 0.127 0.194 1.65 0.138 0.153 151 0.170 0.144 0.50 0.045 0.796 3.15 0.261 0.012 * 1.07 0.115 0.433

Within calcarosol

Season 357 0116  0.004 ** 876  0.200  0.001 *** 091 0040 0422 211 0.062 0.148 448 0154  0.010 ** 174 0.063 0.150
Microsite 216 0209  0.005** 316 0216  0.001 *** 104 0137 0387 352 0314 0015* 207 0213 0.053 122 0133 0.268
Season:Microsite 162 0157 0.048* 321 0219  0.001 *** 093 0123 0494 168 0150 0.166 082 0084 0.633 208 0226 0.046*

Grouping the analyses of N cycling genes into the four microsites at the ‘early 4-year fire treatment’
demonstrates that the relative abundance of N fixing genes was largest in biocrust microsites for
both soils in the wet season (Fig. 7.1.1). The bare soil microsite had the most variable relative
abundance of N fixing genes, which may relate to the fact that ‘bare’ can span very little or
considerable biocrust organisms present. Biocrusts under grasses had an intermediate relative
abundance of N fixing genes, while under litter, biocrusts had the lowest relative abundance of N
fixing genes, likely because of light limitation hindering energy inputs. The continuity of N fixing
genes across the landscape underpins the importance of biocrusts in terms of a multifunctional suite
of cyanobacteria, bacteria and others that is central to N-enrichment, especially over the course of

the wet season (Table 7.1.2) (Williams et al., 2017).
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These findings are highly relevant because they confirm that biocrusts have the capacity to generate
N but that this capacity differs between microsites (Figure 7.1.2). Both, photosynthetic genes and N
fixation genes point in the same direction: the more actively biocrusts fix carbon and generate the

fuel for N fixation, the more N fixation occurs.

Figure 7.1.1 Soil type (vertosol, calcarosol) and microsites are key in providing ecosystem services to the plants
through the benefits of the bacterial genetic function of the biocrust. The darker squares show increased N-
fixation during the wet season associated with the biocrust sampled from the top 1 cm of the soil surface. This
heatmap has been row-scaled to show the relative abundance of each respective gene across microsites.
White-blue shading represents the frequency per million bacterial reads as the sum of the square mean gene
frequency values across metabolic pathways.

Microsites
Bare soil
Vertosol Calcarosol Biocrust
L I Il Grass
Dry season Wet season Dry season Wet season I Litter

I I [ I
Nitrogen fixation
Ammonium assimilation

- - - - Amonification
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Figure 7.1.2 Barplot summarises the microsite and season effect on nitrogen fixation for the four-yearly early
burnt treatment. Different letters mean significant values (P < 0.05).
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7.1.2 Bacterial community profile: Fire treatment, soil and season effects at VRRS

With an understanding of the roles of the biocrust forming cyanobacteria present, the lack of

cyanobacteria found in the dry season in the vertosol soils reflects the cracking clay soils where

ephemeral biocrusts exist (Fig. 7.1.3). In contrast, the calcarosol soils are more stable and there is a

more persistent biocrust present across both the wet and dry season. Leptolyngbya is referred to as

a disturbance specialist that may represent many species. This is consistent with where on the

calcarosol it was present on the 2 yearly late and 4 yearly early burnt treatments (Fig. 7.1.3). But in

contrast on the vertosol it was found in greater frequency at the least disturbed sites in the 6 yearly

early burnt and unburnt control. At VRSS, a full detailed description of the biocrusts in the 60-year

CSIRO exclosure and the adjacent grazed paddocks has been published in Ecological Indicators and

provided here in Appendix 4 (Vega-Cofre et al., 2023).

Figure 7.1.3 Heatmap summarising the frequencies of bacterial OTUs present at 20.5% mean relative
abundance grouped at family level within any treatment group. Relative abundances are Hellinger

transformed.
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Table 7.1.2 Indicator species analysis on nitrogen cycling genes. Showing genes identified as significant

seasonal indicators (P < 0.05, indicator analysis) for the vertosol.

Season P value Gene Function
Dry 0.030 nirBD Denitrification pathway
0.040 ured Ammonification pathway
Wet 0.001 nifHDK Nitrogen fixation
0.003 anfHGDK Nitrogen fixation
0.002 vnfHGDK Nitrogen fixation

7.1.3 Explanation of results in terms of land management implications.

Observations of N fixing gene
abundance in biocrusts

Implication for managing grazing lands

Biocrusts growing between grasses
have the greatest relative potential
for N fixation, particularly in the wet
season (Williams et al., 2017)

Ensure sufficient suitable space is available for biocrust habitat
because ‘between grasses’ is the most beneficial conditions for
biocrust growth and N fixation. Likely reasons include that grasses
shelter biocrusts environmental extremes including excessive light,
drying out and air movement.

Biocrusts growing under grasses
have the second highest relative
potential for N fixation in the wet
season.

Good grass cover is obviously a priority for producers and will also
benefit biocrusts. It is possible that different grass species creating
various light, moisture and nutrient environments influence biocrust
growth and N fixation, but this was not investigated here.

Biocrust microbiomes growing under
leaf litter have a relatively low
potential for N fixation.

Shading by leaf litter results in low biocrust photosynthesis and N
fixation. This is more pronounced in calcarosol than in vertosol,
likely because vertosol is self-mulching and less leaf litter
accumulates on the soil surface compared to calcarosol where N
fixing gene relative abundance was lowest in both seasons. A
management strategy worth testing is if regular fire reducing leaf
litter boosts N fixation.

Biocrusts in ‘bare’ microsites vary in
their relative N fixation capacity with
higher levels in vertosol than
calcarosol.

Bare soil is the most wide-ranging microsite as it includes soil
spanning from very little to more biocrust (even if not visible as
organisms can live in the upper centimetre of soil rather than
surface). Bare soil is undesirable because it is prone to erosion. The
variable N fixation potential however may indicate the crucial role of
biocrust in restoring soil fertility by replenishing N. Vertosol
biocrusts have comparatively high relative N fixation capacity
compared to calcarosol
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7.1.4 Effects of microsites and grazing on N at Wambiana grazing trial

At Wambiana, the relative frequencies of nitrogen cycle genes differed significantly between soils
(Table 7.1.3). In the red-yellow soils, the relative frequencies of nitrogen cycle genes differed
significantly between microsites, while in the duplex-clay soils, they were significantly influenced by
season (Table 7.1.3). Examining the nitrogen pathways separately, there was an effect of microsite in
nitrogen fixation, ammonification, and ammonium assimilation genes in the red-yellow and a strong
influence of season in the relative abundances of N fixation genes, an effect of microsite in
ammonium assimilation and an impact of the season in denitrification genes in the duplex-clay

(Table 7.1.4).

Table 7.1.3 ANOVA and PERMANOVA results summarising the main and interactive effects of soil (red-yellow
and duplex-clay), season (dry and wet season), and grazing treatment, on Shannon’s Diversity Index (alpha
diversity) and community composition (beta diversity), respectively.

Predictor Bhannon index Community composition
F value P value F value R? (%) P value
Both sites
Soil 0.859 0.361 5.524 9.893 0.001 ***
Season 0.808 0.375 1.853 3.318 0.021 *
Treatment 0.071 0.975 1.235 6.633 0.107
Soil:Season 0.903 0.349 1.057 1.894 0.333
Soil:Treatment 1.877 0.153 1.740 9.346 0.003 **
Season:Treatment 1.053 0.383 0.993 5.333 0.461
Soil:Season: Treatment 0.355 0.786 1.169 6.278 0.167

Within Red-Yellow

Season 1.436 0.248 1.47 5.647 0.068 .
Treatment 0.726 0.551 1.68 19.339 0.003 **
Season:Treatment 1.005 0.416 1.17 13.509 0.180

Within Duplex-Clay

Season 0.002 0.969 1.44 5.945 0.050 *
Treatment 1.338 0.297 1.28 15.853 0.039 *
Season:Treatment 0.261 0.852 0.98 12.157 0.520

P <0.001** P <0.01**, P <0.05%*,P <0.1*’
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The heatmap represents the relative frequency of nitrogen cycle bacterial genes found in the
moderate stocking rate with wet season spelling, and how they change with soil type between
seasons and the different microsites. The heatmap shows the mean values of three sample
repetitions, and the genes are grouped by pathway or function. In the red-yellow soil, all pathways
are more frequent in the biocrust during the wet season, except denitrification, which is higher in

the bare soil (Fig. 7.1.4).

The heatmap shows that in the duplex-clay, the ammonification genes are relatively more frequent
in the biocrust and under the grasses in the dry season while in the wet season they are relatively
more frequent in the litter. The N fixation genes are relatively more frequent in the biocrust and
litter within the dry season, nitrification genes are relatively more frequent in the bare soil with the
dry season, the ammonium assimilation associated genes were relatively higher in the biocrust with
the dry season, and denitrification genes were relatively more frequent in the bare soil in the wet
season (Fig. 7.1.4).

Figure 7.1.4 Relative frequency heatmap of nitrogen cycling gene frequency by microsites. Genes are in rows
grouped by metabolic pathway and samples are in columns ordered by soil, season, and microsite. White-black
shading represents the frequency per million bacterial reads while the white-blue shaded shows the sum of

the square mean gene frequency across metabolic pathways. This heatmap has been row-scaled to show the
relative abundance of each respective gene across microsites.
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Fig. 7.1.5 Distance-based Redundancy Analysis (db-RDA) ordination plots highlighting differences in the
composition of bacterial communities between grazing treatments (coloured ellipses), and seasons (empty
ellipses). The IDs of the most discriminating metagenomic OTUs are shown in square brackets in red and are
consistent with those shown in heatmap (Fig. 7.1.4). In both db-RDAs, the response was a Hellinger

transformed OTU table, and the constraints (predictors) reflected the significant predictors identified using
PERMANOVA. Hence, for the Red-yellow soil, the constraint was Grazing treatment, while for the Duplex soil,
the constraints were the main effects of Grazing treatment and Season.
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Table 7.1.4 Results from PERMANOVA models summarising the main and interactive effects of soil (red-yellow
and duplex-clay), microsite and season (dry and wet season) on the relative frequencies of genes associated

with nitrogen cycle genes, as well as the effect of microsite and season within each soil separately.

Predictor N cycle genes frequency

F value R%value P value
Both sites
Soil 2.235 0.039 0.029 *
Season 2.693 0.047 0.009 **
Microsite 2.749 0.144 0.001 ***
Soil:Season 2.027 0.035 0.045 *
Soil:Microsite 0.919 0.048 0.562
Season:Microsite 1.333 0.070 0.116
Soil:Season:Microsite 1.090 0.057 0.300
Within Red-Yellow
Season 1.25 0.044 0.207
Microsite 2.39 0.251 0.001 **=*
Season:Microsite 1.37 0.144 0.088 .
Within Duplex-Clay
Season 3.49 0.129 0.006 **
Microsite 1.39 0.154 0.126
Season:Microsite 1.14 0.126 0.318

Signif. codes: 0 *** 0.001 ** 0.01 ' 0.05'"0.1*" 1
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Figure 7.1.7 Distance-based Redundancy Analysis (db-RDA) ordination plots highlighting differences in the
relative frequencies of nitrogen cycling genes between grazing treatments (coloured ellipses), and seasons
(empty ellipses). The most discriminating nitrogen cycle genes are shown in red and are consistent with those
shown in the indicators analyses. In both db-RDAs, the constraint (predictor) was grazing treatment as
identified using PERMANOVA. Relative gene frequence are log2 transformed and standardized.
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7.2 Quantifying biological nitrogen fixation of biocrusts

We commenced this core activity of the project by testing the most used quantification methods for
Biological Nitrogen Fixation (BNF) (Barger et al., 2016; Belnap, 2003). We analysed biocrust and
associated topsoil samples, collected from red and black soils across all fire treatments at VRRS (Wet

Season 2020). In this first step, 84 biocrust samples (upper 0.5 cm of soil) were tested.

7.2.1 Acetylene reduction

The acetylene reduction assay (ARA), when BNF occurs, generates ethylene by cleaving the triple
bond between carbon atoms. Acetylene mimics the triple bond of N, which the nitrogenase enzymes
that are responsible for BNF can use as an alternative substrate. Ethylene is then quantified via gas
chromatography. ARA is the most widely used BNF assay with the advantage that many samples can
be analysed in a cost-effective manner. However, ARA does not allow quantifying BNF unless the
relationship between ARA and true N fixation has been established (see below). ARA’s strength is
relative comparisons between different types of biocrusts, in relation to fire or grazing in our case,
or differences of biocrusts from subsites (i.e. inter-patches between vegetation, patches near

vegetation).

Ethylene production is calculated as a rate, based on measures of biocrust; this can include:

o Weight of biocrust and upper soil (certain cyanobacteria are motile and move between the
soil surface and shallow soil depth to optimise their environment. We calculated: ethylene
produced per unit weight of biocrust + soil * time

o Biomass of biocrust gauged using the proxy of chlorophyll a; as all cyanobacteria have this
pigment, and if cyanobacteria dominate biocrust, chlorophyll a will be a useful basis for ARA.

We calculated: ethylene produced per unit chlorophyll a (in a given biocrust sample) * time.

Note: results not shown.
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7.2.2 Stable isotope °N;

Using the stable isotope >Nx-labelling assay, we inject isotopically heavy nitrogen gas into biocrust
vials. In the first test, we replaced 10% of air in the vials with 99.6% labelled nitrogen gas.
Enrichment above natural abundance of 15N allows to quantify the rate of BNF. This assay generates
an accurate measure of BNF and is used to calibrate ARA. A benefit of isotope labelling is that it can
be performed in the field, which we are planning for the wet season 2021. A drawback is high cost
(S4/injection, $20/analysis) and that it cannot be used if the isotope enrichment is below the
detection limit. The BNF rate has to be sufficiently high to enrich the existing N in biocrusts above
natural abundance levels. Longer term incubation is possible but the air in the vials changes over
time, compromising the assay. We submitted samples for mass spectrometry (DES laboratory,

Ecoscience precinct).

Since running these assays, we discovered that other researchers had found the labelled gas was
contaminated with N. This meant we could not ascertain whether the results were valid or
necessarily use the data to upscale. We have since processed a portion of the samples (results

shown) and consulted widely about validation for any future work.

7.3 Interim Results: Quantifying N fixation at Wambiana grazing trial

Interim results are for rates of N fixation across two grazing trials (moderate and heavy), and an
ungrazed control for the two soil types at Wambiana. Note that N-fixation will not occur unless
moisture is present to drive photosynthesis however cyanobacteria can fix N at very low light levels
although at a much slower rate. These results indicated that to some extent livestock presence does
affect the rate of N fixation. In the red-yellow soil there was a clear downward trend the more
disturbance the less capacity the biocrust had to recover and fix N. Contrary to expectations in the
duplex clay soil the heaviest disturbance had the highest rates of N-fixation. This goes somewhat to
explaining why there were higher levels of both available and total N found in this treatment. In this
case it would be anticipated that microbial activity went into overdrive producing a nutrient rich
soup that was not able to be taken up fast enough by plants because these areas were more or less
bare and denuded of grass. Bacteria and cyanobacteria have the capabilities of reproducing fast in a
high-nutrient environment that includes excess dung and urine. A well-known example of this is in

waterways that are nutrient enriched resulting in an algal bloom.
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Figure 7.3.1 Daily rates of N fixation in the Red-Yellow soil and (b) in the duplex clay.
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Special Note — The 15N labelled gas used for these tests may have been contaminated and further
examination of the results and consultation with chemists is underway. The trends in these results

appear feasible so they are presented here as a general guide.

7.4 Bioavailability of nitrogen from biocrusts

7.4.1 lon exchange resin methodology

Measurements of soil nitrogen within grazing land has been explored using ion exchange resin (Qian
and Schoenau 2002; Cain et al. 1999; Subler et al. 1995). In this case the resin captures the nitrogen
that has been either biologically fixed (by cyanobacteria) or transformed by the bacteria that also
live in the biocrust (Staal, 2003). These principles can be applied to measure the nitrogen
bioavailability that is released from biocrusts into the plant root zone, available for immediate
uptake. Resin bags were made by sewing 8 cm x 8 cm squares of nylon mesh (300 um). 5 g of ion
exchange resin (Superco 13687-U mixed anion/cation) was poured into the bag (Fig. 7.4.1). The bags

were placed 1-2 cm under the soil surface (Fig. 7.4.1).

7.4.2 In situ fire and grazing wet trial on calcarosol at VRRS

In March 2023, 33 resin bags were deployed along a 39 m transect at VRRS, Kidman Springs,
spanning over an existing cattle pad and into an area with grass and biocrust cover (Fig. 7.4.1). The
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transect was split into 3 categories the degraded area (D), grass and biocrust cover (C) and areas
where the biocrust was recovering on the edge of the degraded area (E) (Fig. 7.4.1, Table 7.4.1).
Following 50.2 mm of rain the resin bags were removed in early May and sent for analysis. After
each resin bag had been retrieved the nitrate and ammonium absorbency of the samples were
measured using Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
measured at 540 nm for NOs” and 625nm for NH,4*.

Table 7.4.1 Experimental layout of in-situ ion exchange resin at Kidman Springs

D = Degraded, C = grass and biocrust cover and E = edge of degraded area (recovery zone)

Treatment Number of bags deployed Percent of transect
D 11 34
C 9 27
E 13 39
Total 33 100

Figure 7.4.1 Transect line where 33 resin bags were deployed 1 m apart.
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7.5 Results: Bioavailability of nitrogen from biocrusts at VRRS

The mean ug NOs -N g resin extracted after 34 days and 50.2mm of rainfall was the highest in the
transition area along the transect (41.6 + 26.1 ug NOs -N g resin). The annuals and biocrust cover
had the lowest mean of 27.8 + 26.3 ug NOs -N g resin. The degraded area was in between with 40.7
+27.1ug NOs -N g resin (Fig. 7.5.1).

The degraded area had the lowest mean of ug NH4* -N g resin extracted (1.2 + 0.8 ug NHs" -N g!
resin). Followed by the transition area (9.8 + 7.4 ug NH4* -N g* resin) and annuals and biocrust cover

(20.9 +26.2 ug NH4* -N g* resin). (Fig. 7.6.2).

Figure 7.5.1 Mean ug NOs -N g resin extracted from in-situ resin bags at Kidman Springs, Fire Graze

site (p>0.05). Error bars denote standard deviation.
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Figure 7.5.2. Mean ug NH4* -N g resin extracted from in-situ resin bags at Kidman Springs, Fire

Graze site (p>0.05). Error bars denote standard deviation.
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7.6 In situ wet season study at Wambiana grazing trial

In August 2023, prior to the start of the wet season 66 resin bags were made and placed in-situ
across a similar range of grazing treatments at Wambiana (Fig. 7.6.1) with the intention of removing
the bags after the early wet season rains (Table 7.6.1). Due to potential interference by predators in
the field environment and the high chances of disturbances by cattle and other critters in
unprotected sites, extra bags were placed in pre-existing exclosure sites to increase the chances of

successful retrieval.

Figure 7.6.1 Example of an ion exchange resin bag and how it sits under the soil surface.
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Table 7.6.1 Experimental layout of in-situ ion exchange resin methodology at Wambiana grazing trial.

HSR= heavy stocking rate, MSR= moderate stocking rate, WSS = wet season spelling.

Paddock number Soil type Treatment Number of bags
4 Duplex Clay HSR 7

5 Duplex Clay MSR 7

5 Duplex Clay WSS 7

8 Duplex Clay Exclosure 18

5 Red-Yellow earth Exclosure 7

5 Red-Yellow earth MSR 7

2 Red-Yellow earth WSS+MSR 6

9 Red-Yellow earth HSR 7

7.7 Results: Wambiana grazing trial
7.7.1 Duplex clays

Within the duplex clays the highest average ammonium level extracted over 99 days and following
118.9 mm of rainfall was from the wet season spelled paddock with the ungrazed exclosures second

highest (Fig. 7.7.1).

The wet season spelled paddocks (WSS/MSR) also had the highest extraction of ug NO,-N g (48 +
25.2) and the heavily stocked paddocks (HSR) had the lowest (29 + 16.5 ug NO, -N g!). Moderately
stocked paddocks (MSR) extracted 37 ug NOx -N g-1 resin over the 99 days (+ 10.8) and the
exclosure sites once again had the second highest extraction with 44 ug NOx -N g-1 (+ 12.7), not

been included in graph (Fig. 7.7.2).
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Figure 7.7.1. Mean ammonium extracted from in-situ resin bags in the duplex clays at Wambiana

grazing trial (p>0.05). Error bars denote standard error.
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Figure 7.7.2 Mean ug NOy -N g-1 resin extracted from in-situ resin bags in the duplex clays at

Wambiana grazing trial (p>0.05). Error bars denote standard error.
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7.7.2 Red-yellow earths

For the red-yellow earths, the moderately stocked paddocks had the highest extraction of NHs* -N g
over the 99 days (15 + 9.8 ug NH4* -N g resin). Followed by the exclosure site (EXC) (9 + 5.7 ug NH4" -
N g resin) and the wet season spelled paddock (8 + 7.7 ug NH4* -N g resin) (Fig. 7.7.3).

The results from the heavily stocked paddock have been excluded from the graph due to abnormally
high average extraction of NOx (2758 + 1969.6 ug NOx -N g-1 resin) (75 x the combined average of
other treatments). The exclosure site had the second highest average extraction 39 ug NOx -N g-1
resin (£ 13.5), the moderately stocked paddock extracted 34 ug NOx -N g-1 resin + 5.6. The wet

season spelling paddock followed (29 + 5.1 ug NOx -N g-1 resin) (Fig. 7.7.4).

Figure 7.7.3 Mean ug NH4* -N g resin extracted from in-situ resin bags in the red-yellow earths at

Wambiana grazing trial (p>0.05). Error bars denote standard error.
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Figure 7.7.4 Mean ug NOy -N g-1 resin extracted from in-situ resin bags in the red-yellow earths at

Wambiana grazing trial (p>0.05). Error bars denote standard error.
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8 Nitrogen and carbon dynamics: fire and grazing

8.1.1 VRRS Sampling Program

The field work and sampling program was based on the fire trial plots (Fig. 8.1.1). The vertosol (1-
16) and calcarosol (17—-32) soil trials consist of a total of 16 plots each with six fire treatments (two
replicate plots per treatment) and four control plots, where each plot is 160 x 160 m (Fig. 8.1.2).
Figure 8.1.1 Grid layout of fire plots and treatments. Numbers are plot numbers. Fire codes — Control O - no

burns, 2, 4, 6 - burnt every two, four, or six years; E - early in the dry season (June cooler fires), or L - late in the
dry season (October hotter fires).

1 2 3 4 17 18 19 20
L6 E4 E4 E6 L6 0 E6 L4
5 6 7 8 21 22 23 24
E6 L4 L4 0 0 E4 E2 L2
9 10 11 12 25 26 27 28
0 L2 L6 E2 E6 0 E4 E2
13 14 15 16 29 30 31 32
0 E2 L2 0 0 L4 L2 L6
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Figure 8.1.2 The soil sampling strategy incorporated two soil types (calcarosol, vertosol) x seven

treatments x two microsites as illustrated below.
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Across 14 plots (two plot replicates per treatment including two controls) the following methods

were carried out:

1) For each fire treatment and controls (no fire) we established two x 30 m transects. These
were positioned central to existing permanent transects two and three.

2) Adjacent to each transect three patch (grassy) and interpatch (open) sites were identified
and marked out.

3) Using a corer three samples each from under grass plants, litter, biocrust and bare ground
were excavated at 0-1cm, 1-5 cm depths, (2 soil types x 14 treatment plots x 12 microsite
reps x 2 depths) (n=672).

4) Six contiguous 1 m2 quadrats were assessed for biocrust cover, bare ground, basal grass
cover, litter, and foliage projection cover.

5) Biocrust samples (Petri dishes) were collected under the grass and in the open for species ID
and N-fixation tests (12 reps per treatment) (n=672).

6) Samples were collected for DNA sequencing and biomass analysis (3 reps x 4 microsites,

n=336).

Due to COVID-19 we undertook the post wet season field work from 19th July to 2nd August (2020)

the following year after all fire treatments had been burnt in June or October 2019.
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A total of 2,018 biocrust and soil samples were collected as detailed below:

672 soil samples (at 2 depths) for C, N and bio-available N
672 biocrust samples (for ID and N-fixation analysis)

336 biocrust samples (for 16sRNA sequencing)

336 biocrust biomass samples (chlorophyll a extraction)

Landscape Function Analysis (28 plots)

YV V V V V V

1008 quadrats ground cover (% biocrust, grass litter, bare, 28 plots)

Figure 8.1.3 Kidman Springs field trip team (July 2019) collecting biocrusts (top right) and quadrat
measurements (bottom right).
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8.1.2 Statistical Methods

All statistical analyses for nitrogen, carbon, and carbon nitrogen ratio for Calcarosol and Vertosol at
Victoria River Research station were conducted using two-way ANOVA analysis in GraphPad Prism

version 10.2.2, GraphPad Software, Boston, Massachusetts USA, www.graphpad.com. Both bar

graphs and heat maps were also created in GraphPad Prism.

8.1.3 Preliminary results and field notes

This survey took place in top x cm of soil microsites post-fire, post-wet season. about three months
after the end of the wet season in 2019/20 and 12 months after the early fires. To aid interpretation
of the results the average microsite cover has been included for early and late 6 yearly plots (Fig.
8.1.4). It should be noted that basal area of perennial grass plants (1.4%) is used to complete the
area of the one-metre quadrats however for this plot the grass cover (including canopy spread over
biocrusts, bare ground and litter) was 28% or less than one third of overall ground cover. One of the
features recorded during sampling was the good condition of the biocrust following six years without

fire (Fig. 8.1.6).

Figure 8.1.4 Average microsite cover for early and late 6-year fire plots demonstrating the

disproportionate levels of litter and bare ground.

Early 6-year fire Late 6-year fire

] N

s N’

= Grass basal = Biocrust Bare = Litter = Grass basal = Biocrust Bare w Litter

Figure 8.1.5 (a) Early 6-year plot with a high level of grass and biocrust cover and less bare ground
(compared to late 6-year), measurements taken post-fire, post wet season, no grazing (2020), (b)
sample quadrat with grass where the biocrust is visible as a dark colour underneath and (c) a area
covered with annuals with biocrust.
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]

S O G

(a) (b) (c)

Figure 8.1.6 (a) Late 6-year plot with remains of Acacia saplings and typical understorey (2020), (b)
sample quadrat with grass where the biocrust is visible as a dark colour underneath and (c) a bare

area with some remnants of biocrust still visible. Following the fires in 2019, there was a large litter
fall when the Acacia was burnt.

(b) (c)
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8.2 Results: Nitrogen and carbon dynamics at VRRS (2020)
8.2.1 Calcarosol N and C stocks (kg/ha)

We detected statistically significant differences between treatments and microsites in soil N and C
stocks of calcarosol, however these differences did not necessarily follow a simple pattern with fire
regimes. Rather the differences were associated with microsites (Fig. 8.2.1-8.2.3). We have looked

at the calcarosol soil 6-year fire plots in detail as an example.

Figure 8.2.1 N across all microsites and treatments in top x cm in calcarosol
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Figure 8.2.2 C across all microsites and treatments top x cm in calcarosol
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Compared to most other treatments, the early 6-year fire treatment had the highest C and N stocks
across all microsites; this treatment had a higher level of biocrust cover and heavier cover of grass
and annuals which is most likely to have contributed N input (Fig. 7.7.1-7.7.3). This affected the
results across all microsites (i.e. increased stocks of N/C, highlighted with red outline) however does

not mean that this was a preferred fire regime.

Across all treatments, grass microsites had the most uniform C and N stocks which is expected as soil
associated with grass would be the most fertile - being vegetated and protected from erosion. Bare
and biocrust microsites had the lowest stocks as also expected because the extent of biocrust
development and their recovery of eroded, vegetation free sites will result in overall lower and

variable C and N stocks compared to vegetated or litter covered microsites.

Figure 8.2.3 C/N ratio for all treatments and microsites in top x cm.
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The C/N ratio was mostly conserved across sites (an exception was the early 2-year fire where N was

relatively higher, perhaps legacy of recent manure deposition.

In summary for the calcarosol the early/late 4-year was the most consistent in N/C stocks across all
microsites however, the climatic conditions would influence management decisions as C/N ratio in
this season (2020) favoured the early 2-year fire. This was perhaps influenced by two years of low

lead up rainfall and a poorer season overall. Nevertheless, burning every two years is not generally

recommended for pasture management (Cowley et al., 2021).
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8.3.1 Vertosol N and C stocks (kg/ha)

In the vertosol late fires appeared to have greater stocks of N and C across all microsites. Some of
these results can be explained by the increased presence of the cyanobacterium Nostoc, known to
be instrumental in higher levels of N-fixation (Williams et al., 2017). In the vertosol soils there were
large depressions that favoured highly protected sites with more water pooling for longer. These
were covered by tall grasses and had thick cyanobacterial biocrusts present. DNA results showed
that N-fixation and biocrust photosynthesis occurred in the wet-season. In this case, we sampled

during the dry season that explains the lower remnant values of N/C stocks in the biocrusts and bare

areas.

Figure 8.3.1 N across all microsites and treatments in top x cm in vertosol
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Figure 8.3.2 C across all microsites and treatments in top x cm in vertosol
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In vertosol, no statistically significant differences in N or C stocks occurred between treatments or
microsites. C/N ratios ranged from 8—12, the expected value for soil and biocrusts. Overall, Cand N
stocks were lower than in calcarosol. Vertosols are self-mulching soils which therefore have less
stratification than calcarosol so that biocrusts and their associated nutrients are redistributed into
the deeper soil rather than being present in the top cm of soil. The trend was that late 4-year
burning had the best response for C stocks (litter, grass microsites), while early 6-year burning had

higher N stocks, mirroring what was observed for calcarosol.

Figure 8.3.3 C/N ratio across all microsites and treatments in top x cm in vertosol.
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8.4 Results: Nitrogen and Carbon dynamics at Wambiana grazing trial 2020

8.4.1 Red yellow earth N and C stocks kg/ha

In red-yellow soil paddocks that are rotationally spelled and moderately stocked, N and C stocks in
litter and grass microsites were significantly higher than in heavy stocking and control sites (Fig.
8.4.1). Heavy stocking had a deleterious effect on biocrusts, and the resulting bare ground had
extremely low N and C stocks indicative of severe degradation. Such high level of disturbance and
lack of biocrust regeneration mean that a tipping point of degradation has been reached and no

evidence of for example subsurface cyanobacteria providing stability for recovery phases. The
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rotationally spelled paddocks had higher C and N stocks than moderately stocked paddocks,

confirming that wet season spelling enhances biocrust benefitting soil fertility.

Figure 8.4.1 (a) C and (b) N across all microsites and treatments in red yellow earth for top 1 x cm at

Wambiana
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Figure 8.4.2 C/N ratio for red yellow earth across all microsites and treatments.
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In summary C/N ratios across microsites and soil types ranged from 8—20 with lower values in

biocrusts, similar to previous studies in the Australian rangelands (Waters et al., 2015).

8.4.2 Duplex clay N and C stocks (kg/ha)

In the duplex clay the overall C/N ratio was higher than the red yellow earth (Fig. 8.4.2). This is
indicative of the microbial activity across the various microsites in breaking down nutrients into
plant-available forms. The higher values of TN and TC across all HSR treatments is more likely due to

the increase in Conkerberry N inputs through litter, or no grasses to use the N??

Fig. 8.4.2 Duplex clay N and C stocks (kg/ha) in top x cm of soil microsites post-fire, post-wet season at
Wambiana (2020)
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Figure 8.4.3 C/N ratio for duplex clay across all microsites and treatments.
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Microsites under litter had highest stocks of C and N in heavy and moderately stocked paddocks.

This could be a result of drought conditions with leaching of nutrients and high microbial activity
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during small rain events that characterised the sampling year so that topsoil had increased C and N
levels as vegetation did not grow sufficiently to absorb N. Biocrust microsites were the worst
affected in the heavy and moderately stocked paddocks leaving ground exposed and prone to
degradation. Over all treatments, C and N stocks of biocrusts and bare soil microsites were lower
than the other microsites however this is expected because biocrusts cycle their own C and fix
nitrogen (Waters et al., 2015). C:N ratios of microsites were relatively uniform (~12-15) across
treatments. Exceptions were biocrust microsites with heavy stocking rate (C/N 9) which is indicative
of loss of soil C. Heavy and moderate stocking treatments had high litter C/N ratios of 18 which are
likely to be caused by vegetation adapted to low N conditions and high C/N leaves and resulting

litter.

9 Fire, biocrusts and seed germination at VRRS

9.1 Seed germination and fire

This research focused on how fire management practices such as early dry season and late dry
season fires could impact the selection of seeds that might germinate in areas of biocrusts as
opposed to bare soil. The overall aims for this project were to investigate the relationships between

fire, biocrusts and seed germination in two different soils. Seeds used are listed in Table 9.1.1.

We hypothesized that the number of plants germinating in the biocrust samples would be greater in
the plant patches rather than the interspaces since the seeds may fall nearby. The number of
germinants was also hypothesized to be greater post fire as we anticipated the fire would play a role

in breaking dormancy.

9.1.1 Greenhouse seedbank germination

Eight small pot trays were prepared to fit into four plastic boxes. One row at each of the long ends
was cut off to leave seven by fourteen pots remaining on each tray. Plastic laminate sheet offcuts
were used to make folded bases for each individual pot as they each had a hole in the base. A 10 cm
x 10 cm piece of laminate was folded and stapled at the top of each of the four folded sides to slide

onto a pot (Fig. 9.1.1).
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Table 9.1.1 A list of species used in the experiment and their known dormancies. Some seeds had no published

information on germination.

Species

Dichanthium fecundum S.T.Blake
Heteropogon contortus L. Beauv

Dichanthium sericeum A. Camus

Mnesithea formosa R. de Koning & M.S.M.

Sosef
Sehima nervosum Stapf
Eriachne obtuse R.Br.

Brachyachne convergens F. Muell
Chrysopogon fallax S. T. Blake
Enneapogon avenaceus C. E. Hubb

Common name

Curly bluegrass
Black Spear grass

Silky bluegrass
Silky top

Rat-tail/ White grass
Northern Wanderrie
/ Wire grass

Native Couch
Ribbon grass

Bottle Washer

Embryo

Immature — require after

ripening for 12-15
months

After ripening for 2-24

month

After ripening for ~12
months

Germination stimulants

Smoke
Nitrate, smoke,
gibberellin

Fluctuating
temperature, smoke

Cane grass
Waltheria sp.
Eulalia sp.

Figure 9.1.1 Images of preparation of pot covers and example showing Box 1 containing the biocrust

samples of the Calcarosol soil (reps 1-3).

Once every pot base was covered the trays were placed into the clear plastic boxes. Each pot was
filled with sand up to 2 cm from the top. The biocrust samples were placed on top of the sand in
each pot to cover it entirely. They were arranged randomly within blocks of replicates. The first and
last row of each tray was left as sand only pots. The first four rows then contained the first replicate

of each treatment, the next four rows the second replicate of each treatment, and the next four
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rows the third replicate of each treatment in the first box for each soil. The second box had two rows
on each end left as sand only pots as well as two in the middle as there was only a block of the
fourth and one of the fifth replicate of each sample left for these trays (Fig 9.1.2) Within each of the

replicate blocks there were also four sand only pots.

The pots were then watered with 20 ml of DI water each, which saturated the biocrust samples. The
boxes were then transported onto a glasshouse bench at the University of Queensland, St Lucia. The
pots were checked every day for seedling emergence, which was initially recorded by placing a
coloured toothpick next to the emerged plant. The pots were watered on alternate days or as
required. After the cooling system had failed to work on a hot day and most plants died, subsequent
seedlings were removed after being recorded as having emerged. The pots were last watered after
15 days and left to dry subsequently to be stored back in the laboratory. Biocrust cover was
observed and given a number from 1 to 4 where cover was estimated to be: 1 = 0-25%, 2 = 25-50%,

3 =50-75%, and 4 = 75-100% biocrust cover in each pot (Fig. 9.1.3).

Figure 9.1.2 Example of biocrust cover. Biocrust cover was estimated from 1-4 for the pots from left

to right.

9.1.2 Statistics

The zero-inflated Poisson model was used to analyse the data. All analyses were conducted using R

version 4.0.4 (R Core Team, 2021).
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9.2 Results: Germination before and after fire with biocrusts

The microcosms successfully grew easily distinguishable biocrusts and germinated seeds across both

soil types while there was no indication of contamination in the bare sand controls (Fig. 9.2.1).

Figure 9.2.1 Replicates containing the biocrust samples of the Calcarosol soils (left) and Vertosol soils
(right)

9.2.1 Biocrust cover and seed germination

The estimated mean biocrust cover per pot did not vary between the interspaces (IP - interpatches)
and the grass patches (P) in both soils (see Figs. 9.2.2 a,b). Nevertheless, mean biocrust cover was
slightly higher on the interspaces compared to the grass patches on the calcarosols (IP mean = 3.08
0.09, p >0.05, and P mean =2.89 + 0.10, p > 0.05) and vertosols (IP mean = 2.34 £ 0.12, p > 0.05, and

P mean =2.22 +0.11, p > 0.05). Biocrust cover was less overall on the vertosol.
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Figure 9.2.2 (a) Mean biocrust cover in the interspaces and patches (p > 0.05) on the Calcarosol. Error bars
denote standard errors. (b) Mean biocrust cover in the interspaces and patches, (p> 0.05) on the Vertosol.
Error bars denote standard errors.
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9.2.2 Microsite germination

The mean number of plants germinated per pot was significantly greater in the interspaces, for the
calcarosol samples (0.09 + 0.03 and 0.05 * 0.02 for interspaces and patches respectively p = 0.013)
(Figs. 9.2.3 a,b), but not in the vertosols (1.02 + 0.15 for the interspaces and 0.78 + 0.13 for the

patches, p > 0.05). The calcarosols had a much fewer plants germinate compared to the vertosols.
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Figure 9.2.3 (a) The mean number of germinants in the interspaces were significantly higher than the patches
(p =0.013) on the Calcarosol. Error bars denote standard errors. (b) The mean number of germinants in the
interspaces was not significantly different from the patches, (p > 0.05) on the Vertosol. Error bars denote
standard errors.
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9.2.3 Biocrust cover in pre and post fire samples

The estimated mean biocrust cover did not differ significantly between samples collected before the
burn in 2019 and samples collected after that fire (Figs. 9.2.4 a,b). It was slightly higher for pre-burn
samples in the calcarosol (post-burn mean =2.71 + 1.11, pre-burn mean = 3.20 £ 0.09, p > 0.05) but
slightly lower for those samples in the Vertosol (post-burn mean =2.40 + 0.11, pre-burn mean = 2.17

+0.11, p > 0.05).
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Figure 9.2.4 (a) The mean biocrust cover did not significantly differ between fire treatments (p > 0.05) on the
Calcarosol. Error bars denote standard errors. (b) The mean biocrust cover did not significantly differ between
fire treatments (p > 0.05) on the Vertosol. Error bars denote standard errors.
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9.2.4 Germination pre and post fire

There was no significant difference in germination for the Calcarosol samples, whereas in the
Vertosol the mean number of plants germinated per pot was slightly but significantly greater for
samples collected post burn than the ones collected before the fire (Figs. 9.2.5 a,b). The Calcarosol
had many fewer plants germinate (post-burn mean = 0.08 * 0.03, pre-burn mean =0.08 + 0.02, p >

0.05) than the Vertosol (post-burn mean = 0.95 + 0.16, pre-burn mean =0.85 £ 0.12, p = 0.01).
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Figure 9.2.5 (a). Mean number of germinants pre- and post-fire in the Calcarosol were not significantly
different (p> 0.05). Error bars denote standard errors. (b) The mean number of germinants post-fire were
significantly higher than before burning (p=0.010) on the Vertosol. Error bars denote standard errors.

Calcarosol Vertosol

1.2 1.2
-~ -~
o 9]
o o
— 1 — 1
(] ()
o Qo
(%} [%2]
= 0.8 = 0.8
L L
206 206
o S}
204 2 04
€ IS
2 02 2 02
‘© ‘©
5 o . - 5 o
[ [

pre-burn post-burn pre-burn post-burn
Sampling Sampling

(a) (b)

124



B.PAS.0502 — Boosting natural regeneration of the nitrogen capital in grazing lands

10 Rapid assessment of ground cover with mobile phones at VRRS
This work has been published and the methods are presented as an abbreviated version.

(Swe et al., 2023; Appendix 5).

10.1 Field measurements

10.1.1 Biocrusts and ground cover

To assess ground cover, two 30 m transects were set up at all fire treatment sites (early and late fire
season with 2, 4, and 6-years interval) and unburned control plots. Sites were sampled mid wet
season in February 2020 and in the dry season in July 2020 after all treatments were burnt in June or
October 2019. Due to limited access in the mid-wet season, measurements were carried out for one
plot per treatment (n=7), while two plots per treatment were sampled in the dry season (n=14, full
season recovery). At each treatment plot, one square meter quadrats were placed at five-meter
intervals alongside the 30 m transect. Overall cover of grass and small shrubs were visually
estimated for each quadrat (Fig. 10.1.1); ground cover, including under grass and shrubs was also
measured. Biocrust, bare soil, litter and basal area of the grass cover were visually estimated and
recorded as a percentage relative to total cover. The four measurements made up 100% of the
ground cover whereas the overall grass cover was measured separately. Field observers were
trained over several quadrats to assess cover attributes and data calibrations were carried out by
experienced biocrust researchers. Note that this assessment was only done for the calcarosol soil as

there was a greater colour contrast between the red soil and black coloured crust.

10.1.2 Biocrust field collections and pigment analysis

Three micro-cores (3.56 cm? x 1 cm depth) of biocrusts (either visible or bare) were collected from
all treatment microsites (biocrust, grass, bare ground). Biocrust under litter was only collected
during the dry season (July 2020) as there was not enough litter mid-wet season as this had recently
followed burning. The samples were dried and individually stored in sealed Falcon tubes and analysis
was undertaken within two weeks of sample collection. Prior to extraction, the samples were
moistened with equal amounts of water to facilitate cell rehydration. Biocrust pigment content,
based on chlorophyll concentrations (a, b +c) were carried out with a two-hour dark extraction with
a 1:5 ratio of di-methyl-sulfoxide (DMSOQ) (Barnes et al., 1992) and calculated using Wellburn's
(1994) equations.

125



B.PAS.0502 — Boosting natural regeneration of the nitrogen capital in grazing lands

Figure 10.1.1 (a-d) 1 m? quadrats used for visual and digital estimation of ground cover attributes.

@

10.1.3 Taking RGB photos in the field.

RGB photos of each quadrat were collected for use in EasyPCCr to determine ground cover
attributes. In each plot, photos for the one square meter quadrat were taken at about 1.5m height

using a mobile phone (iPhone 11 pro) (Fig 10.1.1 ¢, d).

10.1.4 Quantifying ground cover using decision tree-based segmentation model (DTSM)

The photos were processed to obtain the cover of grass, biocrusts, litter and bare soil, using a
decision tree-based segmentation model (DTSM). The model uses a Classification and Regression

Tree (Barnetson et al. 2019) algorithm to create a series of nodes to stepwise discriminate the photo
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elements under different light conditions. Variables of colour in this model includes red (R), green
(G), blue (B), hue (H), saturation (S), value (V), lightness (L*), red/green intensity (a*) and
yellow/blue intensity (b*). It covers the differences in colour space and texture information and
works well in situations with relatively simple background classes. The study used the EasyPCCr tool,
which provides a graphical user interface (GUI) for implementing the model from creating sample

data, model training and generating classification maps (Guo et al. 2017).

Table 10.1.1 Sampling fire treatments used for digital analysis.

. Total
Sample . Fire Plots . quadrats Total number
Timi Soil Type Interval Fire season treat t lvsed
iming (years) (treatments) re? rr;)en analyse
m
Mid wet 246 Early (cool),
season Calcarosol unburnt 7 12 7x2x12=
Late (hot) 168
(Feb 2020) (control) (n=2)
Dry 246 Early (cool),
Season Cal | ’b’ lt 7 24 7x2x24=
alcaroso unburn Late (hot) 336
(July 2020) (control) (n=2)

10.1.5 Preparation of photos and defining Region of Interest (ROI)

For each RGB image, the entire frame was used for locating the training pixel and then creating a
training dataset for each cover type. The image was then cropped to the quadrat frame to be fed
into the model for comparisons across photos. This was done using ROI tool in EasyPCCr. The
training dataset was generated for individual photos due to different light conditions and the DTSM

segmentation was also applied to each image.

10.1.6 DTSM application and accuracy evaluation

Acquiring good training data is a crucial part of the analysis. The cover classes in the photos were
selected for training data by selecting the relevant pixels in individual photos (Fig. 10.1.2). The
vegetation cover included green leaves and stems of annual and perennial plants. The identification
of litter was carried out for debris including stones, dry branches, and dead grasses. Biocrusts were
identifiable by their dark colour (pigment) compared to the natural red colour of the soil. Only visible

biocrusts from the photos were used in this study. Biocrust located underneath dense grass cover
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could not be determined in the RGB image analysis as it was obscured. Bare soil were areas that had

no distinguishable biocrust on the soil surface.

The DTSM algorithm was adopted to create the decision tree, and the noise reduction filter (size
100) was applied to reduce the misclassification of the training photos. This step is needed to
enhance photo quality and thus increase accuracy of the classification and segmentation of
individual classes generated by the model. The analysis was carried out in the EasyPCCr tool that
showed the output of percent cover (%Cov) of individual classes in each photo (Fig 10.1.2). DTSM
generates individual class data as cover portions that total 100% and are generated as surface cover

for each training photo.

The verification process is an important step that determines the accuracy of an algorithm model or
machine learning tool. In this study, verification of the model was implemented by comparing
statistical analysis data between DTSM generated ground cover and the field collected ground cover.
The DTSM step in EasyPCCr generated the four ground cover classes: grass cover, litter, visible
biocrust and bare soil, which were identified in training photos. This information provides the means

to analyse the effects of fire treatments and how the landscape has recovered.

10.1.7 Statistical analysis

For each grass, litter, visible biocrust, bare soil measurement, a single value was generated for each
plot by averaging values from all quadrats for wet and dry seasons derived from individual
experimental plots. This provided two values (mid-wet season and dry season) per treatment. The
research data were analysed using R-studio statistic software (Su et al. 2021). We used DTSM to
analyse the grass and litter combinations within one-metre square and the field observed biocrust
percentage cover (%Cov + SE) for both mid-wet season and dry season. In the case of the field
observations grass and litter cover were more than 100% because litter could occur under the grass
canopy. The grass and litter combined cover was then analysed to determine the difference between
DTSM and field measurements. Visible biocrust detected in training photos in DTSM was assigned by
comparing the biocrust in the photos with field data. Biocrust %Cov was analysed in R statistics
software. The combination of grass and litter data was analysed using three-way analysis of variance
and Tukey’s honestly significant difference post hoc test (HSD) to identify the significant differences.

A simple linear regression analysis was applied to explore the relationships between the various
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ground covers in both seasons. Biocrust pigment content (Chla) for microsites was calculated using

one-way analysis of variance and Tukey’s HSD and the heap maps.

Figure 10.1.2 Training quadrats for different ground cover attributes with the lines representing the

identification of classes and the non-filtered masked and masks for images illustrating the outcomes.

Wet Season Dry Season

Trained the classes

Nonfiltered masked

Masked images

Masks
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10.2 Results: Modelled seasonal cover

In the wet season, there were no significant differences between the modelled cover and the field
measurements (P > 0.05). There was, on average, a difference of 8.4%Cov between modelled
(48%Cov £ 2.54) and field measurements (56%Cov + 3.53; Fig. 10.2.1). Across the early season
burning treatments, the average difference in modelled grass cover (49.4%Cov + 8.81) was 8.2%
lower than field observations (57.6%Cov *+ 8.81). In the wet season, modelled grass cover in the late
season burning treatments was lower than the field observations. In the unburnt control plots, the

modelled grass cover was lower than that in the field data.

In the dry season, there were significant differences between modelled and field methods in
estimated grass cover. Modelled grass cover was higher than field observation across fire treatments
and control plots (P < 0.01). For example, in the 4-year early burn plots, grass cover (modelled) was
38.8%Cov, with an average difference of 13.5%, compared to field data. In contrast, modelled grass
cover for the 2-year early burn plots (34.9%Cov + 2.52) was a near match to field observations
(37.8%Cov + 6.48). However, there were no significant differences (P = 0.07) between modelled and
field data across the early burning treatments, except for the early 6-year burnt plots (P < 0.001). In
the late-burn plots, the modelled grass cover for the late 2-year and late 4-year plots was 59.3%Cov
(£1.8) and 76.2%Cov (+7.61) respectively, and significantly (P < 0.001) different from the field
observations of late burn every 2-year plots, 39.3%Cov + 6.6, and late burn every 4-year plots
49.9%Cov + 7.15, (Fig. 10.2.1). Field observations of grass cover in the wet season (56% * 3.53) were
higher than those in the dry season (30% + 5.41), whereas modelled grass cover in the wet season

(48% + 2.54) was lower than that in the dry season (51% * 5.29).

10.2.2 Modelled grass and litter cover compared to field measurements

When grass and litter cover were estimated together, there was greater similarity between
methodology estimates. For the wet season, grass and litter %Cov derived from photographs
averaged 8.8% (+2.6) across all treatments and was comparable to field measurements, with an
average of 1% difference between them (Fig. 10.2.2). We also measured grass and litter cover across
fire-plot treatments in July 2020 during the dry season (rain ceased in May). Modelled grass and
litter %Cov across all treatments was 20.9% (+0.6), compared to field observations of 22.21%
(£0.32). Furthermore, no significant differences were observed between fire treatments and the

unburnt control plots in either wet or dry seasons (P = 0.99; Fig. 10.2.2) where there was an average
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cover difference of 1%. Both field observations and modelled grass cover in the wet season were

slightly lower than those in the dry season.

Figure 10.2.1 Comparisons of mean grass cover between field data and machine learning in February

2020 and July 2020. Bars that do not overlap are significantly different.
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10.2.3 Relationships between microsites

In both seasons, when grass and litter cover were analysed in combination, as their cover increased,
the modelled biocrust cover decreased (Fig. 10.2.3). There was a strong inverse relationship
between grass and litter cover compared with visible biocrust cover in both the wet (R2 = 0.95) and
the dry seasons (R2 = 0.95; Fig. 10.2.3). Additionally, biocrust from the field observation decreased
when the combined grass and litter coverage in the plot increased, especially in the dry season (R2 =
0.80). DTSM can also distinguish between biocrust and bare soil in both seasons (wet, R2 = 0.15; dry,
R2 =0.09). Yet, the relationship between bare and biocrust from field observations in the wet season

showed that as bare cover increased, the biocrust cover decreased (R2 = 0.80).
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Figure 10.1.2 Comparisons of grass and litter combined as mean cover between field data and
machine learning (ML) in the mid-wet season (February 2020) and dry season (July 2020). Bars that

do not overlap are significantly different.
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Figure 10.2.3 Relationship between ML and field observations for grass, litter, and visible biocrust in
February 2020 and July 2020, postfire recovery. *Asterisks represent the level of significance. ML,

machine learning.
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10.2.4 Modelled biocrust cover compared to field measurements

In the wet season, modelled biocrust cover (34%Cov + 2.0) differed significantly from field
measurements when averaged across all treatments (39%Cov + 3.2; P = 0.04; Fig. 10.2.4). These
differences were more obvious in early burning treatments, such as the 6-yearly early burning
treatment (P < 0.01) where the modelled cover was, on average, 20% lower than the observed field
result (Fig. 10.2.4). Furthermore, in the unburnt control plots, detected biocrust cover (20%Cov +
2.1) was also significantly lower than field observations (57%Cov + 5.8) (P < 0.01). In contrast,
modelled biocrust cover (33%Cov + 3.3) was comparable with field observations (42%Cov * 6.2) in
late-burning treatments (P = 0.21; Fig. 10.2.4). In the dry season, modelled biocrust cover across all
burnt and unburnt treatments was comparable to field observations (Fig. 10.2.4). Biocrust cover in
early burning plots averaged 30%, with no significant differences between DTSM-modelled cover
and field observations. Similar data were generated for modelled biocrust cover on control plots
(18%Cov + 2.8) and field observations (15%Cov * 5.6), although DTSM-modelled biocrust cover in
late-burn plots (25%Cov + 2.7) differed significantly from field observations (53%Cov + 4.4).
However, there were no overall differences between modelled biocrust cover and field observations
in either fire treatments and control plots in the dry season (P = 0.06), with the exception of the late

4-year burning treatment (Fig. 10.2.4).
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Figure 10.2.4 Comparison of biocrust recovery cover collected with trained field observers versus
machine learning derived from phone images in the mid-wet season (February 2020) and dry season

(July 2020). Bars that do not overlap are significantly different.
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10.2.5 Biocrust pigment content across microsites

Biocrust pigment content based on chlorophyll concentration (Chl) was analysed across three
microsites, i.e. biocrust, grass and bare soil in both wet and dry seasons (Fig. 10.2.5). Overall, bare
soil microsites had the lowest and biocrust microsites the highest pigment concentrations. Biocrust
pigment was recorded under litter but only in the dry season. In the wet season, the highest average
pigment concentration was detected in biocrust microsites in the control plots (162 + 35 mg Chl/m2
; P <0.01). In the burnt treatments, the early season 6-yearly (E6) burn plot was not significantly
different from the unburnt controls (112 + 12 mg Chl/m2, P = 0.35) whereas L6 (14 + 1 mg Chl/m2)
and L4 (20 £ 3 mg Chl/m2 ) had significantly lower pigment concentration compared to the other
treatments (P < 0.01), in contrast to E6 which had high concentrations in the biocrust microsites.
Furthermore, in the wet season, microsites under grass canopy also had the highest pigment
concentrations in the unburnt control plots (92 + 19 mg Chl/m2 ) and E2 (75 = 5 mg Chl/m2 ),
whereas L6 (29 = 1 mg Chl/m2 ) had significantly (P < 0.01) lower pigment concentrations in grass

microsites. Microsites under grass in E6 (38 + 4 mg Chl/m2 ) and E4 (45 + 1 mg Chl/m2 ) had also
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significantly lower pigment concentrations than did the unburnt control (P < 0.01). In the wet
season, although low, L6 bare microsites had significantly (P < 0.05) higher pigment concentrations
(26 £ 5 mg Chl/m2 ) than did other burnt bare microsites, including E2 (10 + 2 mg Chl/m2 ), L2 (8 £ 2
mg Chl/m2 ), unburnt control (8 £ 2 mg Chl/m2) and E6 (2 + 2 mg Chl/m2 ; P < 0.01). Pigment
concentration in bare microsites E4 (17 + 4 mg Chl/m2 ) and L4 (14 £ 1 mg Chl/m2 ) was significantly
higher than E6 (P < 0.04). In the dry season, L6 had the highest pigment concentrations for all burnt
treatments and in the unburnt control plots; however, they were not significantly (P = 0.16)
different. The highest pigment in biocrust microsites ranged between (L6) and 128 + 35 mg Chl/m2
(L2). The lowest pigment recorded was in E4 (45 + 11 mg Chl/m2 ) and the unburnt control (61 + 31
mg Chl/m2 ). Litter microsites in the control had the highest pigment (236 + 48 mg Chl/m2 ) together
with E4 (190 + 116 mg Chl/m2 ), but both showing the large variability between sample points. L6
also had the highest pigment concentration under the grass canopy (108 £ 13 mg Chl/m2 ), whereas
E6 had the lowest pigment concentration (17 + 2 mg Chl/m2 ; P < 0.01). Similarly, the control had
low pigment (34 + 7 mg Chl/m2 ), significantly different from L2 (86 + 5 mg Chl/m2; P <0.01), L4
(104 £ 7 mg Chl/m2 ) and E2 (81 + 17 mg Chl/m2 ; P < 0.03). E4 (42 + 7 mg Chl/m2 ) was significantly
(P <0.01) lower than L6 and L2. Similarly, L6 had the highest pigment concentration in dry-season
bare microsites (86 £ 38 mg Chl/m2 ) and the lowest in the unburnt control plots (14 £ 3 mg Chl/m2
), although differences were not significant (P = 0.06). For example, E6 (37 £ 3 mg Chl/m2 ), L2 (35 +
3 mg Chl/m2 ), E2 (29 + 9 mg Chl/m2 ) and E4 and L4 were both 25 + 3 mg Chl /m2..

Figure 10.2.5 Pigment concentrations (mg chlorophyll/m2 ) for calcarosols at three microsites (biocrust, grass,

bare soil) in the wet season (February 2020) and dry season (July 2020) for unburnt controls and early season
(E) and late-season (L) fires implemented in 2-, 4-, and 6-yearly intervals.
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11 Detecting biocrusts using remote sensing before and after fire

11.1 Large scale fire and grazing demonstration at VRRS

This research explored changes in land cover by analysing the spectral responses of different land
cover classes both before and after fire at Victoria River Research Station (VRRS). We assessed an
area of approximately 2.6 km? where there were many examples of bare degraded areas caused by
cattle trampling and camping together with areas of pure biocrust and biocrust with grasses (Fig.
11.1.1). In October 2022 it was burnt to encourage cattle to use parts of the paddock they normally
avoided and effectively spell other areas they normally preferred in an effort to manage degraded
areas. This site was used as a reference site with the aim to understand the changes in land cover

including biocrusts, before and after fire and after the following wet season (Fig. 11.1.2).

Figure 11.1.1 (a) A cattle camp area to be used as a reference site for bare soil without biocrusts, (b)
a small area of high cover of biocrusts illustrating the erosion of the soil from the site leaving
unprotected and unproductive surfaces.

(a) (b)
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Figure 11.1.2 Land classification map of large-scale fire demonstration site depicting various
reference points and the four classes of land cover (bare soil, biocrusts, grasses and trees including

shrubs).

Class_name
I bare soil
I Biocrusts
" Grass
I Trees

055 027 0 0.55 1.09 1.64 2.18

e E— R jlometers
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Biocrusts photosynthesise the same way as plants do and contain chlorophyll, so it is possible to
detect them with satellite imagery. However, they reflect specific bands that are unique but fall
within the same spectrum as plants. As a result, various researchers globally have experimented and
developed an algorithm to extract the exact bands that represent biocrusts called the Crust Index
(Cl). Nevertheless, it is necessary to check that this is relevant in our specific environment. Here we
examine the changes in the spectral reflectance of biocrusts, vegetation and bare soil before and

after fire using a range of vegetation indices as described below.

11.2 Data Collection, Preparation, and Processing

In the process of land cover classification, the vegetation indices, including the Normalized
Difference Vegetation Index (NDVI), Optimized Soil-Adjusted Vegetation Index (OSAVI), and
Enhanced Vegetation Index (EVI), were extracted from Planet Scope imagery, offering a spatial
resolution of 3 meters (Fig. 11.1.2). Additionally, the Crust Index (Cl) was applied to elucidate the

spectral responses of biocrust in relation to the observed shifts in land cover dynamics.

11.3 Training Data Collection

To enable precise classification of land cover—specifically bare soil, biocrust, and grass—within our
study area, we conducted systematic training data collection. This process involved the meticulous
traversal of cross-diagonal transects in the field. To ensure high accuracy, we employed a high-
precision GPS mobile phone application called Avenza Maps, which provides horizontal accuracy to
within 2 meters and incorporates its own compass functionality (Design, n.d.). The GPS coordinates
obtained were subsequently utilized to define training polygons for each distinct land cover class

within the ArcGIS Pro geographical information system.

11.4 Preparation of Planet Scope Data

To monitor and assess grass, soil, and biocrust cover, we utilised the capabilities of Planet Scope
imagery. The Planet Scope dataset offered an extensive array of eight spectral bands, which includes
Coastal Blue, Blue, Green 1, Green, Yellow, Red Edge, and Near Infrared. The acquisition of Planet
Scope imagery was facilitated through the use of Planet Explorer for the pre-fire event in September
2022 and post-fire event in January 2023, which was also after the commencement of the wet

season.
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11.5 Data Processing

In this study, we conducted an analysis of land cover classes' spectral responses within a Fire Grazed
area, utilizing high-resolution (3m) Planet satellite imagery for both before and after fire events. Our

data processing workflow was conducted with the following procedures.

Training Polygon Creation: We initiated the process by generating thirty training polygons that were

created using GPS points and carried out within ArcGIS Pro (Version 3.0.0).

11.5.1 Sample Point Allocation

Within each of the thirty training polygons, we randomly distributed twenty sample points, resulting
in a total of six hundred strategically placed sample points across the study area. This approach

ensured a comprehensive representation of the land cover diversity within the Fire-grazed area.

11.5.2 Spectral Value Extraction

To obtain spectral values for the land cover classes and facilitate the calculation of three distinct
vegetation indices, as well as the crust index, we employed two key geospatial tools: the "spatial
join" and the "extracted multi-value to points." These tools allowed for the precise extraction of
spectral information associated with each sample point, ensuring the accuracy of subsequent

calculations.

11.5.3 Calculation of Vegetation and Crust Indices
To quantitatively assess vegetation and land cover changes, the following formulas were applied:
Normalised Difference Vegetation Index (NDVI) (Tucker, 1979)

NIR—Red

NDV| = ———
NIR+Red

Optimised soil adjustment vegetation index (OSAVI) (Rondeaux et al., 1996)

NIR—Red

OSAV| = ———F—
NIR+Red+0.16
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Enhancement Vegetation Index (Rodriguez-Caballero et al., 2015)

EVI = 2.5 & ( NIR—Red )

(NIR+6*Red—7.5«Blue+L)

Crust Index (Cl) (Karnieli, 1997)

Red—-Blue

Crust Index=1 — ——
Red+Blue

11.6 Statistical analysis

The mean value of vegetation indices, NDVI, OSAVI and EVI, and crust index, Cl, were analysed to
identify the overall trend of chlorophyll signal changes from September 2022 to January 2023. The
research data were analysed using R-studio statistic software. The spectral value of indices was
calculated using analysis of variance ANOVA and Tukey's honestly significant difference post hoc test

(HSD) to examine the significance of individual indices spectral profile changes.

Note: UAV images were obtained for all plots and used for further extraction of reference sites and

supervised classification for Planet Scope images (Fig. 6.1.3).

Figure 11.6.1 The VRSS drone mission was undertaken in 2022 before and after fire. All fire plots and the large-
scale fire trial were mapped at 6 cm resolution.
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12 Detecting biocrusts using remote sensing before and after fire.

The foundation of the spectral analysis lies in the assessment of land cover changes using vegetation and
crust indices. This investigation has highlighted the changes in the spectral signature of land cover classes
both before and after the fire event in the Fire Grazed area. In this research, our findings underscore the

discriminative capabilities of the Enhanced Vegetation Index and Crust Index in capturing the spectral

response differences among individual classes.

12.1.1 Spectral response of land cover classes before the fire event

In the vegetation indices and the Crust Index, both grass and biocrust exhibited significantly higher
spectral values compared to bare soil (p<0.0001). Moreover, when analysing the Crust Index and
Enhanced Vegetation Index, the spectral value of grass significantly exceeded that of biocrust (p<0.001).
However, the spectral values of grass and biocrust were statistically indistinguishable in the Normalized
Difference Vegetation Index and Optimum Soil Adjusted Vegetation Index (P>0.05), as illustrated (Fig.
12.1.1).

Figure 12.1.1 Composite images of fire, bare biocrust areas and green date with new grass growth amongst
recovering biocrusts.
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Figure 12.1.2 Comparative analysis of spectral values for Bare Soil, Biocrust, and Grass using Normalized
Difference Vegetation Index (NDVI), Optimized Soil Adjusted Vegetation Index (OSAVI), Enhanced Vegetation
Index (EVI), and Crust Index (CI_Crust Index) before burning.
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Figure 12.1.3 Comparative analysis of spectral values for Bare Soil, Biocrust, and Grass using Normalized
Difference Vegetation Index (NDVI), Optimized Soil Adjusted Vegetation Index (OSAVI), Enhanced Vegetation
Index (EVI), and Crust Index (Cl_Crust Index) after burning.

0.90 -
0.5~
)
© 0.85-
£ 13
k7] >
2 w
OI
— o 04 -
O 0.80 :
°
0.75~
' 1 L 03 " ' 1 '
Bare soil Biocrust Grass Bare soil Biocrust Grass
Class_name Class_name
0.50 -
0.45-
0.6~
> Z
[a)] ® )
z O 0.40-
°
° s [ ]
. °
0.35-
' L 1 L ' '
Bare soil Biocrust Grass Bare soil Biocrust Grass
Class_name Class_name

Applying the range of spectral formulas, we determined that biocrust was clearly discernible from
other ground cover when there was no grass, shrub or tree cover concealing it from view. To
understand the extent of biocrust cover at the Fire-graze site, reference points were used to estimate
cover underneath the grasses as well as in open areas. Furthermore, the roadways were used as a
reference in the comparison of bare ground to open degraded ground. This illustrated a clear

distinction between bare soil and all other landcover (Fig. 12.1.2, 12.1.3).
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13 Large scale fire and grazing demonstration at VRRS

After burning and subsequent rainfall in the Fire-Graze area, both the vegetation indices and the
Crust Index exhibited discriminatory capabilities among the three land cover classes: grass, biocrust,
and bare soil (Fig. 13.0.1). Notably, the spectral response of grass was the most pronounced and
significantly differed from that of biocrust and bare soil (p<0.0001) across all vegetation indices and
the Crust Index. Conversely, bare soil consistently displayed the lowest spectral values across all
indices and demonstrated the capacity to be differentiated from biocrust (p<0.0001). trees and

shrubs?

Figure 13.0.1 Planet Scope satellite imagery of Fire-Graze site showing land cover attributes at 3 m resolution
in September 2022 during the dry season and before fire. The biocrust (dark blue) is clearly visible during the
dry season.

Key to land cover

[ Bare soil
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- . [ Grass
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Figure 13.0.2 Planet Scope satellite imagery of Fire-Graze site showing land cover attributes at 3 m resolution
in February 2023 during the dry season and after rain and June 2023 after the wet season. The biocrust (dark
blue) is still visible during the early wet season. By then end of the wet season, the biocrusts have become less
visible due to the grass canopy but still showing up as speckles underneath and in between grass plants.

Key to landcover
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Figure 13.0.3 Seasonal changes in land cover attributes showing the wet season increases in grasses covering
the biocrusts to the overhead view from the Planet-Scope images.
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Table 13.0.1 Dry season before fire for top 1 cm: Total Carbon (TC), Total Organic Carbon (TOC) and Total
Nitrogen (TN) across 2.6 km? Fire-Graze site (Aug 2022).

Landcover Total Ave TC TC Ave TN TN Ave TOC kg/area
type area - kg/ha kg/area kg/ha kg/area TOC

ha kg/ha
Bare soil 7.22 0.72 5.2 0.07 0.51 7.24 52.27
Biocrust 66.25 2.11 139.79 0.17 11.26 21.11 1398.54

With the bare ground there was a highly significant loss of key soil nutrients (carbon and nitrogen)
which represented an average loss of 1-5 cm biocrust and soil (Fig. 13.0.3). This resulted in a
reduction loss of around two thirds of TC and TOC, and 60% of the TN (Table 13.0.1). Biocrust +
grass included biocrust cover not visible under areas with grass cover averaged for these sites. The

presence of biocrust under grasses was verified at a site level.

146



B.PAS.0502 — Boosting natural regeneration of the nitrogen capital in grazing lands

Figure 13.0.4 Comparison of Total Carbon (TC), Total Nitrogen (TN) and Total Organic Carbon (TOC) for Fire-
graze sites before burning showing the significant differences between biocrust and bare degraded ground.
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Figure 13.0.5 Typical degraded area with upper centimetres of biocrust and soil removed.

Although the total area of bare and degraded ground was a fraction of the total area covered with
biocrusts, the area of these degraded regions increased over the course of the wet season (Table
13.01), which would have resulted in a net loss of nutrients. It was noted (with game camera
monitoring) that the cattle continued to camp and traverse in the same areas that had previously
been degraded. In addition, cattle tracking (collars) showed an increase in grazing of burnt areas
post fire once pastures started regrowing following rain. Based on the seasonal importance that the
biocrust plays in N-fixation and N-cycling (Section 7) we suggest the practice of wet season spelling
post-fire is essential to ensure biocrust recovery including the benefits biocrust provide with

increased nutrients, stabilisation and a niche for seed germination.
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14 Communications

14.1 Video production

for producer and advisor training “Biocrusts: the living skin of the rangelands” (Appendix 1). This
video is now a part of the rangelands management courses run by DITT (NT), Desert Channels QLD,
Southern Gulf Catchments QLD and Southern Queensland Landscapes. Education and training is
underway in Northern Territory (Appendix 2). Conferences included the Australian Rangelands
Society meetings in Longreach (https://www.youtube.com/watch?v=aW0O5nvSTlhs 2021) and

Broome (2023) and four international conferences. Furthermore, we have:

1. Engaged with the NT Department of Industry Tourism and Trade (DITT) to establish a
commercial size burn at VRRS that demonstrates the value of wet season spelling to
facilitate the recovery of degraded sites. We will use satellite imagery to track the recovery
of biocrusts (see Section 8).

2. Partnered with Territory Natural Resources and Management in the ‘Rain Ready Rangelands’
(RRR) in their demonstration of wet season recovery of degraded Mitchell grass plains,
Mulga Lands in the Barkly Tablelands, Mulga Park and Mt Denison (NT). Here we will
highlight the role of biocrusts in these processes (drone imagery and temporal sampling).

3. Set up a small-scale biocrust recovery demonstration at Wambiana Grazing Trial to illustrate
how biocrusts could be used to facilitate and speed up the recovery of heavily degraded
soils. This would serve as a pilot program to develop biocrust for rapid recovery of degraded
land, e.g., by distributing propagules via drone.

4. Presented project findings in person at relevant meetings, four on-farm days (QLD), two on-
farm days (NT), five soil health workshops (NT, QLD), and one Beefup shruburn day at VRRS
(NT). Several radio interviews have been given at various times, deepening communication
from our initial ‘raising awareness of biocrusts in industry’ to delivering detailed information
on biocrust in the context of grazing land management, with the assistance of MLA.

5. Articles (https://www.mla.com.au/news-and-events/industry-news/biocrusts-offer-natural-
solution/ and https://industry.nt.gov.au/publications/primary-industry-
publications/newsletters/regional-newsletters/rural-review/nt-rural-review-november-

2022/vrrs-beefup-and-field-day).
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(a) Summary of on-farm communications

Year Location Organisation Producers
2024 Lara Downs Southern Gulf Catchments 20
2024 Begonia QLD Southern QLD Landscapes 28
2024 Claravale Station QLD | Southern QLD Landscapes 16

Livestock Industries NT Rangelands | 30+

2023 Various management courses
2022 Grantham Station QLD | Southern QLD Landscapes 12
2022 Darwin, Katherine,

Alice Springs NT Territory NRM 30+
2022 Longreach QLD Landcare & local producer 15
2022 VRSS NT Beefup MLA 25+

(b) Trained post or graduate students (Honours, Masters, PhD)

Research Date
Name uQ School level commenced | Finish date | Completed Topic
Effects of rangeland management on soil and
Maria Vega SE PhD Jan-22 Dec-24 No biocrust microbiomes
Development of a framework for the inclusion of
biocrusts in rangeland management integrating
Than Myint Swe AGFS PhD Jan-23 Dec-26 No proximal and remote sensing
Nicole Parker AGFS Masters Jan-24 Nov-24 No Restoration
Using smart phone images for the rapid assessment
of ground cover of a grazed Australian savanna
Than Myint Swe AGFS Masters Feb-20 Jul-22 Yes under different fire regimes
Jaidyn Eastaughffe AGFS Honours Jan-22 Dec-22 Yes Bioavailability of nitrogen in biocrusts
Northern Australian rangeland pastures mediated
Henry Baskerville AGFS Honours Jan-22 Dec-22 Yes by biocrusts
Impact of fire on biocrust and seed germination of
native grasses in a northern Australian subtropical
Sara Waak AGFS Honours Jan-22 Dec-22 Yes savanna
Summer
Madailein Dooley AGFS project Dec-20 Jan-21 Yes Biocrust recovery from fire
Summer
Harry Cosgrove AGFS project Dec-20 Jan-21 Yes Biocrust recovery from fire
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15 Discussion and Conclusions

The project has raised awareness of the central role of biocrusts for ongoing pasture productivity, as
biocrusts were not on the radar. As stated by a producer: ‘when you first see them, you think it is all
sediment that dries up after the wet season and flakes up’. The industry has been receptive to the

‘good news story’ that biocrusts present and the knowledge generated by the project that has been

communicated.

The project findings can guide producers on how to accommodate biocrusts in their management
decisions. It would be interesting to hear from producers whether their most productive paddocks
have good biocrust cover, and what management has enabled this. Such information will be valuable
for future work that broadens the project from analysing long-term research stations to commercial
enterprises across a broader range of locations. We have identified suitable methodology, spanning
cutting-edge quantification of nitrogen fixing genes to satellite imaging. This range of methods has

provided a powerful and integrated approach to address the central question.

We find that biocrusts are prolific in tropical savannas that are carefully managed for vegetation
cover. The capacity of biocrusts to regenerate nitrogen and carbon contributes significantly to
replenishing and maintaining pastures. Importantly, the project presents evidence why wet season

spelling delivers for pastures with undisturbed biocrusts can maximise nitrogen inputs.

A confident estimate is that well-developed biocrusts - accessing sufficient moisture and protected
from erosion and trampling during peak nitrogen fixation in the wet season - can generate annually
5 kg nitrogen per hectare which equates to 500 kg N per square km. The conservative estimate

means that biocrusts provide sufficient nitrogen for 25-50 tonnes of pasture (1-2% N in dry matter)

per square km.
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16 Key Findings

To manage pastures for biocrusts, consideration should include:

Optimising stocking rates in line with climatic conditions and industry recommendations that
ensures sufficient ground cover to protect soil from erosion and fosters the presence and function of

biocrusts.

Optimised wet season spelling as informed by paddock condition and climate, i.e., more frequent,
or longer wet spelling in more degraded pastures. Future work should explore biocrust responses to
wet season spelling intervals and length and intensity of the wet season across biophysical

conditions to inform planning at the property level to ensure it is not overgrazed.

Ongoing work following the landscape level impacts of post fire grazing. The cattle tracking data at
the VRRS commercial size ‘Fire-graze trial’ suggests post fire grazing has contributed to a 20%

increase in degraded land where land condition declined from B to C during the 2023 wet season.

Future work must explore how often and how long pastures should be spelled in a wet season with
spelling frequency and length adjusted to landscape condition and soil type, extent of the wet
season, and prior disturbances such as fire, drought, and flooding. Such work should combine UAV

and satellite imagery with other information.

Optimised fire regimes at VRRS Climate should influence burning decisions, for example, four-yearly

early fire is recommended following successive good wet seasons.

17 Future Research and Recommendations

Modelling the commercial impact of degraded soils that includes the loss of biocrusts is an
important goal. The GRASP model indicates biocrusts have an important role in increasing pasture
quality. Modelling needs to be stepped up to CLEM so that additional climatic and seasonal effects
can be taken into account. There will be a further section added to this report to include current

progress with modelling at a property level. This research is still underway.
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Future work should consider expanding fire management options. The burning regimes investigated
here were comparatively hot dry season fires. Fire after first rains or during the wet season are
cooler which may be advantageous for biocrust formation and nitrogen fixation. Burning after first
rains was discussed at the 2023 Annual Rangelands Society conference (Broome) where a WA
producer found such burning regime benefitting his pasture although it was not reported if biocrusts

had a role in this.

Considering climate, soil and biocrust types (e.g. cyanobacteria or lichen dominated) because
biocrusts are more vulnerable in sandier soils than clay soils, and degraded sandy soils take longer to
recover biocrusts. Future work should explore other types of biocrust (e.g., lichen crusts in southern

regions that are highly vulnerable to damage by trampling (Belnap and Eldridge, 2001).

18 Benefits to industry

In summary, rangelands support an extensive grazing industry worth billions of dollars and
employing many Australians. To keep pastures healthy and ensure long-term productivity, nitrogen
must be replenished. Declining soil fertility is caused by net nitrogen removal which depletes soil

organic matter and carbon.

Increasingly, land degradation is exacerbated by natural disasters with frequent droughts, floods,
fires, and cyclones. This costs Australia’s grazing industry dearly as eroding landscapes have less
capacity to support pastures. It also costs society as dust storms from by unprotected soils impacts
citizens and infrastructure, and soil (sediment) loss deteriorates waterways and Great Barrier Reef.
The decline of soil as natural capital and production base makes Australia’s grazing industry

vulnerable to climate change and criticism from regulators and consumers.

Pasture management that considers nitrogen input from biocrusts will position the industry for
future markets that demand proof of sustainable practices (e.g., ESG certification). This should not
be difficult if producers make wise decision that consider biocrusts as agents for protecting and
regenerating soil nitrogen and carbon. The biocrusts studied here harbour cyanobacteria and
bacteria adapted to Australia’s hot and dry climates, which means nature provides what is needed.

Globally, beneficial soil bacteria, fungi and other soil organisms are increasingly put to work for
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sustainable production. The methodology and insights generated in this project will translate to

opportunities by fine-tuning decisions of grazing and fire management.

Producers are seeking better ways of managing their land which includes short duration high
intensity grazing practices, intensively grazing and trampling paddocks for short intervals before
returning them to rest. How biocrusts respond to such treatments has not been investigated.
Studying biocrusts and nitrogen flows in these systems can guide practices to maximise input and

retention of nitrogen.

Further to managing biocrust to boost soil fertility, they can be used to regenerate severely
degraded pastures that do not recover naturally from extreme events. After prolonged flooding in
recent years in north Queensland, pastures that had suffered long droughts remained unproductive

for a long time. Future work should explore the use of biocrusts for active restoration.

The project has advanced understanding and awareness of biocrust and identified several critical
drivers that promote biocrusts and nitrogen fixation. As expected, after four years of research,

guestions remain that next steps research, guided by industry needs, can address.
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20 Appendices

Appendix 1: Biocrusts — the living skin of rangelands soils
Video production for land manager and producer education

Communication with industry has been a focus of our project attending relevant conferences,
workshops and participating in field days, articles and an explanatory video; “Biocrusts - the living
skin of rangelands”, with producer case study developed for producer and advisor training. The
video is available on Future Beef Website and has been integrated into the rangelands
management course run by DITT (NT). Education and training is underway in Northern Territory (also

see Appendix 2).

In 2023, Dr Wendy Williams and PhD candidate Maria Vega travelled to Alice Springs (NT) to shoot a
video about biocrusts. The OGA film crew were employed by MLA to do the shoot and met us there.
We travelled to Mt Denison Station in the west where the Rain Ready Rangelands project (NT govt.)
had been established. We initiated interviews with the Terry and Robert Martin (Fig. x), owners of
Mt Denison, to describe how they saw biocrusts and why they were important. We also filmed at NT
Livestock Industries grazing property at Old Man Plains. A range of interviews were conducted, and
the resulting video provides a snapshot of how important biocrusts are in the rangelands and how
they influence productivity. The end products are two video versions (long and short), first released
for a preliminary viewing and feedback at the Australian Rangelands Conference (Broome, 2023) and
officially in March 2024 via FutureBeef (Fig. A1.1). Link to video:

https://futurebeef.com.au/biocrusts-the-living-skin-of-rangeland-soils/
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Figure Al1.1 (a) Mt Denison owners/managers Terry and Robert Martin, (b) Example of fire affected pastures
and healthy biocrusts with bare degraded ground remnant from previous drought at Mt Denison Station (NT).

(b)
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Appendix 2: Biocrust extension and education in the Northern Territory and
Queensland

Next Gen Rangeland Management Courses

The Next Generation Land Managers Project involves Rangeland Management Courses (RMC'’s) that
are presented by DITT staff and supported by the Northern Hub, with aims to provide further
education to station hands that may not have previous experience in the industry (Fig. A2.1(a). In
2023, the course was updated to include the topic of biocrusts, it has been presented at Northern
Territory stations spanning from the Barkly, to the NT/WA border of the Eastern Kimberley, and
participants include Cave Creek, Rocklands, Bullo River and Helen Springs. A combined total of
around 35 Station hands and managers have participated in the course thus far. The course involves
a series of PowerPoints in which the biocrust slides are presented and then discussed. A paddock
walk occurs at each station where participants are asked to look for biocrusts, where further
discussion is encouraged, and questions are asked. Lots of positive feedback has been provided and
several of the station staff have commented on the feedback form showing a keen interest in the

biocrust section and curiosity to know more.

Katherine Show 2023: Biocrust display

The Department of Industry, Tourism and Trade (NT) had an Agricultural Pavilion at the Katherine
Show (21t and 22" July) where a series of educational posters were displayed (Fig. A2.1(b). A
Biocrust poster was presented with Jaidyn Eastaughffe presenting the poster and answering several
guestions and generating discussion over the two days. The Livestock Industry team at Katherine
Research Station created a “Find the Answers” competition in which participants had to answer,
“How many kg of Nitrogen do biocrusts fix per hectare per year”. Many students, producers and

members of the general public participated.

Agriculture NT Facebook Post

Following the Soil Science Australia Conference where Jaidyn Eastaughffe presented ‘Fire impacts on
biocrusts in a grazed savannah’ a post was made to the AgricultureNT Facebook page. With over 840
members it is a forum used for other researchers, extension officers, producers and those interested

in agriculture across the Northern Territory (Fig. A2.1(c)).
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Figure A2.1 (a) Northern Territory Livestock Industries extension team at Anthony Lagoon, Eva
Downs Station NT trained to measure biocrust health as a part of the Rain Ready Rangelands
program. Left to right: Ben Wirth, Stacey Holzapfel, Mary Williams, Caroline Pettit, Jaidyn
Eastaughffe, Elle Fordyce (photo with permission Jaidyn Eastaughffe), (b) poster at Katherine Show,
(c) material used for education extension (d) information sheet for Southern Queensland Landscapes
and Department of Agriculture and Fisheries QLD.

(a)
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Agriculture

Department of Industry, Tourism and Trade

Biocrusts

)

The “living skin” of the earth

What are Biocrusts?

= Throughout the wet season you may have noticed a green, slimy
coating on the soil surface — this is known 3s biocrust or biological soil
crusts,

+  Biocrusts are a diverse community of microorganisms including
cyanobacleria, fungi, lichens, liverworls and mosses Lhat occupy the
top 1-2cm of the soil surface.

« Theyare a widespread phenaomenon, covering roughly 12% of the
terrestrial surface

= Throughout the dry season the biocrusts dry out and become inactive,

¥ Biocrusts in the dry
and re-activate and grow in the wet.

What do they do?

« Biocrusts intertwine with soil particles, stabilising the soil surface
helping to prevent erosion

« Theyenhance moisture retention.
« Increase ecological biodiversity.

+ Cyanobacteria, liverworts, algae, lichens and mosses within the
biocrust photosynthesis and fix carbon like plants do.

« They fix nitrogen! They have been found to fix Skg of nitrogen
per hectare per year, making atmospheric nitrogen available to
surrounding pastures.

+ During the dry season the nutrient rich biocrusts breakdown and S —
7 2 Changes in biocrust cover and diversity
incorporate additional nutrients into the soil, helping to improve sil over time in response o rain and speling
Fertility and productivity.

Fire, Grazing and Biocrusts

+ e are researching the impacts of fire and grazing management on
biocrusts in the VRD, Barkly and in central Australia.

« Like Australia's native vegetation, biocrusts have evolved with fire and
are therefore well adapted.

+ Fire can enhance biocrust cover and functionality by removing litter,
shrubs and trees that otherwise compete as ground cover.

+ Biocrusts benefit from wet season spelling whilst biocrusts are actively \7 " o 3 S
growing. Biocrusts intertwining with soil particles Biocrusts holding together the soil
surface on the edge of an eroded site

»

= Heavy grazing and trampling can have negative effects on biocrust
cover and compaosition and the associated benefits such as nitrogen
Fixation, €) Join the Agriculture Facebook Group @AgricultureNT
For more information, please contact:
Jaidyn Eastaughffe, Livestock Industries

Email: Jaidyn.Eastaughffe@nt.gov.au

For more information, go to industry.nt.gov.au
Department of Industry, Tourism and Trade INE(I?I'!ZIT‘IHO%%N THE
s Y GOVERNNENT TERRITORY

1: 08 8999 2006

(b)
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Biocrusts
WHAT ARE THEY?

WHAT DO THEY
DO?

Increase soil stability

Enhance moisture retention and regulate
water infiltration

Carbon fixation and sequestration

Fix and accumulate nitrogen —
incorporating N back into the soil as they
break down

Increase functional diversity and
ecological biodiversity of the soil

GROUND
COVER

+ Important to understand the difference
between bare ground and biocrust
cover — we want more biocrust!

» Susceptible to damage (high socking
rates)

» Great capacity to recover post fire

N—"
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WHAT ARE BIOCRUSTS?

U In the rangelands there is an important microbiome that occupies the soil surfaces

between grass plants.

O Biological soil crusts (biocruss) form a visible skin or dark ‘crust’ packed with

microorganisms thatinclude cyanobacteria, bacteria, fungi, lichens, liverworts and mosses,

O Biocrusts that grow in the top 1-2 cm of the soil surface.

O They are widespread, covering roughly 12% of the Earth’s ground surfaces.

U In the dry season the biocrusts dry out and become dormant and re-activate and grow in t
he wet season.

U Biocrusts are resilient to drought and fire.

O Biocrusts stabilise the soil surface and help toprevent erosion.

O They enhance moisture retention.

U Biocrusts improve pasture quality.

https://futurebeef.com.au/biocrusts-the-living-skin-of-rangeland-soils/

https:/futurebeef.com.au/resources/biocrust-project/

Contact: Wendy.Williams@uq.edu.au-
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(d)

WHAT DO BIOCRUSTS DO?

Many biocrust microbes photosynthesise like plants, sequestering carbon and fixing

atmospheric nitrogen.
Biocrusts can provide 5kg of nitrogen per hectare per year.
Heavy grazing and trampling can have negative effects on biocrusts.

Each rainy season nutrientrich biocrusts breakdown and regrow.

BIOCRUSTS AND THE NITROGEN CYCLE

Biocrusts release nutrients into the soil, improve soil fertility and productivity.
Biocrusts benefit from wet season spelling when they are actively growing.

Biocrusts are indicators of good soil health.

Cyanobacteria

THE NITROGEN CYCLE

Cyanobacteria bacteria
fungi

Decomposition

-
Plant available N

nitrates & nitrites

Artwork by W. Williams 2024
created with BioRender.com
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Abstract: Effective grazing management in Australia’s semi-arid rangelands requires monitoring
landscape conditions and identifying sustainable and productive practice through understanding the
interactions of environmental factors and management of soil health. Challenges include extreme
rainfall variability, intensifying drought, and inherently nutrient-poor soils. We investigated the
impacts of grazing strategies on landscape function—specifically soil health—as the foundation for
productive pastures, integrating the heterogenous nature of grass tussocks and the interspaces that
naturally exist in between them. At Wambiana—a long-term research site in north-eastern Australia—
we studied two soil types, two stocking rates (high, moderate), and resting land from grazing during
wet seasons (rotational spelling). Rotational spelling had the highest biocrust (living soil cover), in
interspaces and under grass tussocks. Biocrusts were dominated by cyanobacteria that binds soil
particles, reduces crosion, sequesters carbon, fixes nitrogen, and improves soil fertility. Rotational
spelling with a moderate stocking rate emerged as best practice at these sites, with adjustment of
stocking rates in line with rainfall and soil type recommended. In drought-prone environments,
monitoring the presence and integrity of biocrusts connects landscape function and soil health.
Biocrusts that protect and enrich the soil will support long-term ecosystem integrity and economic
profitability of cattle production in rangelands.

Keywords: landscape function; drylands; tropical rangelands; grazing; soil health; biocrusts; drought

1. Introduction

Beef cattle grazing is the dominant industry in Australia’s subtropical and tropical
savannas and grasslands that cover much of the continent. Vast grazing propertics of
10- to 100-thousand hectares require land managers to maintain pasture composition and
production [1]. Inherently nutrient-poor soils and highly variable rainfall mainly driven by
ENSO (El Nifo/La Nifia Southern Oscillation) cycles constrain the quantity and quality
of forage. Significant economic loss [2] and declines in ecosystem function [3] result from
a failure to managge for scasonal rainfall variability and landscape heterogeneity at large
spatial scales. Northern Australia’s rangelands, the focus of this study, have a distinct
dry season over mild winter months followed by a hot summer wet season (2-6 months)
when most pasture growth occurs. Resting the landscape (i.e., temporary cattle removal)
during the dry winter months when grasses are dormant is deemed ineffective, while

Agronomy 2022, 12, 62. https:/ /doi.org/10.3390/agronomy12010062
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resting during the summer growing season can improve composition and production of
perennial grasses [2]. However, the benefits of resting are modulated by stocking rates, as
resting combined with excessive stocking does not improve pasture [1,4], while conserva-
tive stocking rates with year—round grazing, or some wet season resting, facilitated recovery
and productive pastures [4]. These findings demand refinement; Australia is the hottest
and driest continent and profoundly impacted by climate change, it is therefore a matter
of urgency to identify sustainable practices [5]. Much of the continent has experienced
rainfall declines accompanied by more frequent and intensive droughts and rising temper-
atures [6]. Managing sustainability and profitably is a challenge for northern Australian
beef producers, as cattle carrying capacity and pasture productivity is heavily influenced
by month-to-month and year-to-year rainfall variability [7]. The principles of good grazing
management require sound methods of landscape monitoring and understanding how
land management and ecosystems interact. Our focus is soil health as a critical factor for
grazing extensive rangelands. Soil and biological nitrogen fixation provide the essential
nutrient elements for plant growth and productivity. In environments where nutrient
cycling is limited by soil moisture, most nutrients occur within the upper few centimeters
of the soil [8]. While most nutrients become available via decomposition of organic matter
and soil weathering, nitrogen input occurs via bacterial (biological) fixation of atmospheric
nitrogen, so that nitrogen removed through grazing and export of the herd can be replen-
ished. Nitrogen as a renewable source is important. It is the essential building block of
proteins, and accounts for over 60% of the essential nutrients. Additionally, low nitrogen
often limits pasture productivity, particularly in high rainfall years [9,10]. Insufficient
nitrogen availability limits both productivity and pasture quality, and low forage quality is
a major constraint to cattle production that leads to poor weight gains—or even weight
loss—in northern Australian rangelands [11]. Landscape function analysis (LFA) [12] is
a widely used monitoring tool for quantifying soil health, soil fertility and effects of land
management in context of the spatial organization of the landscape. A range of parameters
link to the flow of resources across a patchy landscape, facilitate the quantification of
landscape heterogeneity, and define resilience to disturbance. Here, we applied LFA’s
soil function indices to understand the role of microorganism communities that cover
the soil surface, so-called biocrusts (also termed biological, microbiotic or cryptogamic
crusts). By quantifying the presence of biocrusts with different grazing management, we
examined their contribution to the nutrient content of grazed rangelands. Biocrusts form
at the critical zone between the soil and atmosphere, and are a key component of soil
function [13], including nutrient cycling, water infiltration, and soil stability [14]. In north-
ern Australia’s rangelands, biocrusts grow between perennial grasses and contain diverse
bacterial communities and non-vascular plants such as liverworts [15]. These biocrusts
are dominated by photosynthesizing cyanobacteria that exude sticky polysaccharides to
bind soil particles and protect from erosion. Cyanobacteria and other diazotrophic bacteria
improve soil fertility with nitrogen fixation generating bioavailable nitrogen for pasture
plants [16,17]. We investigated the drivers of soil function that influence the key principles
for grazing management in northern Australia [18] including: (1) manage stocking rates
to meet goals for livestock production and land condition, (2) periodically rest pastures
to maintain a good condition, and (3) restore pastures from poor condition to increase
productivity. It follows that cattle stocking rates influence soil condition through the re-
moval of the understory vegetation with grazing and the trampling of the soil’s surface.
Our study used a long-term research site that has tested cattle stocking strategies over
24 years [1] and that is representative of typical cattle properties in the region, albeit ata
smaller scale. The objectives of this study were to examine the long-term impacts of heavy
and moderate grazing pressure (stocking) and a combination of moderate stocking with
wet season resting (rotational spelling) on several response variables of ecosystem function
in two contrasting soil types. There is evidence that biocrusts growing in interspaces (open
areas) between grass patches perform vital ecosystem functions. A previous study showed
that interspaces with nitrogen-fixing biocrust communities had similar nutrient cycling as
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the soil under grasses [8]. We therefore hypothesized that biocrust-covered interspaces are
important drivers of the soil-plant continuum, providing soil stability, water infiltration,
and plant-available nutrients. We expect the preferential use of interspaces by cattle as easy
passageway to access pasture to be impacted by stocking density, exacerbated by rainfall
deficiencies and drought [19]. We also evaluated whether periodic wet season resting from
cattle provides the opportunity for biocrust recovery.

2. Materials and Methods
2.1. Site Background

The grazing trial is located on Wambiana, a working cattle station near Charters
Towers, Queensland, Australia (wambianastation.com.au (accessed on 3 November 2021)).
Average annual rainfall in the region is 630 mm ranging from 200 to 1400 mm with most
(70%) rainfall received in the warmer summer months. The vegetation is a relatively open
Eucalypt-Acacia woodland underlain by native tropical C4 tussock grasses. The native
shrub Carissa ovata is also widespread on some soil types. Stocking strategies are set in
response to rainfall and pasture availability. The trial is testing five stocking strategies
replicated twice (see [20] for more detail). Paddocks are approximately 100 hectares in size
and contain three main soil types (Figure 1). We studied the two main soil types: duplex
soils associated with Eucalyptus brownii (Reid River Box) and red-yellow earths associated
with E. melanophloin (Mugga Ironbark) [21]. The three main management strategies inves-
tigated here were: (1) moderate stocking (MSR) at the recommended 8 to 10 hectares per
Adult Equivalent (8 ha/AE, 1 AE = 450 kg), (2) heavy stocking (HSR) at 4 to 5 ha/AE
and, (3) moderate stocking with rotational wet season resting (R/Spell) (Figure 2). In ad-
dition, we sampled exclosures (XCL) that were small, fenced areas within the paddocks
(~25 x 25 m and 5 ha in R/Spell), protected from grazing. In drought years, stock numbers
in the HSR were reduced and fed supplements to ensure animal welfare (Figure 2).

0 s 1 >

Wambiana Grazing Trial ———

Treatment Abbreviations

RiSpell: Rotational spelling

MSR:  Moderate stocking rate
HSR:  Heavy Stacking rate

Flex:  Flexible stocking

Flex+S: Flexible stocking + spelling
Ex. Exclosure

Legend
- - - Subdivision fence
®  Trough
— | Paddock Boundaries.
Box Landtype
Il 5rigaiow Landtype
Ironbark Landtype
P Paddock number

Figure 1. Wambiana Paddock plan of the landscape types and stocking strategies: heavy stocking
(HSR), moderate stocking (MSR), and rotational spelling (R/Spell).
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Figure 2. Stocking rates expressed as adult equivalents (AE) per 100 ha for rotational/spell (R/Spell),
heavy stocking (HSR) and moderate stocking (MSR) against rainfall records at the Wambiana.

2.2. Field Methods

The paddocks consisted of two main soil types and were treated at two levels. Firstly,
the whole paddock was treated as a management unit as there was a gradient of soils
throughout. This reflects typical grazing properties that comprise large paddocks (hundreds
to thousands of hectares) with changing soil types across them. Secondly, ecosystem
responses across the paddock were measured within the soil types at the soil cover-biocrust
level. Each long-term grazing trial paddock has several permanent one-hectare monitoring
sites consisting of five 100-m transects set 20 m apart. Sites are stratified by soil type
(Figure 1). Sampling was conducted in November 2020, following a season of well below
average rainfall (384 mm) and a succession of five drought years, with 2014/15 the fourth
driest year on record. We used the two replicate paddocks for each of the three treatments.
On each of the two soil types we selected one monitoring site. Here, we selected two
transects (50 m apart), then laid out a 30 m tape in the same direction as the 100 m transect.
Alongside these 30 m lines, a 1 m? quadrat was placed at 6 m intervals (Figure 3). There
were two soil types of duplex soils (DC), and red-yellow earths (RY). Two paddocks were
selected for each treatment (HSR, MSR, R/Spell, and XCL), two transects per paddock
and, six quadrats per transect. Exclosure (XCL) treatments were fenced areas within
these paddocks with no access for stock. In total, 24 quadrats per treatment per soil type
were assessed.

2.2.1. Landscape Function

Landscape function analysis (LFA) [12] has been developed to establish soil surface
indicators for measuring and analyzing the nature and severity of problems in a dysfunc-
tional or degraded ecosystem [3,22]. The conceptual framework is based on the spatial
organization of clumps of grasses and shrubs that capture, accumulate, and retain re-
sources (called patches). The interspaces (or inter-patches) are the open areas between
the grass patches and can be natural ‘hotspots” for biocrusts due to less competition for
light, moisture, and litter. In this study, we focused on the role of these biocrust hotspots in
determining the three LFA indices: stability, infiltration, and nutrient cycling. These three
indices are assessed by 11 soil surface indicators (Figure 4) that are individually scored
and provide the percentage level of each index. The indices are a relative measure and
are independent of each other. In this study, we assumed the exclosures with no cattle
grazing would be a benchmark for the best condition. The higher the index the better
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the condition. The LFA complete soil surface assessment (SSA) data spreadsheet and
detailed methodology is located in the LFA manual [23] and SSA details provided in the
Supplementary Material (Figure S1). Our aim was to compare the different management
strategies for each of the three indices that were representative of ecosystem function with
a focus on the interspaces. For each quadrat, the LFA attributes were recorded and ranked
(Figure S1). Later, they were separated into their dominant category: patches or interspaces.
Only the interspaces were used in the data analysis and separately analyzed as either
biocrust dominant (cover > 10% based on LFA category assessments) or bare soil dominant
(where biocrust cover < 10%). For each treatment and soil type there were at least five
quadrat replicates used in the analysis. Quadrats that matched the criteria were analyzed
on separate soil surface assessment (SSA) worksheets in the LFA program.

(d)

Figure 3. Box woodland transect on duplex soils (DC) with (a) heavy stocking (HSR) and (b) exclosure
(XCL) no stock; Ironbark woodland on red-yellow earths (RY) with (c) HSR and (d) XCL.
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Figure 4. LFA indices (stability, infiltration, and nutrient cycling) and the contribution of the measured
attributes to each.

2.2.2. Ground Cover

Ground cover was measured in each 1 m? quadrat (Figure 5) in two ways. Firstly the
overall grass cover was recorded; C. ovata patches were identified separately. This was
followed by estimating the ground-level cover for each component as a total percentage of
the cover categories within each quadrat. These categories comprised biocrust, bare soil,
basal area of grass plants, and litter cover and equaled 100%.

2.3. Biocrust Structure
Scanning Electron Microscope (SEM) Imaging

Representative biocrusts for imaging were selected from samples collected on 11-13
November 2020. The images were processed at the University of Queensland’s Centre
for Microscopy and Microanalysis. Double-sided carbon stickers were attached to round
aluminum specimen stubs. Silver conducting paint was added to the stickers for enhanced
stability of biocrust samples. Sections were made to appropriate sizes to fit on to stubs
and placed using tweezers. After samples were prepared on stubs, they were coated with
platinum, using the Safematic CCU-010 Compact Coating Unit. Ensuring the appropriate
settings were in use, the chamber was pressurized before samples were coated for 10 s.
Following platinum coating, samples were positioned on the viewing stage of the Hi-
tachi TM4000Plus II Tabletop Scanning Electron Microscope® (Hitachi High-Technologies
Corporation Tokyo, Japan). Three samples were added to the stage at one time, and
individually imaged.

2.4. Statistical Analysis

We examined the differences in biocrusts, bare soil, basal grass area, and litter cover
across all treatments using ANOVAs (Minitab V20, [24]) and applied Tukey’s method to
identify significant differences between treatments. To establish the three LFA indices
for all quadrats, we processed the attributes in the LFA spreadsheet , available online
accompanying the manual [22] and detailed in Section 2.2.1. Once the indices had been
calculated, we examined the differences in a General Linear Model with fixed factors to look
at the effect on the three stocking levels for each variable. We then used Tukey’s pairwise
comparison tests to determine where significant differences occurred between treatments.
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(c) (d)

Figure 5. Examples of 1 m? quadrats across different soils and contrasting treatments. (a) DC soil,
HSR treatment; (b) DC soil, MSR treatment; (c) RY soil, HSR treatment; (d) RY soil, MSR treatment.

3. Results
3.1. Biocrust Hotspots in Duplex Soils

The biocrust cover was significantly higher in the exclosures (XCL), and the rotational
spelled paddocks (R/Spell) compared to the heavily (HSR) and moderately (MSR) stocked
paddocks (p < 0.001). Biocrust cover across the XCL and R/Spell averaged ~34%, about
double that of both MSR (18.7%) and HSR (14.6%) (Figure 6).
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Figure 6. Duplex soils with comparisons of mean values £ SD for grass and shrub (Carissa sp.) and
ground cover: biocrusts, bare soil (no visible biocrust), and litter cover at different stocking levels:
high stocking rates (HSR), moderate stocking rates (MSR), rotational spelling at moderate stocking
rates (R/Spell) and, no stock, exclosures (XCL).

In-paddock observations, followed by SEM, demonstrated well-developed and cyanobac-
terial dominated biocrusts in the XCL's and R /Spell treatments compared to HSR treatments
that were almost completely devoid of biocrust (Figure 7). Bare ground cover was sig-
nificantly lower in the exclosures (9.6%) compared with HSR (p = 0.03, 21.3%) but were
similar between XCL, MSR, and R/Spell (9.6-16.9%). There were no significant differences
between treatments for grass/shrub or litter cover (Figure 6).

3.2. Biocrusts in Red-Yellow Earths

The red-yellow earths (RY) did not significantly differ in their biocrust cover across
grazing treatments; however, the bare ground in the heavily grazed paddocks was up to
2.5 times higher than the XCL, R/Spell and MSR (p < 0.001). Overall, the various treatments
were significantly different from each other where the bare ground cover (mean % + SD)
in the XCL was the lowest (14.8 4= 11.75) and R/Spell (29.9 + 20.7) compared to the HSR
(79 & 11.5) and MSR (51.4 + 30.9), (Figure 8). Observations in the paddock showed that
the biocrusts on the RY soils were often thin and fragile and easily broken. We followed
up with SEM that confirmed cyanobacterial dominated biocrusts in the XCL, and HSR
were almost devoid of biocrust (Figure 9). Grass and litter cover were both significantly
different across the grazing treatments (p < 0.001). Although grass cover (mean % = SD) in
the XCL was by far the highest (32.4 & 34.3), this was also highly variable. However, HSR
and MSR were similar (1.6 & 5.1% and 1.6 == 2.4% respectively) while R/Spell grass cover
was 9.9 £ 12.3%, highly variable and statistically similar to HISR and MSR. Litter cover
ranged from 57.7% (XCL) to 12.7% (HSR), with a significant difference between the XCL
and R/Spell (p < 0.001); however, these were significantly different from MSR and HSR
(Figure 8).
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Figure 7. Duplex soils, photos and SEM images: (a) Biocrust in good condition (XCL) with cyanobac-
teria, lichens, liverworts, and mosses; (b) darkened patches represent poor quality cyanobacterial
biocrust; (¢) R/Spell cyanobacterial filaments with fine soil particles SEM, 120 % mag; (d) HSR biocrust
in poor condition, cyanobacterial filaments with soil, 150 mag.
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Figure 8. Red-yellow earths with comparisons of mean values + SD for grass cover and ground
cover: biocrusts, bare soil (no visible biocrust), litter, at different stocking levels: high stocking rates
(HSR), moderate stocking rates (MSR), rotational spelling at moderate stocking rates (R/Spell) and,
no stock, exclosures (XCL).
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(d)

Figure 9. Red-yellow earths, photo and scanning electron microscope (SEM) images: (a) Red coloured
biocrust in good condition (XCL) dominated by cyanobacteria; (b) degraded cyanobacterial biocrust
seen with faint discolouration on surface; (c) R/Spell cyanobacterial filaments with soil particles SEM,
120 x mag; (d) HSR biocrust in poor condition, cyanobacterial filaments with soil, 120 mag.

3.3. Landscape Function across Interspaces

Across the interspaces, all LFA indices were negatively affected by HSR management
strategies, which had the lowest percentage indices for stability, infiltration, and nutrient
cycling (Figure 10). However, there were varied differences between the LFA indices across
all treatments, particularly in the RY soil types (Figures 8 and 11), especially in HSR that
was dominated by >80% bare soil, and very low levels of biocrusts (Figure 8). Although
the rotational spelling (R/Spell) had the highest average levels of landscape function of all
the grazed treatments, due to the high variance, especially in the RY soil type, there were
no significant differences, and it was not included in the overall analysis (Table 1).

33.1. Stability

The duplex soils (DC) and red-yellow earths (RY) that dominated the Box and Ironbark
woodlands differed in their structure [21], and the stability of the interspaces was signifi-
cantly different (p = 0.04) (Figure S1). In the DC soils, the exclosures (XCL) had significantly
higher stability compared to the HSR paddocks (p = 0.003), and although not significant,
XCL was somewhat different to MSR (p = 0.06). RY soil stability indices (mean %) had the
widest ranges between 53.8% (RY, HSR) and 68.5% (XCL) (Table 1, Figure 10).
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Figure 10. Overall results for LFA indices for heavy (HSR), moderate (MSR), rotational spelling
(R/Spell) and exclosure (XCL) stock treatments at the paddock scale. Significant differences marked
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Figure 11. At a paddock scale there was high variability with no significant differences (NS) found
between soil types for LFA indices for heavy (HSR), moderate (MSR), and exclosure (XCL) treatments.
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Table 1. LFA Indices across all treatments (mean % =+ SE) DC—Duplex soil; RY—red-yellow soil;
HSR—heavy stocking rate; MSR—moderate stocking rate; R /Spell—rotational spelling (paddock
resting during wet season); MSR—muoderate stocking rate; XCL—exclosure.

Variable Soil HSR MSR R/SPELL XCL

DC 65.0+339  651+164 6514121 669 +1.24
Stability

RY 538+£388  59.8+194 6211366 6854224

e DC 31.6+£076  348+099  368+082 3714117

Infiltration 5y 2824193  323-+425  383+380  40.6+149

DC 318+18 3394338  356+097 355+ 186
Nutrients

RY 1944094  275+411  338+467 367155

3.3.2. Infiltration

DC and RY soils did not significantly differ in their infiltration indices (p = 0.89)
(Figure 11), however XCL had significantly higher infiltration compared to HSR (p < 0.001),
and MSR (p = 0.009) (Figure 10). RY infiltration indices (mean %) also showed the widest
range between 28.2% for the HSR and 40.6% for the XCL (Table 1).

3.3.3. Nutrient Cycling

At the paddock scale nutrient cycling across the interspaces was significantly different
(p = 0.05) however there were no significant differences between the DC and RY soil types
(Figure 11). The XCL had significantly higher nutrient cycling levels than both the HSR
paddocks (p < 0.001), and for the MSR paddocks (p = 0.03) over both soil types. Yet, due
to the high variability in DC soils (Table 1), HSR and MSR were not significantly different
(p=0.13). High litter levels in DC likely contributed to this (Figure 6). Nutrient cycling
indices in the RY soils also widely differed (mean %) from 19.4% (HSR) to 36.7% (XCL)
(Table 1).

4. Discussion
4.1. Sustaining Landscape Function during Drought

The understory of northern Australian savannas and grasslands is dominated by
perennial tussock grasses providing pasture and protecting the soil surface from erosion.
Loss of these grasses due to drought or excessive grazing pressure by cattle results in a
loss of pasture condition, and an increase in bare ground, soil loss, and unpalatable weed
invasion [1]. In landscapes that are intact and managed sustainably, the soil surface of
the interspaces between grass tussocks is covered with biocrusts, which protect soil from
erosion, ensure water infiltration, and add organic carbon and nitrogen to the soil [25,26].
Our landscape function and soil health study occurred after five years of drought at a long-
term grazing trial (Figure 2 [1]). Irrespective of the grazing strategy applied, landscape
function was compromised, compared to ungrazed exclosures, likely due to the prolonged
deficiency from well below-average rainfall. Despite this, we found strong evidence
that rotational spelling during the wet season, combined with a moderate stocking rate,
improved both biocrust and pasture cover. Resting paddocks from livestock grazing in the
wet season to allow pasture plant recruitment and growth is recommended as an important
management strategy. Leaving pasture areas to rest can deliver rapid improvements,
provided stocking rates had not been excessive [1]. Prior to the point when drought starts
to affect the landscape, understanding the role of the interspaces between grass tussocks
is critically important [19]. We showed that, by examining landscape function during a
drought year, following five years of below-average rainfall, these interspaces significantly
contributed to the three key areas of maintaining a functional landscape: nutrient cycling,
infiltration, and stability.
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4.2. Biocrusts Protect the Soil during Drought

Biocrust cover across the interspaces on both soil types provided protection and
contributed to soil nutrient cycling. Biocrust cover in the wet season spelled paddocks was
almost as extensive as cattle exclosures on duplex soils. Furthermore, the biocrust cover
was about twice that of the moderately stocked paddocks and more than double that of
the heavily stocked paddocks. Significantly, neither of these latter strategies had any form
of spelling. The biocrust cover was highly visible across the paddocks. The grasses had
almost disappeared, leaving large tracts of bare ground with large patches of non-desirable
and prickly unpalatable C. ovata shrub dominating the understory (Figure 3a). As cattle
avoid C. ovata patches and preferentially used interspaces there is a consequential increase
in grazing pressure in the interspaces between the C. ovata [4]. We predict that, should
the drought conditions continue, increased grazing pressure on the remaining perennial
grasses and trampling will lead to a more rapid decline in land condition. Once a threshold
of biocrust removal is reached, the cover loss becomes exponential, and the topsoil is
vulnerable to erosion [27]. In sandy and loam soils of the Australian Mallee regions,
mechanically disturbed biocrusts had soil losses increase 1.6 times. Post-disturbance, the
soil loss was 6.7 times the erosion target [27]. Removal of the biocrust increased the risk
of erosion from less than five percent to greater than twenty percent [27]. We found a
similar occurrence in the red-yellow earths (sandy loams), where the loss of biocrust in
all the stocked paddocks has resulted in a significant loss of landscape function across
all three soil health indices. Although the exclosure had on average >20% biocrust cover,
sandy loams require >31% cover to protect them and maintain soil transport below erosion
limits of 5 g m?2 [27]. It should be noted that the grass cover in the exclosure and rotational
spelled red-yellow soil averaged 10%, thus in combination with the biocrusts, it would
provide adequate protection from soil loss. In red-yellow soils with rotational spelling, the
biocrust cover was around the 20% threshold, although the impact of the drought meant
that treatment differences were non-significant. At Wambiana, unprotected soil would be
washed away by the overland flow of water from heavy rains, and following the loss of
biocrust cover [28]. The most pronounced degradation was observed in the heavy stocking
rate with over 80% bare ground with little to no protection from biocrusts, which only
covered 10%, and were poorly developed (Figures 5, 7 and 9). On the more stable duplex
clay-richer soils, in the exclosure and rotational spelled sites, the biocrust cover was well
over the threshold (~34%). By comparison, moderate and heavy stocking rates without
spelling had less than 15% cover and consequently were highly vulnerable to soil loss. Due
to natural aggregation promoting biocrust cover, the duplex (clay richer) soils are inherently
more stable than the red-yellow (sandy loam) soils. In contrast, sandier soils are dependent
on the biocrust for their stability [23]. The stability between soil types and treatments is a
critical factor for water infiltration and nutrient cycling. When the landscape loses stability,
soil loss is inevitable, compounding the factors influencing infiltration (surface cover and
cohesion) and nutrient loss increase. While landscape function is a continuum along a
gradient of gains or losses, after a certain point, the losses occur exponentially [9,25].

4.3. Biocrust Hotspots—The Engine Room of the Landscape

In these landscapes, biocrust cover occupying the interspaces provides an important
source of nutrients, and when degraded or removed, results in the loss of the three func-
tional roles it provides. In northern Australia, biocrusts are a considerable component
of the rangelands that contribute significantly to the carbon and nitrogen content of the
soils [13,26]. At the study site, wet season resting from grazing boosted biocrust hotspots
in the interspaces across the duplex soils. This proved advantageous in also increasing
nutrient cycling in rotational spelled paddocks to similar levels as the exclosures. LFA sug-
gests the interspaces were biocrust hotspots that influenced nutrient cycling and infiltration.
On a small scale, spatial heterogeneity of biocrusts may not appear to influence nutrient
cycles [29] however as demonstrated in XLCs and R/Spell, (DC) had more biocrust and
better functional indices. In the DC soils nutrient cycling was significantly higher in the
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XCLs (~35%) compared to HSR (about 4% difference, Table 1), similarly for R/Spell, with
higher variability. In contrast, for the HSR in the RY soils the nutrient cycling index was
considerably lower in the DC soils at around 19% and almost half that of XCL and R/Spell
(34-37%), and still significantly lower than MSR (27%) (Table 1). Landscape function rep-
resents a sequence of processes operating to support and maintain the biogeochemical
engine room of the landscape [9]. It is important to fully understand the components of the
landscape that contribute to these processes. As a consequence of the natural gradation
between soil types across the landscape there were no significant differences between land-
scape function indices (Figure 11). Yet, there were significant differences between stability,
infiltration, and nutrient cycling due to the other variables assessed. We have focused on
the role of the biocrusts in the interspaces between the plants. This is underpinned by
the primary role of cyanobacteria (Figures 7 and 9) that dominate these biocrusts to act
as ecosystem engineers [27]. Cyanobacterial soil crusts are known to modulate the land-
scape, redistribute water resources, create habitats that allow for the introduction of other
species, and increase biodiversity [28]. Other studies have shown the net positive effect of
biocrusts on infiltration [29]. Cyanobacteria also contribute significant amounts of carbon
and nitrogen to the soil [13,26,30], and are thus instrumental in building soil nutrients [31].
Through the cyanobacterial extra-cellular-polymeric matrix (ECM) that binds cyanobacteria
together, biocrusts are integrated into the soil surface particles [32], with the ECM stickiness
also trapping dust particles (Figures 7 and 9). Cyanobacteria and its ECM influence the
physicochemical and hydrological properties of the soil [29,33] and in northern Australia
they play an important role in regulating its seasonal productivity [16,30].

4.4. Managing and Monitoring the Interspaces

The interspaces are the areas first impacted by drought where excessive trampling
can occur as cattle seek out grasses. As the interspaces increase in size and lose biocrust
cover, exposure to the elements (particularly from the overland flow of water) will result in
soil loss. In this study, there was a strong link between these interspaces and the presence
of biocrusts that influenced all three landscape function indices, nutrient cycling, stability,
and infiltration. In these landscapes, biocrusts can provide resilience to the impacts of
drought, but heavy stocking severely limits the contribution of biocrusts across all land
types. Drought and grazing are known to reduce biocrust presence and diversity [19]. It
follows that understanding the role of the interspaces and the common and widespread
occurrence of biocrusts that landscape function can also be determined by monitoring the
presence/absence and extent of biocrusts in these interspaces. During drought, the risks of
landscape function declining by overstocking escalate. Resting during part or all of a wet
season provides a period with limited soil surface disturbances when biocrusts are at the
height of productivity [30], allowing them to rapidly recolonize the soil surfaces. In the
interstitial spaces, biocrusts will in turn provide a nutrient-rich micro-climate conducive to
native grass establishment and often inhibitive to weeds [31]. Monitoring interspaces can
therefore be a key tool for understanding the level of landscape health or decline early in
the drought cycle.

5. Concluding Remarks

Management at the paddock scale needs to incorporate ecosystem services provided
by perennial plants, biocrusts, and leaf litter to better understand the influence they have
on productive pastures, soil stability, infiltration, and nutrient cycling. Our results sup-
port the recommended practice of wet season (rotational) spelling in Northern Australia.
Maintaining and monitoring biocrusts that occur in the interspaces can be an important
management strategy combined with understanding the carrying capacity of paddocks.
Other data from the present trial shows, that while pasture condition has declined the most
in the HSR, it has also declined significantly in the other more ‘sustainable” treatments,
most likely due to the effects of drought (pers. comm. P. O’Reagain). Is the inevitable
result of grazing a decline in land condition? We do not necessarily think this is the case;
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however, continuing to monitor the extent of recovery post-drought would be beneficial.
As demonstrated with the DC soils, under good management, grazing can achieve similar
outcomes to exclosures. Furthermore, recent research has highlighted the benefits of using
biocrusts and cyanobacteria to facilitate landscape recovery post-disturbance [32-35]. Fu-
ture studies could incorporate the application of biocrust inoculum to degraded areas to
promote functional recovery.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /
10.3390/agronomy12010062/s1, Figure S1: LFA Manual.
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Appendix 4: Effects of grazing and fire management on rangeland soil and
biocrust microbiomes.
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ARTICLE INFO ABSTRACT

: Biocrusts play important roles in range]and ecosystems by protectmg soil surfaces and fixing carbon and ni-
Drylands trogen. Their resp tor practices, -, are poorly understood. Here, we char-
Grazing acterised the impacts of cattle grazing and fire management (controlled 2- or 4-yearly burning versus no fire) on

w i the diversity and composition of biocrust and associated soil bacterial communities (0-1 cm depth) in a long-
8 term (30-60 years) field experiment in the Northern Territory, Australia. Both experiments were replicated on
Biocrusts two soil types (vertosol, calcarosol). For the grazing m:penment we also characterised samples from 0 to 10 cm
Microbiome depth. Significant effects of grazmg on bacterial y position were only di d in the vertosol,
where it was generally iated with enrich of cy ial taxa in the 0-1 cm samples, and more
varied responses in 0-10 cm samples. In contrast, despite some minor reductions in the relative abundances of
Bacillus lati in more ly burned sites (late season 2-yearly burning), we did not observe any
significant impacts of fire management on the overall composition of bactenal communities. Our findings
indicate that the presence of livestock in land the prop ion of cyanob ia
within biocrust and associated soil microbiomes, and that these communities, at least from a taxonomic

perspective, are not strongly impacted by fire management.
1. Introduction including: 1) g g ity, which is being adapted in response to

Australia is the world’s driest inhabited continent with approxi-
mately 70% of land area considered arid or semi-arid (DCCEEW, 2022;
Peel et al., 2007). These regions are predominantly used as rangelands
for extensive cattle grazing (ABARES, 2022). Due to the vast managed
land areas involved (200,000 ha and larger), it is not feasible to use
mineral fertilisers to maintain soil fertility and compensate for nutrient
losses. Hence, the fertility of rangeland soils is largely dependant on the
activities of soil microorganisms that mobilise nutrients from soil,
replenish nitrogen (N) via N fixation, and produce extracellular matrices
that stabilise soil structure and thereby reduce erosion (Biidel et al.,
2016; Eldridge et al., 2020a). Within rangelands, many of these organ-
isms are associated with biologically diverse biocrusts, which grow on,
and in, the upper soil and cover surfaces between tussock grasslands and
stands of herbaceous and woody vegetation (Belnap and Lange, 2001;
Williams et al., 2014).

Previous studies indicate that the coverage, biomass, and composx-
tion of biocrusts is infl d by Jand st

* Corresponding authors,

increases in the frequency and severity of drought and flooding in some
Australian rangelands (O’Reagain and Scanlan, 2013; Bastin etal., 1993;
Smith et al., 2007); and 2) fire, which is used to control woody vege-
tation and promote pasture growth (Cowley et al., 2014), For example,
excessive trampling has been shown to reduce biocrust coverage (Wil-
liams et al., 2022; Williams et al., 2008) and biomass by up to 80%
(Belnap and Eldridge, 2001). Furthermore, depending on its frequency
and intensity, fire can shift biocrust community composition in favor of
algae or cyanobacteria (Eldridge and Bradstock, 1994), result in bare
soil (Aanderud et al., 2019), halve biocrust cover (Palmer et al,, 2020),
or increase biocrust cover (O’Bryan et al., 2009). Hence, rangeland
management is likely to influence the microbial communities that help
to protect soil surfaces and compensate for the impacts of grazing and
nutrient loss. Most of these studies, however, were based on visual ob-
servations and/or a microscope — methods known to be ineffective for
detecting the vast majority of microorganisms, but which can be char-
acterised using modern DNA sequencing-based approaches (Chilton
et al., 2018; Maier et al., 2018; Miralles et al., 2020a; Miralles et al.,
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2020b; Moreira-Grez et al.,, 2019; Pombubpa et al,, 2020). Conse-
quently, there is an opportunity to identify the bacterial taxa present in
biocrusts and soil, and evaluate their responses to environmental
factors.

In this study, we compared the impacts of grazing (sites with or
without cattle) and fire management (sites with controlled 2- or 4-yearly
buming versus those with no fire) on the diversity and composition of
biocrust and associated soil bacterial communities. Qur research was
performed at a long-term rangeland fire experiment in the Northern
Territory, Australia. Prior to sampling, the grazing and fire treatments
had been continuously applied for approximately 60 and 30 years,
respectively. Both experiments were replicated on two soil types (ver-
tosol, calcarosol). For the grazing experiment, we also considered two
soil depths (0-1 and 0-10 cm). Bacterial communities were charac-
terised using high-throughput 16S rRNA gene amplicon sequencing, and
we tested the hypotheses that biocrust bacterial communities differ
between: 1) soil types, 2) grazed and non-grazed sites, and that these
effects vary between depths, 3) fire treatments, with larger effects
anticipated in plots with more frequent fires.

2. Materials and methods
2.1. Site descriptions

Field sampling was performed at two adjacent sites at the Victoria
River Research Station (Kidman Springs, Northern Territory, Australia)
(16°07'04.2" S, 130°57'28.7" E), located on two distinct soil types, a
vertosol and a calcarosol. The vertosol had a clay texture (40% sand:
11% silt: 49% clay), while that of the calcarosol was sandy clay (53%
sand: 11% silt: 36% clay). The dominant vegetation associated with the
vertosol included: Rosewood (Terminalia volucris R.Br.), Bauhinia
(Bauhinia cunringharmii Benth), Feathertop wire grass (Aristida latifolia
Domin), Curly blue grass (Dichanthium fecundum S.T.Blake), Golden
beard grass (Chrysopogon fallax S.T.Blake), Flinders grass (Iseilema spp.),
Flemingia paucifiora Benth and Native millet (Panicum decompositim R.
Br.). The dominant vegetation associated with the calcarosol included:
Bloodwood (Corymbia terminalis (F.Muell.) K.D.Hill & L.A.S.Johnson),
Silver box (Eucalyptus pruinose Schauer), Conkerberry (Carissa lanceolata
R.Br.), Common hakea (Hakea arborescens R.PBr.), Black speargrass
(Heteropogan contortus (L.} P. Beauv. ex Roem. & Schult.), Native couch
(Brachyachne comvergens (F.Muell) Stapf), Bottlewasher (Ermeapogon
polyphyllus (Domin) N.T.Burb.), Batchelors buttons (Gompk can-
escens R.Br.) and Blue heads (Spermacoce stenophylla F.Muell} (Lebbink
et al., 2018). The sites are at 100 m elevation, characterised by hot wet
summers and mild dry winters. During the wet season (Nov-Apr), tem-
peratures fluctuate between 33.9 °C — 39.1 °C (min-max) (1996-2012)
with 119.4 mm mean precipitation (1996-2022), and the dry season
(May-Oct) 30.7 °C — 35.2 °C (min-max)} (1996-2012) with 6.5 mm
mean precipitation (1996-2022) (htips://www.bom.gov.au, rainfall
station No. 14847, accessed 12th August 2022). At calcarosol and ver-
tosol sites, stocking rates of Bos indicus cattle averaged 10 and 12 adult
equivalents per km?, respectively (Lebbink et al., 2018).

2.2. Effects of grazing on bacterial commumities of biocrust and
underlying soils

Two long-term non-burned and non-grazed exclosures have been in
place for 60 years on both soil types. Each of these exclosures cover
approximately 20 ha. We sampled inside and within one meter of the
outside of the exclosures to determine the effects of grazing without
managed fires on biocrust and the underlying soil (Fig. S1).

2.3. Effects of fire on bacterial commumities of biocrust

Long-term fire experiments were established in 1993 and comprise
16 experimental plots (160 m x 160 m) arranged as a 4 x 4 grid with

Ecological Indicators 148 (2023) 110094

each plot separated by a fire break (Cowley et al., 2014). We focussed on
three of the six treatments implemented at each site (i.e. the vertosol and
calcarosol): 1) non-bumed controls, 2) controlled burning every two
years in the late dry season, and 3) controlled burning every four years
in the late dry season (Fig. S1). There are two plots for each treatment,
and four plots for the non-burned controls (Cowley et al., 2014). Each
site, is fenced, but has a gate in each corner that remains open to permit
grazing except during the wet season (c. 6-7 months) following a bum.
This is a ded grazing strategy to provide a re-
covery period post-fire (Cowley et al., 2014).

S

2.4. Sample collection

Biocrust samples were collected over a 25 x 25 m homogenous area
from each plot according to the protocol of the Australian Microbiome
Initiative (Bissett et al., 2016). Using a 5 cm diameter corer, biocrust
samples were collected at 0-1 cm and 0-10 cm depth using sterile
containers and maintained in a coolbox until being transferred to —20 °C
storage within approximately 4 h. In total, six samples from each, the
unburnt, non-grazed 60 year exclosure and adjacent grazed paddock
were collected. There were three samples per depth from the two pad-
docks, calcarosol and vertosol.

We also collected three replicates of contrasting fire treatments from
the top 5 cm soil, from the intensive fire treatment (late dry season every
2 years), and the recc ded fire at the time (late dry
season every 4 years), compared with the non-burned plots (control).
These samples were collected from Victoria River Research Station
(Northern Territory) in June 2017, two years post fire, in the dry season.

2.5. DNA extraction, 16S TRNA gene amplification, and sequencing

DNA extraction, 165 rRNA gene amplification, and sequencing DNA
were performed according to protocols used by the Australian Micro-
biome Initiative (https://www.earthmicrobiome.org/protocols-and-s
tandards/dna-extraction-protocol/), at the Australian Genome Reser-
arch Facility (AGRF). Briefly, DNA was extracted from 250 mg soil in
triplicate using the Qiagen DNeasy® PowerSoil Kit according to manu-
facturer’s instructions.

Bacterial 16S TRNA genes were amplified by polymerase chain re-
action (PCR) using the primers 27F (5'-AGAGTTTGATCMTGGCTCAG-
3) and 519R (5-GWATTACCGCGGCKGCTG-3')} (Lane, 1991), each
modified on the 5’ end to contain the Ilumina overhang adapter for
compatibility with the P5 and i7 Nextera XT indices, respectively. PCR
reactions contained: 1 pl DNA samples in 1X ImmoBuffer (Bioline), 200
nM of dNTPs (Invitrogen), 2.5 mM MgCla, 1 Unit Immolase DNA Poly-
merase (Bioline), and 500 nM of each primer. This reaction was made up
to a total volume of 25 pl with molecular biology grade water. Ther-
mocycling conditions were as follows: 95 °C for 10 min; then 35 cycles of
94 °C for 30 sec, 55 °C for 10 sec, 72 °C for 45 sec; followed by 72 °C for
10 min. Blank extraction controls and negative amplification controls
were verified by gel electrophoresis.

Amplicons were purified and normmalised in concentration using
SequelPrep Normalisation Plate Kits according to manufacturer in-
structi (Invi ). Equal vol of the normalised amplicon
samples were then pooled and sequenced on an Illumina MiSeq and a
MiSeq Reagent Kit v3 (600 cycles; Illumina) according to the manu-
facturer’s instructions.

2.6. Processing of sequence data

Raw seq data were p d according (Forstner et al., 2020).
Briefly, USEARCH (v10.0.240) (Edgar, 2010) was used for primer
removal and trimming to 250 bp using fastx_truncate. High-quality
forward reads were then identified using fastq filter (-fastq maxee =
1) and duplicate were d using fastx_uniques. Opera-
tional taxonomic units (OTU) were generated by clustering sequences at
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97% similarity, and potential chimeras were identified and removed
(cluster_otus). An OTU table was the generated using otutab, SILVA SSU
(v138) (Quast et al.,, 2012) taxonomy was assigned using BLASTN
(v2.3.0 + ) (Zhang et al., 2000) within the feature classifier of QIIME2
(v2017.9) (Bolyen et al., 2018), and OTUs classified as chloroplasts,
mitochondria, archaea or eukaryotes were then removed using the
BIOM tool suite (McDonald et al., 2012), De-novo alignments of the
repr OTU seq es were generated using MAFFT (v7.221)
(Katoh and Standley, 2013), masked (QIIME2), and then used to
g te a midpoint-rooted phyl ic tree using FastTree (v2.1.9)
(Price et al,, 2010) in QIIME2. The OTU table was then rarefied to
37,350 sequences per sample. Weighted UniFrac (Lozupone and Knight,
2005), the mean numbers of observed OTUs (Sobs), Shannon’s Diversity
Index, and Faith’s Phylogenetic diversity (Faith’s PD) were calculated
using QIIME2.

2.7. Statistical analyses

The effects of treatments on univariate (i.e. numbers of observed
OTUs (Sobs), Shannon’s Diversity Index, and Faith’s Phylogenetic Di-
versity Index (PD)) and multivariate (i.e. Hellinger transformed OTU
relative abundances, and weighted UniFrac) variables were
evaluated using ANOVA with Tukey’s HSD posthoc comparisons, and
PERMANOVA (Anderson, 2001) respectively. PERMANOVA was
implemented using the function adonis in the R vegan package (Olksanen
et al., 2017). OTUs associated with significant treatments were identi-
fied using indicator species analyses (Dufréne and Legendre, 1997)
implemented using the indval function in the R labdsv package (Roberts,
2016). The effects of treatments on significant indicator OTUs were also

Non-grazed
Grazed
Acidobacteriota
c__Blastocatellia;

Vertosol
0-1cm

0-1cm

0-10 cm
‘ [ |

Actinobacteriota

¢__Rubrobacteria;
o__Rubrobacterales

¢__Thermolk hilia;

Calcarosol

o__Gaiellales l

Chloroflexi
c__Anaerclineae;

o__Anaerolineales
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evaluated using ANOVA., All analyses were performed using R (R Core
Team, 2021).

3. Results
3.1. The effects of grazing on bacterial diversity

Bacterial communities in the grazed sites were dominated by mem-
bers of the Acidob iota, Actinob iota, Chloroflexota, Cyanobac-
teria, Fir and Pr ia (Fig. 1). At the OTU level, bacterial
community composition was significantly influenced by soil, depth, and
their interaction (Table 1). A significant compositional effect of grazing
was also observed, although this was dependent on soil type (Table 1).
The vertosol had larger relative abund of Chlorofl (Anaeroli-
neaceae), and several Actinobacteriota (OTUs 1 and 70), Cyanobacteria
(OTUs 25, 4275 and 20519), and Proteobacteria (OTUs 8 and 46) pop-
ulations (Fig. 1). The calcarosol was positively associated with multiple

ives of the Actii iota (OTUs 10, 14, 17, 35, 50, and 56),
and some Acidobacteriota (OTU 142), Cyanobacteria (OTUs 4, 13, 19 and
58), and Firmicutes (OTUs 20 and 21).

Given the strong effect of soil type, we focussed on the effects of
depth and grazing within each soil separately (Table 1). Depth had a
stronger effect on bacterial community composition than grazing and
was significant in both soils. We observed significant effects of grazing in
the vertosol, but not in the calcarosol. Indicator analysis identified 12
OTUs that were significantly associated with depth and/or grazing in
vertosol (Fig. 2; Table 51). Of these, just two (OTUs 22 and 25) were
associated with depth only (ANOVA); and one (OTU 4) was associated
with grazing only (Table 51). The remaining nine OTUs were

Relative abundance

0-10 cm 0% 5.2%

OTU ID

I | | .| | [ |- |
3 142
. R R R R -~ -

[2]
[17]
1 [35]
| [50]
[14]
[56]
[70]
[130]
[16]
[224] l f_Anaerolineaceae; g_Unc.
- [22]

f_Rubrobacteriaceae; g_Rubrobacter

I f_Unc.; g_Unc.

[84] f_Anaerolineaceae; g UTCFX1

[4]

[5] | f_Coleofasciculaceae; g_Microcoleus Es-Yyy1400

c__Cyanobacteriia;
o__Cyanobacteriales

[20519]

[19] £ Coleofasciculaceae; g_Microcoleus PCC-7113

[4275]

= [539] ] f_Coleofasciculeceae; g_Microcoleus SAG 1449-1a

Firmicutes |

[25] f_Coleofasciculaceae; g_Unc.

[12]

[13] f_Unc.; g_Unc.

58]
|59

c__Bacilli;o__Bacillales | | | \
o__Paenibacillales [T
Proteobacteria
<_Alpha.;o_Rhizobiales
¢_Gamma.
o__| Burkho(derlales

1 [20] f_Bacillaceae; g_Bacillus

[21] f_Paenibacillaceae; g_Ammoniphilus
' [8] f_Beijerinckiaceae; g_Microvirga
[53] f_Oxalobacteraceae; g_Unc.

[46] f_TRA3-20; g_Unc.

Fig. 1. Heatmap summarising the frequencies of bacterial OTUs present at > 1% mean relative abundance within any treatment group. Relative abundances are
Hellinger transformed. The numbers in brackets are OTU IDs and are consistent between figures. OTUs identified as being significant soil indicators (P < 0.05,
indicator analysis) are shown as Blue (vertosol) or Red (calcarosol) OTU IDs. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Table 1
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Results from PERMANOVA models summarising the main and interactive effects of soil (vertosol and calcarosol), grazing (with and without) and depth (0-1 em and
0-10 ¢cm) on the composition of bacterial communities, as well as the effect of grazing and depth within each soil separately.

Predictor OTU relative abundances Weighted UniFrac distances

F value R? value P value Fvalue R value P value
Both sites
Sail 14.48 35.0 <0.001 whR: 31.61 41,5 <0.001 bl
Depth 432 9.8 0.003 = 16.81 221 <0.001 ]
Grazing 1.76 40 0.058 . 2,09 27 0.091 .
Scil: Depth 267 6.0 0.026 * 3.05 4.0 0.028 *
Soil; Grazing 1.83 41 0.048 ¥ 343 45 0.019 &
Depth: Grazing 1.06 24 0.287 1.42 1.9 0.216
Soil: Depth; Grazing 115 26 0.265 1.69 22 0.151
Within vertosol
Depth 295 20.9 <0.001 »r 4.80 27.3 <0.001 Ll
Grazing 1,98 14.0 0.003 =» 277 15.8 0.002 XX
Depth: Grazing 119 84 0.146 2.00 11.4 0.029 L
Within calcarosol
Depth 3.9 27.2 <0.001 b 4.46 304 <0.001 L
Grazing 1.63 11,1 0.067 1.21 8.2 0.202
Depth; Grazing 1.03 7.0 0.342 1.03 7.0 0.319

significantly infl d by both (Table 1), including an
Acidobacteriota (OTU 3), three Actinobacteriota (OTUs 1, 35, and 130),
and five Cyanobacteria (OTUs 4275, 539, 4, 20519, 59, and 12} (Fig. 2).

In the top 0-1 cm of soil, which has the largest proportion of biocrust
organisms, grazing significantly increased the relative abundances of
two Microcoleus SAG1449-1a (OTUs 4275 and 539; Fig. 2) populations, a
representative of the Microcoleus Es-Yyy1400 (OTU 20519), and two
unidentified bers of the Cyanob iales (OTUs 59 and 12) (Fig. 2).
Yet, grazing effects on these populations were not d d within the
deeper (0-10) cm soil (Fig. 2). Significant grazi iated ch in

abundance in the Late 2Y relative to other treatments (Fig. 3).
The alpha diversity of biocrust bacterial communities differed
ificantly between soils, but not between fire treatments, irrespective
of the site (Tables 3 and S4). Biocrust microbiomes associated with the
vertosols were slightly more diverse than those associated with the
calcarosols (Table 4).

4. Discussion

In this study, we used high-throughput 16S rRNA gene amplicon

relative abundances within 0-10 cm depth included i in an
actinobacterial Rubrobacter (OTU 35) and a Gaiellales (OTU 130} pop-
ulation, and decreases in an acidobacterial RB41 (OTU 3), and another
cyanobacterial population, Microcoleus Es-Yyy1400 (OTU 4) (Fig. 2).

The alpha diversity of bacterial communities in the grazed sites
differed significantly between soils, with all metrics indicating that
communities in the vertosol were slightly more diverse than those in the
calcarosol (Tables 2 and $2). No significant depth or grazing effects were
observed in the vertosol (Table 2), Within the calcarosol, however, there
were a small number of significant effects. These comprised: 1) small but
significant grazing d i in Sh ’'s Diversity and
Faith’s Phylogenetic Diversity Indices in the upper 0-1 cm depth; and 2)
a small but significant grazing-assocated decrease in the number of
observed OTUs in the deeper (0-10 cm) soil (Table 2).

3.2. The effects of fire on bacterial diversity

q

In the fire experiment, bacterial ¢ ities were dc

p ives of the Acidob iota, Actinob iota, Chlorofl
Cyanobacteria, Fi and Proteobacteria (Fig. 3). At the OTU level,
the composition of these communities differed significantly between
soils, but not between fire treatments, irrespective of the site (PERMA-
NOVA, Table 3). The main differences between biocrusts formed on
different soils were that those on the vertosols had larger relative

bund of 1 Chiorofi (Anaerol ) and a couple of
Proteobacteria (Rhizobiales and Burkholderiales) populations, while those
on the calcarosol were positively associated with multiple representa-
tives of the C b ia (C) b iales) and Firmicutes (Bacillus)
(Fig. 3).

For OTUs present at > 1% mean relative abundance within any
treatment group (i.e. those in Fig. 3), we also applied ANOVA. While
more prone to type 1 errors, this approach indicated that two Bacillus
populations (OTUs 6 and 20; Fig. 3) were not only significantly influ-
enced by soil type, but also by fire, irrespective of site (Table 53). In both
cases, this effect was associated with a slight decrease in relative

to ch ise the ition of biocrust and associated
soil bacterial communities within a long-term rangeland management
experiment focussing on the impacts of grazing and fire on two soil
types. As hypothesised, bacterial diversity differed significantly between
soil types and depths; however, significant impacts of grazing were only
detected in the vertosol, and effects of fire were relatively minor, despite
some evidence that Bacillus populations were enriched under more
frequent fire regimes.

4.1. Bacterial comnuurities and the influence of different soils and depths

Our results indicate that biocrust and associated soil bacterial com-
munities were dominated by bers of the Acidob iota, Actino-
bacteriota, Chlorof Cyanob i and Proteob ia,
which is in agreemeent with previous studies of biocrusts and arid soils
(Chilton et al., 2022, 2018; Makhalanyane et al., 2015; Moreira-Grez
et al., 2019; Condon et al., 2020). Similarly, as observed in many
studies, bacterial diversity differed between soils and depths (Bowker
et al., 2016; Bu et al., 2016; Pombubpa et al., 2020; Zhang et al., 2022).
These differences may reflect variation in edaphic, climatic and
ecological properties between locations, soils and depths (Eldridge et al.,
2020b; Moreira-Grez et al., 2019; Pombubpa et al., 2020). The avail-
ability of light is a likely explanation for the observed reductions in
cyanobacterial relative abundances at depth, as these taxa are known to
be capable of photosynthesis (Lange, 2001). In our study, members of
the Rubrobacteraceae were positively associated with the calcarolsol —a
red and relatively coarse textured soil when compared with the vertosol.
These taxa have been previously reported to dominate biocrusts and
arid/semi-arid sandy soils in other parts of Australia and beyond
(Holmes et al., 2000; Makhalanyane et al., 2015; Moreira-Grez et al,,
2019). In contrast, the vertosol was positively associated with members
of the Chlorofiexi, which have been shown to be more frequent in agri-
cultural soils and correlated with net primary production in arid regions
(Trivedi et al., 2016).

wa, Fir
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Fig. 2. Bacterial OTUs that were identified as significant indicators of depth or grazing in the vertosol using indicator analysis. The specific group for which each
O‘I'U is indicative is highlighted with a star. Error bars represent standard errors of the means and the letter above the bars indicate significant differences (P < 0.05)

ding to ANOVA with post hoc Tukey tests.

4.2. Influence of grazing on biocrust and associated soil bacterial
communities

As previously observed in Australian rangelands (Fldridge et al.,
2020b), we found significant effects of grazing on the c ition of

swell and shrink with changing soil moisture due to theu' hmvy clay
content (Temga et al., 2019), and the trampling of g can

exacerbate cracking due to the loss of vegetation, wlnch helps to bind
soil (Taddese et al., 2002). Hence, the effects of grazing on biocrust

biocrust and associated soil bacterial communities. This effect, however,
was weaker than that of depth and was only detected in the vertosol —
indicating that the impacts of grazing on biocrust microbiomes need to
be investigated across a wide range of soils to provide relevant advise to
rangeland managers. The differences between soils in our study may
reflect their physicochemical properties (Steven et al., 2013), vegetation
composition, or stocking rates, which were based on pasture availabil-
ity, with 10 and 12 adult equivalents per km? for the calcarosol and
vertosol, respectively (Lebbink et al,, 2018). Vertosols are known to

microb may have been more pronounced on the vertosol due to its
more dynamic surface conditions.

On the surface of the vertosol, grazing was assoctated with increases
in the relative abund of Micr populati (OTUs 539,
20519, and 4275), and other bers of the Cy iales (OTUs 59
and 12). Microcoleus spp. are non-heterocystous cyanobacteria that lack
the ability to fix atmospheric nitrogen, but are known to be pioneer
species in biocrust formation that help to stabilise soil (Biidel et al.,
2016). Their cyanosphere has also been shown to support the growth of
nitrogen-fixing bacteria (Couradeau et al., 2019), although from the
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Table 2

Means and standard deviations for each alpha diversity metric in the grazing
experiment. The letters represent significant differences (P < 0.05) between
treatments according to ANOVA with post hoc Tukey tests. Metrics include the
observed numbers of OTUs (Sobs), Shannon’s Diversity Index (Shannon), and

Ecological Indicators 148 (2023) 110094

(OTU 3), and increases in the relative abundances of Actinob: iota
(g_Rubrobacter and o_Gaiellales) populations (OTUs 1, 35, and 130).
The drivers of these changes and their consequences are not evident but
may be related to inputs of urine and faeces, and/or physical distur-
bances including mixing of biocrust organisms with the underlying soil.

Faith’s Phylogenetic Diversity Index (PD).
Soil Depth Grazing Sobs Shannon PD
Vertosol ~ 0-lem  Non- 6186 £220° 10.59+01° 680 +
Grazed 13
Grazed 5954 +356°  10.36 + 655 +
0.1° 25°
0-10 Non- 6041 £363°  10.46 + 661 +
cm Grazed 0.1 25°
Grazed 5749+ 61 1046 £ 0 645+
13
Calcarosol 0-lcm  Non- 5001 £314° 9.8 +0.2° 524 +
Grazed 32¢
Grazed 5746 + 10.29+0.1° 592+
326%™ 27™
0-10 Non- 5936 +148°  10.44 + 596 +
em Grazed 0.1 14
Grazed 5044 + 1027 £0.1° 5423
1 mbc od

assigned taxonomy alone, is not possible to confidently associate this
trait with any of the taxa we observed to respond to grazing.
At depth, grazing was associated with a decrease in the relative

bundance of an Acidob iota (f_ Pyri di population
|_| Control
| Late 2v
I Lte 4v Vertosol
L] -

Acidobacteriota
c_| Blastocatellla

For ple, Rubrobacter spp. are recognised to be frequent members of
bacterial biocrusts (Chilton et al., 2018; Li et al., 2020), which tend to
dominate early stages of biocrust development (Weber et al., 2016).

4.3. Fire effects on the composition of the bacterial communities

Overall, we detected no significant impacts of fire on the diversity
and composition of biocrust and associated soil bacterial communities.
The only exceptions to this were reductions in the relative abundances of
two Bacillus populations, although these were detected by performing
separate analyses on individual OTUs, which is more prone to type 1
errors. Our main finding that fire did not influence bacterial diversity is
in agreement with the studies of Peterson et al. (xoocx) and Palmer et al.
(2022), but in contrast with that of O’Bryan et al. (2009), which indi-
cated that fire enhanced biocrust bacterial diversity. In principle, the
intense heat associated with a fire may be expected to kill microbes,
which is supported by the study of Aanderud et al, (2019), who
observed reductions in the biomass and richness of biocrust microbial
communities immediately after fire. One year later, however, these
parameters were indistinguishable from those associated with non-
burned biocrusts (Aanderud et al., 2019). Hence, the fact that we

Relative abundance
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Fig. 3. Heatmap summarising the frequencies of bacterial OTUs present at > 1% mean relative abundance within any treatment group. Relative abundances are
Hellinger transformed. The numbers in brackets are OTU IDs and are consistent between figures. OTUs identified as being significant soil indicators (P < 0.05,
indicator analysis) are shown as Blue (vertosol) or Red (calcarosol) OTU IDs. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Table 3
Results from PERMANOVA models summarising the main and interactive effects of soil (vertosol and cal 1) and fire g (control, Late 2Y, Late 4Y) on
the composition of biocrust bacterial communities.

Predictor OTU relative abundances Weighted UniFrac distances

Fvalue R?value P value Fvalue R value Pvalue

Sail 6.04 27.0 <0,001 AN, 15.62 46.6 <0.001 bt

Fire 116 104 0.277 194 11.6 0.081

Soil; Fire 0.99 8.9 0.435 1,01 6.0 0395

Data availability

Table 4

Means and standard deviations for each alpha diversity metric in the fire
experiment. The letters represent significant differences (P < 0.05) between
treatments according to ANOVA with post hoc Tukey tests. Metrics include the
observed numbers of OTUs (Sobs), Shannon’s Diversity Index (Shannon), and
Faith’s Phylogenetic Diversity Index (PD).

Soil Fire Sobs Shannon PD

Vertosol Control 5899 + 126° 1069 +0.1%* 648 + 9
Late.2Y 5450 + 715°" 105 + 0,2°> 605 + 56°%
Late.4Y 6443 + 364" 10,76 + 0.2 573 + 20

Calcarosol Control 4845 + 852°° 9.97 +0.3° 506 + 67°
Late.2Y 5412 + 272°0 10,26 + 0,2°> 550 + 19%
Late.4Y 5544 + 53° 10,16 + 0,1% 550 + 8%

observed no differences in bacterial communities between fire treat-
ments may reflect the fact that they had at least two years to recover
after burning. Additionally, as outlined by Palmer et al. (2022), some
cyanobacteria produce extracellular polysaccharide matrices that
contribute to heat resistance (Kimura et al., 2015) and can withstand
temperatures of 100 °C (Mager, 2010), at least temporarily. Biocrusts
have also been shown to rehydrate from less impacted soil layers deeper
in the profile, which may help the organisms within them to survive
(DeBano, 2000; Xu et al., 2021). Lastly, landscape mosaics and vegeta-
tion cover play a role in fire intensity, with vegetation interspaces being
associated with cooler fires (Bowker et al., 2004), This may also explain
why we observed no differences in bacterial diversity, as our samples
were collected from such interspaces.

4.4. Conclusions

Biocrust and associated soil microorganisms are thought to play
important roles in replenishing the nutrients lost from rangelands upon
the export of grazing livestock. By understanding how rangeland man-
agement influences these communities, practices can be optimised to
help maintain ecosystem services that they mediate. Our study con-
tributes to understanding the diversity and composition of biocrust and
associated bacterial communities in semi-arid tropical savannas in
northern Australian rangelands. Our results indicate that grazing can
alter the composition of biocrust bacterial communities, and that these
communities exhibit negligible ch in resp to fire, especially
with increasing years of recovery. Importantly, we observed different
responses to grazing on the two soils studies. A logical next step is to
understand how these structural changes influence the functioning of
biocrust microb with cc for the provision of ecosystem
services, such that more sustainable Jand i

Data will be made available on request.
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ABSTRACT

Biocrusts form a living soil cover in Australia’s northern savannas, delivering essential ecosystem
services. More accessible tools are needed to quantify and monitor ground cover, including
biocrusts, as current methodologies are time-consuming, expensive, or specialised. At Victoria
River Research Station (Northern Territory, Australia), long-term fire research plots were used
to monitor the response of low vegetative ground and soil covers for different burning intervals and
seasons. Mobile phone photographs were analysed using machine-learning software and a derived
decision tree-based segmentation model (DTSM). The resulting data were compared to visual
in-field assessment by trained researchers. Visual assessments and photographs were taken at
two time points during the post-fire recovery period, mid-wet and dry seasons, at three burning
intervals (2, 4, and 6 years) and for two different burning times, early or late dry season. DTSM-derived
grass and litter cover were statistically similar to field observations in the burnt and unburnt plots.
Biocrust cover derived from DTSM also matched field observations in fire treatments and unburnt
control plots in the dry season, except when obscured by grass or litter. In the wet season, DTSM
underestimated biocrust cover in some treatments, and DTSM did not detect biocrust obscured under
dense grass cover. Nevertheless, biocrust pigment analysis confirmed a significant presence of
biocrusts both on seemingly bare soil and under the grass canopy. We concluded that mobile
phone photographs are suitable for monitoring dry-season ground cover. When similar colours of
grass and litter cover were combined, the modelled accuracy reached 95-97%. With some refine-
ments, DTSM analysis of photographs could accurately quantify the impact of fire disturbance on
biocrusts and grass cover. However, it would be advantageous to improve the model by additional field
records to determine how much biocrust occurs under the grass. This study provides land managers
with an efficient method of recording ground cover over time to aid land-condition assessments.

Keywords: biocrusts, fire, ground cover, mobile phone photos, monitoring, rangelands,
savanna, soil health.

Introduction

Monitoring vast areas of savanna exposed to climate variability spanning decadal time-
scales has to be carefully considered to implement effective management strategies.
Ground-based monitoring of extensive native grasslands provides fine scale data on
grass condition, weed invasion, nutrient cycling, and soil surface condition (Eyre et al.
2011). Such data can then be linked to remote sensing platforms using satellite or aircraft
and applied to large-scale analysis of landscape function. By connecting scales, remotely
sensed ecolological indices of disturbance combined with high resolution ground cover
monitoring can provide greater power to models to identify ecological function at a
landscape scale (Ward and Kutt 2009; Tongway and Ludwig 2012). Furthermore, there is
a need for spatially hierarchical and complimentary measures that use targeted surveil-
lance and landscape-scale monitoring to provide information for rangeland management
(Eyre et al 2011).

Appendix 5: Using digital photography to monitor changes in biocrusts and
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The structure of woodlands and grasslands in the northern
Australian dry savannas (600-800mm average annual
rainfall) is primarily driven by variations in climate, being
conditioned to monsoon-driven summer rains and dry win-
ters. In the lead-in to the wet season, storms with lightning
strikes ignite dry vegetation and can cause large-scale hot fires
(Kiline and Beringer 2007; Bradstock 2010). Historically, fire
has been used throughout the year by Indigenous Traditional
Landowners to manage ecosystems and avoid vast wildfires
(Preece 2002), and fire is used by livestock producers to
enhance pasture production by managing woody vegetation
cover (Cowley et al. 2014). Fire can negatively affect vegeta-
tion, fauna survival (Preece 2002) and the integrity of the soil
surface (Barger et al. 2016). In addition to fire, extensive
grazing by livestock and other herbivores can damage surface
stability and disrupt soil nutrient cycling, which is most pro-
nounced during drought periods when affected landscapes
lack vegetation cover and soils are prone to degradation and
erosion (Williams et al. 2021).

In this study, we addressed the need for easy-to-execute
and efficient methods of monitoring dry savanna ground
cover at fine spatial scales, with the view of providing
indicators that can be scaled to satellite-level imaging
(Barnetson et al. 2017). A key factor influencing soil degra-
dation across landscapes is low or non-existent ground cover
that ultimately results in the degradation of the soil surface,
concomitant with a loss of nutrients and loss of ecosystem
function (e.g. water cycling, carbon storage, vegetation
growth). Tongway (2010) identified key components of
landscapes with low vegetation cover and damaged soil
surfaces that directly influence ecological function. These
components include grass and canopy cover that reduce the
impact of rain splash erosion, and litter fall as indicative of a
functional nutrient cycle. An important element of soil and
ecosystem integrity is biological soil crusts, i.e. biocrusts,
which bind soil particles, regenerate carbon and nitrogen,
and are integral to soil stability and nutrient cycling (Evans
and Lange 2001; Bowker et al. 2014; Williams et al. 2018;
Biidel et al. 2018).

In the rangelands biocrusts form a living soil cover,
delivering essential ecosystem services. Accessible tools are
needed for quantifying and monitoring ground cover, includ-
ing biocrusts, as current methodologies are time-consuming,
expensive, or specialised. Loss of grass, canopy cover and
biocrusts in dry savanna, in combination with an overall
low vegetative cover, can rapidly result in a degraded land-
scape. When such a landscape is affected by fire, the ground
cover is burnt, with ash as a transient soil cover and biocrusts
integrated into the soil surface, either burnt or inactive, until
the next rain (Brianne et al. 2020). At this point, the landscape
is at its most vulnerable state with much of the soil bare and
prone to wind and water erosion (Flores et al. 2020).

To address the challenges of current methods for analys-
ing biocrusts and their recovery post-disturbance at the field
level (e.g. paddocks or grazing regions), we aimed to
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develop an easy-to-use alternative utilising the power of
mobile phones and high-performance computing. Over the
past decade, high-resolution photography (red, green, blue,
RGB) and digital technologies with machine learning (ML)
have enabled new methodologies for measuring plant can-
opy (Guo et al. 2017), plant nutrition estimations (Shi et al
2021) and assessment of biomass for grasslands (Possoch
et al. 2016).

Following on from successful close-range unmanned aer-
ial vehicle (UAV) imagery analysis of biocrusts (Havrilla
et al. 2020), we hypothesised that ground cover including
biocrusts could be effectively quantified using ML based on
RGB reflectance. To test our hypothesis, we compared field
data with mobile phone images of ground cover plots. We
expected no significant differences between the two meth-
ods. With a focus on rapid assessment tools for monitoring
ground cover, our overarching aims were to (i) evaluate
whether the proposed methodology would work as a tool
for use by land managers, and (ii) examine how it performs
under different conditions, such as burning regimes and
across seasons.

Materials and methods

Study site

Field data were collected at the Victoria River Research
Station (VRRS, Kidman Springs, Northern Territory; 16.12°S,
130.96°E; Fig. 1a). The climate is dominated by a summer wet
season from November to April, and a drier period with little
to no rain from May to October. The annual average temper-
ature range is 20.1-34.9°C and average annual rainfall is
753.9mm (Bureau of Meteorology 2021). Rainfall for the
12months covering the prefire and wet season sample
times is shown in Fig. 2.

In 1993, a long-term fire research program was estab-
lished at VRRS to investigate the best timing for fire in terms
of burning interval (years between fire) and season (Cowley
et al. 2014). Within a fenced-off area, 16 experimental plots
(160m X 160m) set on a 4 X 4 grid pattern were estab-
lished (Fig. 1b), with two replicates for each fire treatment:
early (E) or late (L) dry-season burning, with fire intervals of
2, 4 and 6 years and four unburnt control plots (Fig. 1c, d);
firebreaks separated each plot.

Research data were collected only from the open eucalypt
woodland (Conkerberry Paddock) trial site, with pastures
dominated by grasses Heteropogon contortus, Enneapogon
spp. and Dichanthium fecundum (Cowley et al. 2014).
Grasses are underlain by red calcarosol soils, with soil tex-
ture from 0 down to 10cm comprising clay (32%), silt
(16%), sand (53%) and pH 7.9 (Allen et al. 2011). VRRS is
a cattle research station, and the fire trials are open to cattle
at the end of the first wet season following fire, grazing
density is at industry recommended continuous stocking
rates (Cowley et al. 2014). As we sampled during and at
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(a)

®) , )

Fig. 1.
mented since 1993. (b) Burning a plot in the early dry season (2019). () UAV image of calcarosol fire plots. (d) Location of the
treatments across the experimental site with a size of each plot of 160 m x 160 m. E, early dry-season fire (cooler fire); and L, late
dry-season fire (hotter fire); numbers represent the years between fire (2, 4, 6 years) and unburnt control plots.

the end of the wet season, there was no grazing during this
period.

Field measurements

Biocrusts and ground cover

The assessment of ground cover included both low vege-
tative cover (annual and perennial grasses) and litter accu-
mulation. Bare soil was divided into visible biocrust cover
and bare soil with no apparent biocrust cover. These four
parameters (herein called microsites) were selected for
ground cover descriptions that could be repeated in future

(d)
L6 Control E6 L4
Control E4 E2 2
E6 Control E4 E2
Control L4 L2 L6

(@) Location of Kidman Springs Research Station experimental plots where long-term fire research has been imple-

studies to determine key functional indices representative of
post-fire recovery such as soil stability and nutrient cycling
(as described by Tongway 2010).

Fire plots were burnt in the dry season in mid-June or late
October 2019. The first wet-season rains were recorded in
early December 2019. Total rainfall for the 2019-2020 wet
season was 602.5mm with the last rain fall in May. The
rainfall distribution suggests that the grasses and biocrusts
had their maximum chance of recovery post-wet season
(Biidel et al. 2018). To measure early recovery, initial data
collections for ground cover occurred mid-wet season
(February 2020) after approximately 260 mm rainfall in
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the preceding 2months. Dry season measurements were
made in July 2020. The sampling times were intended to
document the recovery of grass and biocrusts post-fire dur-
ing recovery and following a full wet season.

To assess ground cover, two 30-m transects were estab-
lished centrally in each fire-treatment plot in the eucalypt
woodland site. This study had seven treatments, with two
plots each for the early and late fire seasons at 2-, 4-, and
6-year intervals and utilised two of the four unburnt plots as
control treatments (Fig. 1c, d). Due to limited site access in the
mid-wet season, measurements were carried out on one plot
per treatment (n = 7), while two plots per treatment were
sampled in the dry season (n = 14; Fig. 1d). At each treatment
plot, 1-m? quadrats were placed at 5-m intervals, commencing
at Om alongside the 30-m transect (n = 6 per transect;
Table 1). Overall covers of grass and small shrubs were visu-
ally estimated for each quadrat (Fig. 3c); ground cover,
including that under the grass canopy and small shrubs, was
also estimated. Biocrust, bare soil, litter and basal area of the
grass cover were visually estimated and recorded as a

percentage relative to total cover. The four values made up
100% of the ground cover. The overall grass canopy cover was
estimated separately. Field observers were trained over sev-
eral quadrats to assess cover attributes, and data calibrations
were performed by experienced biocrust researchers.

Taking RGB photographs in the field

RGB photographs of each quadrat were collected for use in
EasyPCCr to determine ground-cover attributes. In each
plot, photographs of the 1-m? quadrat were taken at about
1.5-m height with a mobile phone (iPhone 11 pro; Fig. 2c, d,
Table 1). There were n = 336 quadrats measured and photo-
graphed in the dry season and n = 168 in the wet season.

Image-classification method

An image-classification software (EasyPCCr) was used
to determine the different cover percentages within each
photo. EasyPCCr is based on a decision tree-based segmen-
tation model (DTSM) and is an effective method to extract
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Fig. 2. VRRS (Kidman Springs) daily rainfall from January 2019 to December 2020 (source: Bureau of Meteorology 2021). Key:

daily rainfall (blue bars), burning dates (23 June and 29 October 2019, red bars) and sample collection dates (18 February and 23

July 2020, black bars).

Table I. Field sampling strategy to measure ground cover (grass, biocrust, litter and bare ground).

Sample timing Soil type Fire interval Plots 160 % 160 m Fire season Total quadrats Total quadrats
(years) (treatments) treatment analysed
(m?

Mid-wet season Calcarosol 2, 4, 6, unburnt 7 Early (cool), Late 12 7x2x12=168
(Feb. 2020) (control) (hot) (n=12)
Dry season Calcarosol 2, 4, 6, unburnt 14 Early (cool), Late 12 14x2%x[2=336
(July 2020) (control) (hot) (n=2)
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Fig. 3. Collecting ground-cover field data in wet and dry seasons. (a) Dry-season example of a
30-m transect, (b) ground cover, including grass, biocrust, litter and bare soil measured in | m?
quadrat, (c) wet-season ground cover measured and mobile phone image taken, (d) example of dark
biocrust cover visible beneath and adjacent to new grass growth in the wet season.

areas of plant foliage from RGB photographs that are taken
in natural light conditions. This method defines individual
classes for each object relating to specific plant and non-
plant characteristics within an area. By this means, ML
models are trained to recognise the classes (Guo et al
2013). We used the EasyPCCr tool to determine the percent-
age of cover types from RGB photographs of sample quad-
rats across different fire treatments and time since fire.

Biocrust field collections and pigment analysis

To confirm the presence of biocrusts, replicate micro-core
samples of soil surfaces (up to 1 cm depth) were taken from
each microsite. We had previously determined that the bio-
crusts at this site were dominated by photosynthetic

cyanobacteria, some of which are surface dwelling and
others subsurface (within first few millimetres). These sam-
ples provided confirmation of biocrust presence, especially
under the grass canopy and litter where they are not always
clearly visible. Three micro-cores (3.56 cm® x 1cm depth,
average weight 5 g) of visible biocrust or apparently bare soil
were collected from all treatment microsites (grass, litter,
biocrust and bare ground). However, biocrust under litter
was collected only during the dry season (July 2020). There
was virtually no litter cover mid-wet season to provide
sample points, because this had been recently burnt. The
samples were dried and individually stored in sealed
Falcon tubes and transported back to the laboratory.
To preserve the chlorophyll (pigment), analysis was under-
taken within 2 weeks of sample collection. Prior to extraction,
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all samples were moistened with equal amounts of water to
facilitate cell rehydration. Biocrust pigment content analysis
(chlorophyll a, b, ¢ concentrations) was undertaken using a
2-h dark extraction with a 1:5 ratio of di-methyl-sulfoxide
(DMSO; Barnes et al. 1992), and the concentrations were
calculated using Wellburn’s (1994) equations. Results are
shown as biocrust pigment and data were converted to
micrograms of chlorophyll per square metre for all treat-
ments and microsites. Heat maps were used to demonstrate
the chlorophyll concentrations across all treatments.

Quantifying ground cover by using decision tree-
based segmentation model (DTSM)

The photographs were processed to obtain the cover of grass,
biocrusts, litter and bare soil, using DTSM. The model uses a
classification and regression tree algorithm (Barnetson et al
2019) to create a series of nodes to stepwise discriminate the
photo elements under different light conditions. Variables of
colour in this model include red (R), green (G), blue (B), hue
(H), saturation (S), value (V), lightness (Z*), red/green inten-
sity (a*) and yellow/blue intensity (b*). This covers any dif-
ferences in range and texture, works well in situations with
clearly ldefined background colour classes. The study used the
EasyPCCr tool, which provides a graphical user interface (GUI)
for implementing the model using sample data, model training
and generating classification maps (Guo et al. 2017).

Preparation of photographs and defining region
of interest (ROI)

For each RGB image, the entire frame was used for locating
the training pixels and then creating a training dataset for
each cover type (Fig. 4). The image was then cropped to the
quadrat frame and loaded into the model for comparisons
across photographs. This was undertaken using the ROI tool
in EasyPCCr. The training dataset was generated for individ-
ual photographs because of different light conditions and
the DTSM segmentation was also applied to each image.
The vegetation cover included green leaves and stems of
annual and perennial plants. The identification of litter cap-
tured debris, including stones, dry branches, and dead grasses.
Biocrusts were identifiable by their dark colour (pigment)
compared to the natural red colour of the soil. Due to the
nature of an overhead photograph, ML-based cover estimates
were determined from the visible areas of biocrust in RGB
image analysis. This contrasts with the field observations
where biocrusts that occurred under the grass canopy were
included in the ground-cover measurements. Bare soil were
areas that had no distinguishable biocrust on the soil surface.

DTSM application and accuracy evaluation

The DTSM algorithm was adopted to create the decision
tree, and the noise reduction filter (size 100) was applied
to reduce the misclassification of the training photographs.
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This step was needed to enhance photo quality and thus
increase accuracy of the classification and segmentation of
individual classes from the model. The analysis was carried
out in the EasyPCCr tool that showed the output of percent-
age cover (%Cov) of individual classes in each photo
(Fig. 5). DTSM generates individual class data as cover
portions that total 100% and are provided as surface cover
for each training photo.

The verification process is an important step that deter-
mines the accuracy of an algorithm model or ML tool. In this
study, verification of the model was implemented by com-
paring statistical analysis data between DTSM-developed
ground cover and field-collected ground cover. The DTSM
step in EasyPCCr produced the four ground-cover classes,
i.e. grass cover, litter, visible biocrust and bare soil, which
were identified in training photographs. This information
provided the means to analyse the effects of fire treatments
and how the landscape has recovered.

Statistical analysis

For each grass, litter, visible biocrust, and bare soil measure-
ment, a single value was compiled for each plot by averag-
ing values from all quadrats for wet and dry seasons derived
from individual experimental plots. This provided two
values (mid-wet season and dry season) per treatment.
The research data were analysed using R-studio statistic
software (Su et al. 2021).

We used DTSM to analyse the grass and litter combina-
tions within 1 m? and the field-observed biocrust percentage
cover (%Cov * s.e.) for both the mid-wet season and dry
season. In the case of the field observations, grass and litter
cover were above 100% because litter could occur under the
grass canopy. To obtain a more accurate percentage for
comparisons with modelled results, we calculated the com-
bination of both and divided it by the total percentage of all
ground cover (microsites). Grass and litter combined cover
was then analysed to determine the difference between
DTSM and field measurements. Biocrust %Cov was analysed
in R statistics software. The combination of grass and litter
data were analysed using three-way analysis of variance
(ANOVA) and Tukey’s honestly significant difference post
hoc test (HSD) to identify significant differences. A simple
linear regression analysis was applied to explore relation-
ships among various ground covers in both seasons. Biocrust
pigment variation (Chl) for microsites was assessed using
one-way ANOVA and Tukey’s HSD and the heat maps.

Results

Modelled grass cover compared to field
measurements

In the wet season, there were no significant differences
between the modelled cover and the field measurements
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Grass

Visible biocrust

Litter

Bare soil

(P > 0.05). There was, on average, a difference of 8.4%Cov
between modelled (48%Cov + 2.54) and field measure-
ments (56%Cov + 3.53; Fig. 6). Across the early season
burning treatments, the average difference in modelled

Fig. 4. Examples of ‘trained’ ground-
cover classes for grass, visible biocrust,
litter and bare soil in decision tree-
based segmented model (DTSM) for
machine learning. The coloured pink,
yellow, blue or purple lines were
drawn on the individual class to ‘train’
the model to recognise them as individ-
ual classes (note the black line in visible
biocrust picture and bare soil picture in
the dry season is the shadow cast by the
quadrat-frame).

grass cover (49.4%Cov *+ 8.81) was 8.2% lower than field
observations (57.6%Cov * 8.81). In the wet season, mod-
elled grass cover in the late-season burning treatments was
lower than the field observations. In the unburnt control
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Masked images

Masks

plots, the modelled grass cover was lower than that in the
field data.

In the dry season, there were significant differences
between modelled and field methods in estimated grass
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Fig.5. DTSM output images for visible
biocrust in the wet and dry season. The
biocrust was identified by drawing
straight lines (yellow colour) on the digi-
tal photograph on both dark and light
visible biocrust.

cover. Modelled grass cover was higher than field observa-
tion across fire treatments and control plots (P < 0.01). For
example, in the 4-year early burn plots, grass cover (mod-
elled) was 38.8%Cov, with an average difference of 13.5%,
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Fig. 6. Comparisons of mean grass cover between field data and machine learning in February 2020 and July 2020. Bars that do not

overlap are significantly different.

compared to field data. In contrast, modelled grass cover for
the 2-year early burn plots (34.9%Cov + 2.52) was a near
match to field observations (37.8%Cov + 6.48). However,
there were no significant differences (P = 0.07) between
modelled and field data across the early burning treatments,
except for the early 6-year burnt plots (P < 0.001). In the
late-burn plots, the modelled grass cover for the late 2-year
and late 4-year plots was 59.3%Cov (+1.8) and 76.2%Cov
(£7.61) respectively, and significantly (P < 0.001) differ-
ent from the field observations of late burn every 2-year
plots, 39.3%Cov * 6.6, and late burn every 4-year plots
49.9%Cov + 7.15, (Fig. 6). Field observations of grass
cover in the wet season (56% =+ 3.53) were higher than
those in the dry season (30% = 5.41), whereas modelled
grass cover in the wet season (48% = 2.54) was lower
than that in the dry season (51% =+ 5.29).

Modelled grass and litter cover compared to field
measurements

When grass and litter cover were estimated together, there was
greater similarity between methodology estimates. For the wet
season, grass and litter %Cov derived from photographs aver-
aged 8.8% (+2.6) across all treatments and was comparable
to field measurements, with an average of 1% difference
between them (Fig. 7). We also measured grass and litter
cover across fire-plot treatments in July 2020 during the dry
season (rain ceased in May). Modelled grass and litter %Cov

across all treatments was 20.9% (*0.6), compared to field
observations of 22.21% (=+0.32). Furthermore, no significant
differences were observed between fire treatments and the
unburnt control plots in either wet or dry seasons (P = 0.99;
Fig. 7) where there was an average cover difference of 1%.
Both field observations and modelled grass cover in the wet
season were slightly lower than those in the dry season.

Relationships between microsites

In both seasons, when grass and litter cover were analysed in
combination, as their cover increased, the modelled biocrust
cover decreased (Fig. 8). There was a strong inverse relation-
ship between grass and litter cover compared with visible
biocrust cover in both the wet (R? = 0.95) and the dry
seasons (R? = 0.95; Fig. 8). Additionally, biocrust from the
field observation decreased when the combined grass and
litter coverage in the plot increased, especially in the dry
season (R% = 0.80). DTSM can also distinguish between bio-
crust and bare soil in both seasons (wet, R% = 0.15; dry,
R? = 0.09). Yet, the relationship between bare and biocrust
from field observations in the wet season showed that as bare
cover increased, the biocrust cover decreased (R? = 0.80).

Modelled biocrust cover compared to field
measurements

In the wet season, modelled biocrust cover (34%Cov = 2.0)
differed significantly from field measurements when averaged
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across all treatments (39%Cov * 3.2; P = 0.04; Fig. 9). These
differences were more obvious in early burning treatments,
such as the 6-yearly early burning treatment (P < 0.01)
where the modelled cover was, on average, 20% lower than
the observed field result (Fig. 9). Furthermore, in the unburnt
control plots, detected biocrust cover (20%Cov + 2.1) was also
significantly lower than field observations (57%Cov * 5.8)
(P < 0.01). In contrast, modelled biocrust cover (33%Cov +
3.3) was comparable with field observations (42%Cov + 6.2)
in late-burning treatments (P = 0.21; Fig. 9).

In the dry season, modelled biocrust cover across all burnt
and unburnt treatments was comparable to field observations
(Fig. 9). Biocrust cover in early burning plots averaged 30%,
with no significant differences between DTSM-modelled cover
and field observations. Similar data were generated for mod-
elled biocrust cover on control plots (18%Cov + 2.8) and field
observations (15%Cov =+ 5.6), although DTSM-modelled bio-
crust cover in late-burn plots (25%Cov =+ 2.7) differed signifi-
cantly from field observations (53%Cov + 4.4). However,
there were no overall differences between modelled biocrust
cover and field observations in either fire treatments and
control plots in the dry season (P = 0.06), with the exception
of the late 4-year burning treatment (Fig. 9).

Biocrust pigment content across microsites

Biocrust pigment content based on chlorophyll concentra-
tion (Chl) was analysed across three microsites, i.e. biocrust,
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grass and bare soil in both wet and dry seasons (Fig. 10).
Overall, bare soil microsites had the lowest and biocrust
microsites the highest pigment concentrations. Biocrust pig-
ment was recorded under litter but only in the dry season
(Supplementary Fig. S1).

In the wet season, the highest average pigment concen-
tration was detected in biocrust microsites in the control
plots (162 * 35mg Chl/m? P < 0.01). In the burnt treat-
ments, the early season 6-yearly (E6) burn plot was not
significantly different from the unburnt controls (112 +
12mg Chl/m? P = 0.35) whereas L6 (14 + 1 mg Chl/m?)
and L4 (20 = 3 mg Chl/m?) had significantly lower pigment
concentration compared to the other treatments (P < 0.01),
in contrast to E6 which had high concentrations in the
biocrust microsites.

Furthermore, in the wet season, microsites under grass
canopy also had the highest pigment concentrations in the
unburnt control plots (92 + 19mg Chl/m?) and E2
(75 + 5mg Chl/m?), whereas L6 (29 + 1 mg Chl/m?) had
significantly (P < 0.01) lower pigment concentrations in
grass microsites. Microsites under grass in E6 (38 = 4mg
Chl/m?) and E4 (45 + 1 mg Chl/m?) had also significantly
lower pigment concentrations than did the unburnt control
(P <0.01). In the wet season, although low, L6 bare
microsites had significantly (P < 0.05) higher pigment con-
centrations (26 = 5mg Chl/m?) than did other burnt
bare microsites, including E2 (10 + 2mg Chl/m?), 12 (8 +
2mg Chl/m?), unburnt control (8 + 2mg Chl/m?) and
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E6 (2 = 2mg Chl/m% P < 0.01). Pigment concentration in
bare microsites E4 (17 + 4mg Chl/m?) and L4 (14 + 1mg
Chl/m?) was significantly higher than E6 (P < 0.04).

In the dry season, L6 had the highest pigment concentra-
tions for all burnt treatments and in the unburnt control
plots; however, they were not significantly (P = 0.16) dif-
ferent. The highest pigment in biocrust microsites ranged
between (L6) and 128 + 35mg Chl/m? (L2). The lowest
pigment recorded was in E4 (45 = 11 mg Chl/m?) and the
unburnt control (61 + 31 mg Chl/m?). Litter microsites in
the control had the highest pigment (236 + 48 mg Chl/m?)
together with E4 (190 + 116 mg Chl/m?), but both showing
the large variability between sample points.

L6 also had the highest pigment concentration under the
grass canopy (108 = 13mg Chl/m?), whereas E6 had the
lowest pigment concentration (17 *+ 2mg Chl/m% P < 0.01).
Similarly, the control had low pigment (34 + 7 mg Chl/m?),
significantly different from L2 (86 * 5mg Chl/m? P < 0.01),
14 (104 + 7mg Chl/m? and E2 (81 + 17mg Chl/m%
P<0.03). E4 (42+7mg Chl/m? was significantly
(P < 0.01) lower than L6 and 1.2.

Similarly, L6 had the highest pigment concentration in
dry-season bare microsites (86 + 38 mg Chl/m?) and the
lowest in the unburnt control plots (14 + 3mg Chl/m?),

although differences were not significant (P = 0.06).
For example, E6 (37 + 3mg Chl/m?), L2 (35 3mg
Chl/m?), E2 (29 *+ 9 mg Chl/m?) and E4 and L4 were both
25 + 3mg Chl /m?

Discussion

Seasonal impacts on ML accuracy

Building good ‘training’ data was a crucial part of the pho-
tographic analysis. If the object was correctly defined, DTSM
provided accurate data. In the dry season, even though grass
and litter cover were recorded under sunny conditions in the
training photographs, it was difficult to obtain accurate
training data when these ground-cover classes were present-
ing the same or similar colours. For example, the grass
colour resembled litter, dry leaves and dead grass, and ML
over-estimated grass cover. In effect, the grass cover mea-
sured by ML was a combination of dry litter and dry grass,
whereas observers could visually separate the two. Also,
dry-season grass and litter cover in the 2-yearly burning
treatments and unburnt control were significantly higher
than those in other treatments.
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Thus, one of the challenges of the DTSM model was to
separate objects of the same colour among different trained
classes. We approached this problem in two ways. First, we
refined the training with attention to detail and colour
differentiation. Second, we confirmed the poorer differenti-
ation by ML, by combining litter and grass. When we per-
formed these steps, there were no significant differences
between ML and observers. Future applications could couple
these measurements as a positive indicator of ground cover
and soil-surface stability (Williams et al. 2021).

For wet-season field measurements, high soil water con-
tent and active biological processes indicated by pigment
(Belnap et al 2016) improved biocrust identification of
biocrust presence (Blanco-Sacristin et al 2019, 2021).
In this case, as the biocrust was sometimes difficult to see
(owing to the early stage of recovery), in situ pigment
detection verified its presence. Furthermore, the DTSM
model could not detect biocrust cover located under high
density of grass, shrubs, or litter cover. This was demon-
strated in the regression models (Fig. 7).

Measuring biocrusts using ML

Methods such as UAV (Havrilla et al. 2020; Blanco-Sacristin
et al. 2021), airborne sensing (Weber et al. 2008; Rodriguez-
Caballero et al. 2014) and satellite imagery (Panigada et al
2019) can map landscapes, but have limitations because of
environmental conditions obscuring biocrust quantification
with dry- versus wet-season variability, sun position without
clouds, and using conventional indices (e.g. normalised dif-
ference vegetation index (NDVI); Karnieli et al. 2001;
Belnap et al. 2016). Such methods are also unsuitable for
direct use by most land managers, although there is a need
for land manager-based on-ground monitoring.

In the dry season, biocrusts were quite clearly visible
because of their darkened colour contrasting against the
red calcarosol soils. However, in many cases, there was
biocrust under grass and shrubs (recorded by observers)
that was not discernible by the ML methods we used, as a
consequence of the grass canopy covering the biocrust.
During the wet season, biocrust pigment concentrations
derived from microsites demonstrated that biocrusts were
as prevalent under the grass canopy as they were in the
interspaces between the grass plants and, to a lesser extent,
in apparently bare soil (Fig. 10). Biocrust pigment was not
measured under litter in the wet season because of the
scarcity of litter so soon after fire. Nevertheless, dry-season
pigment measurements taken in 2020 reconfirmed the pres-
ence of biocrusts across all microsites including under litter
(data not shown). In some instances, dry-season pigment was
less concentrated than the wet-season one, whih is likely to
be indicative of the inactive state of the biocrusts.

There was a high correlation between the increase in grass
and litter cover and a decreased biocrust cover (Fig. 7). This
demonstrated the limitation of this method in detecting

biocrust cover that was not visible in the photo as it was
obscured by the grass canopy. Another factor that contrib-
uted to decreased accuracy in biocrust cover detection was
likely to be the colour effect. As there were two visible
biocrust colours (light and dark), and light patches of bio-
crust mixed with bare soil and small grasses, detection was
often difficult, leading potentially to underestimation of bio-
crust presence. In previous studies, the classification of bio-
crusts was identified as dark and light biocrust by using UAV
images, but the identification of light-coloured cyanobac-
teria has presented challenges in UAV images when separat-
ing from bare soil and surface roughness, with shadowing
from biocrust microtopography. These surface cover classes
are difficult to separate due to the reflectance in the RGB
zone and when real-life colours are similar (Havrilla et al
2020). To resolve these problems, further field measure-
ments that estimate biocrusts under the grass canopy as a
separate measure to visible areas could be used to establish a
suitable crust cover index for different landscapes.

ML comparisons with alternative methods

We analysed ground cover, including biocrust, grass, litter,
and bare soil to determine whether digital photographs were
suitable. We applied ML techniques to aid in the quantifica-
tion of these microsites following different burning treat-
ments and in wet and dry seasons. Comparing data obtained
by trained biocrust field-observers with ML analysis of
photographs, we demonstrated that it was feasible to moni-
tor microsite recovery postfire disturbance by using a
mobile phone camera.

Information derived from photographs, generated by ML
by using the DTSM algorithm, generally showed high accu-
racies in detecting cover of each class when compared with
field observation. There were exceptions in some cases, such
as biocrust cover in the wet season when grass tussocks
obscured biocrusts. Yet, the proposed method provided a
high level of accuracy (88%) for biocrust cover in contrast-
ing conditions, including the dry season, and following late
burning in the wet season.

However, it was apparent that there was a lower level of
accuracy for early dry-season burning, most likely a conse-
quence of the increase in litter, although it could also be
related to observer errors. In addition, observers did not
consider any differences in plant species that may influence
accuracies. Further ground-truthing and adjustments to the
model that are specific to seasonal conditions and biocrusts
are therefore required.

Post-fire recovery monitoring tools

The Australian savanna landscapes are extensive and often
subject to managed and natural fires (Cowley et al. 2014).
Furthermore, rainfall is spatially variable, resulting in better
recovery in some paddocks than others, or even within
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paddocks that can be as large 2000 ha or more (O’Reagain
et al. 2009). Even though it appears feasible that UAVs and
satellite imagery encompass the large areas, resolution can
range between 10 and 30m (multi-spectral), with small-
scale attributes of the ground cover mixed.

The benefit of digital photographs is the capacity to col-
lect relatively large numbers of high-resolution images at a
small scale. Photos can be acquired seasonally with minimal
effort (e.g. at fixed sentinel points) while performing tasks
such as checking cattle, water points and fences. Once the
ML tools have been applied for specific regions with similar
characteristics, their applications are time- and cost-
effective. The EasyPCCr method has been proven efficient
in cropping systems (Guo 2018; Tresch et al. 2019) and, as
demonstrated, can be readily applied to the savanna grass-
lands such as the landscapes in this study. Decision-making
regarding ground cover and local conditions, especially for
post-fire or drought recovery, can then be based on biocrust
presence as an indicator of soil health and land condition
(Williams et al. 2021). We acknowledge that not all land
managers would have the capacity to analyse their photo-
graphs, although field extension officers could be trained to
develop the DTSM model for their local region.

Conclusions

Advantages of ML methods

The method developed here required minimal time to col-
lect field data and used simple equipment and relatively
easy data processing to quantify biocrust and other
ground-cover types at a fine scale. Similarly, quantifying
grass and litter cover following early and late-season burn-
ing provided results between methods with 95-97% similar-
ity. The exception was an underestimation of grass and litter
cover produced by the DTSM algorithm for the 2-year early
season burning treatment in the wet season, which was
likely to be a result of small grasses being shaded by the
photographer’s shadow and quadrat frame. However, statis-
tically there was no difference between grass cover in this
treatment plot when combined with litter cover when DTSM
was compared with field observations. Thus, the DTSM
model provided accurate results under various light condi-
tions, and, like other studies, produced the best results in
sunny conditions (Guo et al. 2017).

The methodology effectively detected ground-cover clas-
ses from photographs taken with a mobile phone in combi-
nation with ‘off-the-shelf’ image-analysis software package
and DTSM learning algorithm. Our derived sensing metric
showed moderate to high accuracies in classifying different
ground cover when compared with observations by specialists
in the field. We concluded that the methodology developed in
this study effectively quantified ground cover, including grass
and biocrust, as potential indicators of primary productivity
and soil health.
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A constraint for quantifying biocrusts was high grass
cover in the wet season such as the unburnt control plots
or early 6-yearly burn plots where biocrusts were often
obscured by grass tussocks. Nevertheless, we confirmed
that there was a considerable biocrust presence under
grass tussocks, which was confirmed by the pigment analy-
sis. This created one of the key differences between methods
with observer estimations of microsite cover, incorporating
cover underneath grass canopy and in the interspaces
between grass tussocks. Thus, to accurately analyse biocrust
and litter cover, the estimates for biocrusts and litter under
the grass canopy need to be built into the model. In terms of
landscape function, it appeared that dry-season photographs
were more informative. With promising findings, next steps
in this research should be expanded to analyse other soil
types so that a land manager-based management tool can be
developed.

Supplementary material

Supplementary material is available online.
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