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Thesis abstract

Fire can change both the quantity and nature of soil organic matter during the event and can affect
organic matter inputs after the event. These changes may affect the microbial biomass, nutrient
availability and nutrient cycling, and may have flow on effects on soil carbon stocks and cycling.
Post-fire effects may also affect success of established (re-sprouting) and recently recruited plants.
In particular, changed organic matter inputs, such as the formation of a post-fire litter layer,
represent a significant unknown in soil and fire ecology.

The aims of the work presented in this thesis focus on the effects of fire on microbial nutrient
limitation, microbial decomposition of pre- and post-fire litters, and the effects of thermal
alteration of pine needles on soil nitrogen cycling and the soil microbial biomass. The materials
for this work were generated from forestry reserves that had recently been exposed to an
uncontrolled fire. These reserves included Eucalyptus woodlands (‘native’) and Pinus radiata
plantations (‘pine’); sampling in all of these reserves initially occurred four months after the fire
with further samples collected as described in Chapters 2, 3, and 6. To address the knowledge
gaps, a series of field activities and experiments were conducted including: several soil surveys
to determine temporal change in the soils after the fire; a study to determine microbial nutrient
limitation in burnt and not burnt soils; a study to determine decomposition dynamics of native
and pine litters; a study to determine decomposition of pine litters and char during a 3 month
exposure; a study using thermally altered fresh pine needles to explore nitrogen cycling; and a
soil microbiome study (Next Gen sequencing) using four amendments from the thermal alteration
study to determine microbial responses to the post fire litter layer.

The results of these field activities and laboratory experiments indicated that the forestry reserve
soils were not strongly affected by fire when nutrient availability and microbial nutrient limitation
are considered. The post-fire pine litter, however, caused significant disturbances to nitrogen
cycling when soils were incubated with pine litter collected from the field and when incubated
with thermally altered needles generated under laboratory conditions. Post-fire pine litters and
pine needles heated experimentally to temperatures < 200°C absorbed mineral nitrogen,

preventing its extraction from soil and litter mixes. This ability was lost in needles heated
experimentally to >200°C. This temperature was associated with the degradation of
polysaccharides and represented a step change in microbial activity and, potentially, in microbial
accessibility to the added organic matter.

The major conclusions from this work are that soil nutrient content and availability were not
strongly affected by the fire event in native and pine forest reserves, but that fire affected pine
litter has strong nitrogen absorption properties that are likely to affect the mineral N pools
available for the regeneration of forest growth. It is also clear that a post-fire litter layer in pine
forests can have distinctly different effects on the soil environment depending on canopy
temperature conditions during the fire: post-fire litters composed of low temperature needles
absorb most mineral nitrogen that they contact while high temperature needles appear relatively
inert. This relationship was affected by a thermal tipping point at approximately 200°C (detected
using a combination of soil respiration and solid state *C CP-MAS NMR spectroscopy). This
research outlines an important knowledge gap in short term forest nutrient cycling and microbial
responses to fire that may affect forest fire emissions estimates.
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Chapter 1 — Introduction

This thesis is presented as a series of journal manuscripts and articles, each of which contains a
more detailed literature review. However, to give context to the overall project, a short literature
review prepared at the start of the project is now given. The literature review below represents
the state of the literature as of May 2015. Please see individual chapters for more detailed and
current literature relating to specific research activities.

1.1 Literature review

Fire is an integral part of some Australian landscapes and can be considered the primary
consumer of energy in Australia’s nutrient poor environments (Orians and Milewski 2007). It is
an important ecological driver as burning creates a patchwork of ecosystems in varying stages of
recovery (Penman et al. 2007). Fire is important for the reproduction and establishment of some
native plant and fungal species (Orians and Milewski 2007, McMullan-Fisher et al. 2011). In
addition to its natural functions, fire is also used to control woody weeds, and restore
environmental function in Mediterranean and semi-arid environments (Blank et al. 2003, Dai et
al. 2006). This literature review describes the effect of fire on soil nutrient cycling and litter
decomposition.

1.1.1 General fire effects on soil nutrient resources

Fire has direct and indirect effects on the plant community through combustion, nutrient cycling,
and changed soil properties. It has a strong effect on vegetation structure as even low intensity
fires can change an understory shrub dominated system into a grass dominated system (Close et
al. 2011). Fire enhances coarse particulate matter mineralisation through pyro-mineralisation and
the absence of fire can cause organic matter accumulation (Hinojosa et al. 2012). Fire affects soil
nutrient cycling directly through heat and ash deposition, and indirectly by changing the quantity
and nature of organic matter (Gonzalez-Pérez et al. 2004, Caon et al. 2014). Although heat does
not penetrate deep into the soil profile due to the insulating effect of soils, heating may accelerate
some physical nutrient transformation processes and change other processes near the soil surface
(Arocena and Opio 2003). Pyro-mineralisation of organic matter during fire affects soil pH. The
loss of organic matter may decrease soil pH buffering capacity, leading to large changes in pH
after fire (Noble et al. 1996). Soil pH strongly affects nutrient solubilisation and precipitation and
favours some microbial groups over others. Burnt sites often have a higher pH than sites that are
not burnt; however, the differences are usually not significant in the field (Tongway and
Hodgkinson 1992, Arocena and Opio 2003).

When soil organic matter inputs such as leaf litter are considered, litterfall and decomposition
are affected by temperature, recent rainfall and fire history (Penman and York 2010). Frequent
fire may decouple nitrogen and phosphorus cycling and initiate a short term shift from
phosphorus limitation to nitrogen limitation post-fire (Toberman et al. 2014). Nitrogen limitation
should not be an issue, however, in Australian forests that develop a legume dominated
understory (Attiwill and May 2001). Burning every two years significantly lowered freshly fallen
litter decomposition rates in an Australian Eucalyptus forests (Toberman et al. 2014). The fresh
litter from these sites had higher a C:N ratio and lower C:P ratio than sites that were not burnt
indicating nitrogen loss and phosphorus enrichment (Toberman et al. 2014).

Overall, literature on the effect of fire on soils and nutrient cycling in Australian forestry systems
is limited and therefore our understanding of these effects is incomplete. Fire will decrease
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aboveground biomass and may increase or decrease carbon, nitrogen, and phosphorus resources
in the soil. Fire may increase or decrease the microbial biomass and microbial activity, which
may then increase or decrease carbon, nitrogen, and phosphorus mineralisation. Litterfall after a
fire may be affected by soil nutrient limitation, meaning post-fire litters may have changed
nutrient profiles. Overall, the literature indicates large uncertainties in both the direction and
magnitude of change in nutrient cycling after a fire.

1.1.1.1 Carbon

Carbon (C) is present as inorganic and organic forms in the soil. Inorganic C is found in high pH
soils as carbonate compounds and, apart from forming insoluble precipitates with some base
cations, is not an important part of nutrient cycling. Organic C is found in all organic compounds
and is used as a microbial energy source. Organic C availability limits microbial activity in soils
and microbes quickly react to the addition of available organic C (Hoyle et al., 2008, Mondini et
al., 2006).

Fire may increase, decrease, or have no significant effect on soil organic C (SOC) depending on
fire intensity, vegetation dynamics and time elapsed since the fire event (Serrasolsas and Khanna
1995, Prieto-Fernandez et al. 1998, Castelli and Lazzari 2002). Fire frequency may have
cumulative negative effects in otherwise stable landscapes (Bird et al. 2000, Bastias et al. 2006)
while sites that are degraded may not experience significant, or measurable, changes in SOC if
carbon inputs and organic matter retention are low (Tongway and Hodgkinson 1992, Guénon et
al. 2013). Fire prevention may cause an increase in SOC; however, fuel accumulation is a
significant fire risk and, in addition to consuming the entire litter C, a single intense fire may
consume 50% of the SOC in the top 5 cm after fire suppression (Bird et al. 2000). Site specific
variables such as rainfall and plant biomass recovery influence SOC post-fire and strongly
influence fire effects, particularly in water limited environments (Granged et al. 2011).

Fire intensity has a significant effect on SOC content with low intensity fire increasing the SOC
content through changes in primary productivity, organic matter quality, or micro-climate
(Ansley et al. 2006, Dai et al. 2006), and moderate and high intensities decreasing the SOC
content (Guénon et al. 2013, Heath et al. 2015). When considered in Australian landscapes, low
intensity prescribed fires in Australia’s eastern states and the Adelaide Hills (SA) consumed 4-
9% of the aboveground C; these fires had no detectable effect on the SOC in the top 10 cm
(Volkova and Weston 2015). Low intensity fires increased SOC in the top 5 cm at two NSW
woodland sites, possibly due to the addition of pyrogenic organic C (Heath et al. 2015).

Pyrogenic organic C includes carbon compounds which have experienced some degree of
thermal alteration leading to the substitution of organically formed carbon bonds to heat induced
carbon bonds; these compounds may have long term effects on the SOC pool. Charcoal inputs
may appear to compensate for organic C losses at the soil surface but may not compensate the
microbial biomass if they are highly stable organic compounds resistant to decomposition
(Guinto et al. 1999, Guénon et al. 2013). Thermally altered organic structures may significantly
reduce decomposition rate (Baldock and Smernik 2002, Guénon et al. 2013) particularly when
they have a particle size greater than 1 mm (Jenkins et al. 2014). Fine pyrogenic C particles may
increase (Jenkins et al. 2014) or decrease microbial respiration (Fritze et al. 1998). Pyrogenic
organic C may change future soil nitrogen cycling through lower concentrations of phenolic and
labile C compounds (Guénon et al. 2013).
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1.1.1.2 Nitrogen

Nitrogen (N) is required by all organisms for cellular reproduction and protein synthesis. A small
amount of nitrogen may be provided through mineral weathering with some sedimentary and
metasedimentary rocks containing environmentally significant quantities of nitrogen (Holloway
and Dahlgren 2002). However, most nitrogen must be converted from atmospheric N or recycled
through the soil from organic matter decomposition before it can be used by living organisms.
Nitrogen is found in oxidised and reduced inorganic forms in the soil and within organic
molecules in soils and litters; the majority of soil N is in organic forms (95%) (Schulten and
Schnitzer 1998). Nitrogen content and availability relies on organic matter breakdown by
microorganisms and therefore relies on organic C availability. Soil N may be lost from these
forestry systems through leaching, erosion, and volatilisation.

Fire does not usually have a significant effect on total soil N as fire induced changes are small
compared to the amount of nitrogen in the soil (Wan et al. 2001). However, studies have found
that fire increases or decreases soil total N content depending on intensity and the time elapsed
since a fire (Bastias et al. 2006, Dai et al. 2006). Fires can volatize approximately 90% of biomass
N, with approximately a third of total N volatilising at temperatures up to 250°C (Lobert et al.
1990, Badia and Marti 2003). Fire may also change the C:N ratio of soil as nitrogen containing
organic matter is more resistant to heating than C (Badia and Marti 2003, Duguy et al. 2007,
Knicker 2010).

Fire can have measurable effects on mineral N (Nmin) by increasing soil ammonium and
nitrate/nitrite concentrations through pyromineralisation. Changes in Nmin concentration vary
strongly with time elapsed after fire. For example, in Mediterranean climate zones, ammonium
concentration increases immediately after fire and then decreases asymptotically while nitrate
concentration lags behind ammonium and is more variable (Bauhus et al. 1993, Wan et al. 2001,
Caon et al. 2014). Combustion increases Nmin through physical mineralisation and burning can
enhance Nmin concentrations for several seasons (Prober et al. 2008). If the O-horizon and ash
remain in situ, soil organisms can take advantage of the increased availability.

In Australian wet and dry sclerophyllous forests burnt every two or four years there was a
significant effect on Nmin pools when averaged for all sampling times; burn frequency had a
significant negative effect on cumulative N mineralisation (Guinto et al. 1999). Infrequent fire
events can increase net N mineralisation (Carreira et al. 1994, Wang et al. 2014) while increasing
fire frequency can decrease it (Bastias et al. 2006). Nitrification may be suppressed post-fire
because of low microbial biomass, SOC, or changed organic matter quality (Guénon et al. 2013).
However, nitrification may appear to increase after fire because of decreased nitrate uptake by
the microbial biomass (Koyama et al. 2010). In ecologically similar systems, results from solid-
state ’N NMR indicate fire causes an accumulation of pyrrole-type N; fire can introduce new
chemical compounds to the environment (Knicker et al. 2005).

1.1.1.3 Phosphorus

Phosphorus (P) is a structural component of genetic information, cell membranes, and cellular
energy transfer. Phosphorus cycling is a largely a closed system, with atmospheric and leaching
losses small compared to the overall phosphorus soil pool (Stevenson and Cole 1999). Native
soil P is derived from apatite minerals and is usually present in an oxidised form (orthophosphate)
that is negatively charged and may be sorbed to soil particle surfaces via cations such as calcium,
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iron, and aluminium (Smits et al. 2012). Additional phosphorus may be introduced into the
environment through fertilizer application.

Fire can increase or decrease plant available P concentrations through its effects on mineralisation
and the activity of phosphatase enzymes. Some studies have found that burning increases plant
available P concentration with the effect increasing with fire frequency (Tongway and
Hodgkinson 1992, Prober et al. 2008) while other studies found that burning has no measurable
effect on phosphorus availability (Arocena and Opio 2003, Guénon et al. 2013). Hinojosa et al.
(2012) found that fire increases phosphorus mineralisation in pools with short turnover time but
does not affect concentrations of mid and slow turnover phosphorus pools. The effect of fire on
phosphorus availability appears to be temperature sensitive as Badia and Marti (2003) reported
that available P concentrations increased when soils were exposed to temperatures ranging from
150°C to 500°C. Fire may also affect future mineralisation potential through its effects on
phosphatase enzymes with burnt sites having reduced phosphatase activity (Blank et al. 2003,
Hinojosa et al. 2012). While there has been relatively little research in similar native ecological
systems in Australia, phosphorus responses may be important in our strongly phosphorus limited
systems.

1.1.2 Fire and soil biology

Soil biological properties include the living organisms in the soil and their biological processes.
Fire affects biological soil properties by reducing the quantity and changing the quality of organic
nutrients, changing the chemical properties, and perturbing the microbial population (Palese et
al. 2004). The magnitude and direction of these effects are influenced by initial soil conditions,
inherent soil properties, fire intensity and soil depth (Hamman et al. 2007). For example, moist
heat is a more effective biocide than dry heat; therefore microbial death during fire is greater in
moist soils (Mataix-Solera et al. 2011). The overall effect of heating is modulated by the heat
capacity of the soil, the heat penetration, and the vertical profile distribution of the microbes. In
some cases, long term conditions are more important than direct fire effects as vegetation type
and management practices that affect pH and soil organic matter are important regulators of gross
microbial composition (Baath et al. 1995, Cookson et al. 2007).

Fire has been found to affect soil microbial community structure, microbial density and
population fluctuations, and to have no observable effect on species richness in Mediterranean
forests and shrublands (Vazquez et al. 1993, Baéth et al. 1995, Goberna et al. 2012). Fire
frequency has a significant negative relationship with soil heterotrophic respiration in Australian
woodlands (Greene et al. 1990, Tongway and Hodgkinson 1992, Holden and Treseder 2013).
Palese et al. (2004) concluded that fire-induced increases in mineral nutrient availability may be
too short-lived to influence microbial populations. Furthermore, the lack of soil organic matter
will affect microbial populations until it is replenished.

Fungi are often more strongly affected by fire than other microorganisms, with 30 years of
prescribed fire every two or four years resulting in a significantly altered soil fungal community
structure in a wet sclerophyll forest (Bastias et al. 2006, Guénon et al. 2013). However, the
relationships between fire and fungi are variable with some fungi experiencing local extinctions
after fire and others requiring fire to complete their life cycle (McMullan-Fisher et al. 2011). In
a review of the relationships between fire and fungi, McMullan-Fisher et al. (2011) found that
fire interval studies of microbial diversity do not show a consistent relationship, and that there is
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a major problem with quantifying and understanding these relationships due to uncertainties in
fungal species identification and classification.

1.1.3 Study materials, aims and objectives

All soils, litters, and foliage used in this work were collected from Old Kersbrook Forest in the
Adelaide Hills, South Australia. This forestry system is described in detail in Chapter 2 but will
be briefly introduced here. Old Kersbrook Forest contains ‘native’ forest reserves which are
maintained for conservation and recreational use and ‘pine’ forest reserves maintained for Pinus
radiata timber production. While surrounding areas of the Adelaide Hills are relatively
productive, this site is constrained by light textured, skeletal soils formed on ancient residuum
(the Gawler Complex; >1 000 Ma). Due to the age of the parent material, these soils are severely

phosphorus limited; the native vegetation of the region is low open woodlands (Figure 1.1).
Commercial forestry at this site uses fertilisers to supplement the poor soil conditions.

4 A > oY B V ‘:l ! : \‘A 1
Figure 1.1 View from site 1 in Old Kersbrook Forest, during the autumn of 2015. This view is
dominated by Fucalyptus fasciculosa (‘pink gum’; small tree) with occasional Xanthorrhoea
semiplana (‘yakka’ or ‘grass tree’; medium shrub).

Aims of this project include:
e Determine the effects of fire on soil nutrient content.
e Determine the effects of fire on microbial nutrient limitation.
e Explore decomposition dynamics of native and pine litters affected by fire.
e Determine the effects of heating temperature on litter decomposition.
e Determine the effects of needle heating temperature on subsequent microbial
decomposition.
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One of the challenges faced during this project include the inherent heterogeneity of forest soils,
particularly as the study sites contain many rocky outcrops (Zhou et al. 2010). Heterogeneity is
imposed at small and large scales; for example, through site history (such as fire history) and root
architecture (Cohn et al. 2015, Lin and Zeng 2017). The main sampling method in this project
used to reduce soil heterogeneity included taking many subsamples of soil to bulk per plot or site
(as explained in individual chapters); these ‘bulked’ soils where then used in the experiments.
One negative effect of using this method includes the potential for pseudoreplication; this issue
is discussed in Chapter 8.

1.2 Overall structure of the narrative

This body of work examines the relationships between soil, litter, and fire, and the role of fire
affected litters in soil nutrient cycling in two forestry reserves. This is achieved in six chapters
written in manuscript style (Figure 1.1)°. The first two manuscripts focus on direct fire effects on
soil nutrient contents and subsequent nutrient limitation. Chapter 2 focusses on soil change over
time via analyses of carbon and nutrient contents in soils from native and pine reserves that were
not burnt or were burnt at two different severity ratings. The soils collected during the first survey
(May 2015) were then used to determine microbial nutrient limitation in Chapter 3. Building on
the finding that the soils of Old Kersbrook Forest were resilient against the effects of fire, the
following chapters used more complex substrates to investigate the fire effects on litters.
Therefore, Chapter 4 used a subset of soils and litters collected from the first survey to investigate
litter decomposition dynamics. Results from Chapter 4 indicated significant differences between
fire affected and not fire affected pine needles; these differences opened new avenues of
investigation that were pursued in Chapters 5, 6, and 7. Chapter 5 investigates pine litters over a
longer incubation period with the presence or absence of char as an additional factor. This
experiment showed nitrogen cycling was strongly affected by fire history of the litter. The final
two manuscripts used fresh pine needles that had been thermally altered experimentally to
determine the effects of heating in the canopy on post-fire litter decomposition and nitrogen
cycling. Chapter 6 investigates soil nitrogen cycling of thermally altered pine needles intensively
over two weeks, wherein I found a thermal tipping point at approximately 200°C by using a
combination of soil respiration and solid state '*C CP-MAS NMR spectroscopy. Characterisation
of the needles and the results of the experiment in Chapter 6 informed the decision on which
needles to include in the final experiment. Chapter 7 investigates the response of soil microbes
to a subset of thermally altered pine needles over a period of 43 days using Next Gen Illumina
sequencing. The thesis concludes with a general discussion of the main findings and relationships
found herein (Chapter 8).

5 Please note that the preliminary nature of Chapters 3 and 4 mean that these manuscripts are not suitable
for publishing.
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Figure 1.2 Contextual diagram of narrative flow for manuscripts within this thesis. ‘Field litter’
indicates both native and pine litters.

Overall, the narrative within this thesis starts broadly with the field survey, then focusses in on

soil responses to increasingly complex inorganic and organic amendments. It finishes with
synthesised post-fire litters (in the form of thermally altered pine needles), which give some
indications of the role of fire in post-fire nutrient cycling in native and pine forests.
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2.1 Abstract

The ‘Sampson Flat Bushfire’ blackened more than 20,000 ha of rural and peri-urban land in
January 2015. Substantial areas of forested land were affected by this fire, including ‘native’
forest reserves and managed Pinus radiata plantations. A small soil survey was conducted,
seasonally, over 15 months (starting in the autumn of 2015) where soils in these reserves and
plantations were analysed for total organic carbon, total organic nitrogen, microbial activity,
mineral nitrogen and phosphorus, and microbial biomass phosphorus. The results of this survey
were highly variable and did not show any obvious trend that could be linked universally to fire
or vegetation type, neither was time since fire a significant factor. From this survey it is clear that
fire affected native forest and pine plantations differently in Old Kersbrook Forest, and that these
changes persist for more than a year after the event.

2.2 Introduction

Over eight days in January 2015, an uncontrolled fire burned more than 20,000 hectares of rural
and peri-urban land in the Adelaide Hills, South Australia. Named the ‘Sampson Flat Bushfire’,
this fire burned a wide variety of land use types including conservation and forestry reserves.
This study is concerned with soils collected from ‘Old Kersbrook Forest’, a forestry reserve
which is managed by a Government of South Australia owned corporation, ForestrySA4, and
which contains forest reserves for both environmental conservation and wood production.
Reserves for environmental conservation (‘native’ reserves) within Old Kersbrook Forest
generally consist of low open woodlands that are not intended for logging (i.e. they are
maintained for environmental benefit and public recreation). Reserves for wood production
(‘pine’ reserves) within Old Kersbrook Forest affected by the Sampson Flat Bushfire were
managed Pinus radiata plantations that had been planted in the late 1980s. Managed forestry in
South Australia typically occurs on land that is unsuitable for higher value uses (such as
horticulture or cropping) because of limitations to soil productivity capacity, climate, topography,
or distance to markets. In Old Kersbrook forest, limiting factors for productivity include shallow,
sandy soils over rock and moderate slopes with rocky outcrops.

Fire can be expected to affect native and pine forests differently as each type of reserve has a
different pattern of vegetation response to burning. Many native Australian trees, particularly in
savanna type ecosystems such as is found in the Adelaide Hills and surrounds, have the capacity
to resprout basally or epicormically after a fire (Clarke et al. 2015). Native trees in these
woodlands that do not resprout may instead have fire triggered serotiny where seed release or
germination is induced by events such as smoke exposure or seed heating (eg. Acacia pycnantha)
(Brown et al. 2003). Plants that are summer dormant and present as subterranean organs only
(such as tubers and rhizomes) may be largely unaffected by fire due to the insulating effect of
soil particles (Badia et al. 2017). It is also probable that fires in each forest type are likely to
generate different fire severities (see Keeley (2009) for definition): for example, canopy height
in the native reserves of Old Kersbrook Forest was substantially lower than the pine reserves
(canopy maximum heights <10 m and >30 m for native and pine, respectively), which may have
increased the rate of canopy fires in the pine sites.

Pinus radiata is more sensitive to fire disturbances than the Eucalyptus species native to the study
sites, and has characteristics of both fire evader and fire resistant plant species (Fernandes et al.
2008). These characteristics mean that mature P. radiata trees can withstand low severity fires
but that they struggle to survive higher severity fires. Although P. radiata can survive low
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severity fires, bole growth and litterfall may be reduced for several years after the event (Williams
and Wardle 2007, Seifert et al. 2017). The reproductive cycle of P. radiata is a fire resistant
characteristic as their cones are serotinous and both extreme summer heat and low severity fires
can initiate seed release; low intensity fires do not appear to negatively affect seedling
germination or emergence (Richardson et al. 1990, Reyes et al. 2015). While P. radiata
plantations are resilient to low severity fires, high severity fires have high tree mortality with 100%
mortality in forests that experience canopy fires (Ruiz-Gonzélez and Alvarez-Gonzalez 2011).
High severity fire also negatively affects seed germination and emergence (Reyes et al. 2015).

In addition to the effects of fire on the vegetation, fire also affects the soil environment both
directly and indirectly. Direct changes may include combustion of surface and soil organic matter,
pyromineralisation of organic nitrogen and organic phosphorus to inorganic forms, sterilisation
of surface soil, physical changes to the soil matrix, and the deposition of new forms of organic
matter and ash (Gonzalez-Pérez et al. 2004, Certini 2005). Combustion and pyromineralisation
of organic matter have been shown to affect mineral N and mineral P contents of post fire soils,
affecting microbial processing and accumulation of these elements, respectively (Wang et al.
2012, Holden and Treseder 2013); however, low intensity fires generally have only minor effects
on soil (Catalanotti et al. 2018). Indirect changes include changed vegetation structure, site
microclimate, organic matter inputs, and water availability (Certini et al. 2011, Certini 2014).
Direct and indirect changes to the soil environment may lead to changes in microbially mediated
nutrient cycling through fire induced resource or environmental limitations. Therefore, the aims
of this survey were to track changes in total carbon, total nitrogen, mineral nitrogen, mineral
phosphorus, and microbial nitrogen and phosphorus over five seasons after a fire to determine
effects of the Sampson Flat bushfire on nutrient cycling within the soils of Old Kersbrook forest.

2.3 Methods

2.3.1 Site description

The soils used in this experiment were sourced from four study sites that were established in
Eucalyptus woodlands (‘native’ hereafter) and Pinus radiata forests (‘pine’ hereafter) that were
either burnt or not burnt during the Sampson Flat fire of January 2-9 2015. All sites are within
the ‘Old Kersbrook Forest’ forest reserve of ForestrySA in the Adelaide Hills, South Australia
(Figure 2.1). The region has a Mediterranean to temperate climate with average annual
precipitation of 650 mm (winter dominated) and mean daily temperature ranging from 9.7°C to
19.0°C Bureau of Meteorology (2015a). Between the fire and the time of sampling, 142.6 mm of
precipitation was recorded at the nearest weather station (Williamstown; 7 km away) (Bureau of
Meteorology 2015b, c, d, e). Old Kersbrook Forest is located on the Barossa Complex: a highly
weathered region of the Adelaide Geosyncline. The topography of the site is low, undulating hills
running approximately north-south, which have been dissected on their east and west faces by
small ephemeral streams. The soils are light brownish grey to reddish brown sandy clay loams
with weathered rock within 15 cm of the soil surface at most sites; they are classified as Leptic
Rudosols in the Australian Classification (Isbell 2002).
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Figure 2.1 Study site locations; native site that was not burnt (NUB), native site with low severity
burn (NLB), native site with high severity burn (NHB), pine site that was not burnt (PUB), pine
site with low severity burn (PLB), and pine site with high severity burn (PHB).

The native sites are defined as ‘Long Leaf Box Woodland’ (Berkinshaw 2009) and are composed
of low woodland with Eucalyptus goniocalyx, E. fasciculosa, E. obliqua and understorey of
Acacia pycnantha, Xanthorrhoea semiplana and Hakea rostrata. Pine sites are managed
plantations 30 years and older of Pinus radiata. The vegetation within burnt native sites was
actively regenerating at the sampling time (four months after the Sampson Flat fire) while the
vegetation within burnt pine sites was deceased.

2.3.2 Sampling

Three sites that differed in fire severity were identified in each forest type. At each of the six sites
(one per vegetation type and fire severity) four 100 m? plots were established, and were
categorised as: not burnt, low severity burnt (‘low burnt’, hereafter) or high severity burnt (‘high
burnt’, hereafter) following the definitions in Keeley (2009) (Table 2.1). These sites were
sampled four months after the fire and then seasonally until the following autumn; sampling
ended at this point due to the risk of falling trees. Within each plot, after removal of the litter
layer from the immediate coring area, soil was sampled from 0 to 10 cm depth using a 54 mm
diameter auger in a haphazard pattern. Nine samples were taken from each plot, combined, sieved
to <2 mm and air dried at 40°C.
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Table 2.1 Fire severity classes (Keeley 2009), vegetation type, and site names and locations.

Fire severity definition Vegetation Site Site location
Litter intact with plant parts green Woodland Native not 34°42°56.38”" S
and unaltered, no direct effect burnt 138°51°17.40 E
from heat.

Pine plantation Pine not burnt  34°43°6.03”” S
138°51°45.05” E

Trees with some canopy cover Woodland Native low 34°42°59.25” S
killed, but foliage not consumed. burnt 138°51°13.37” E
All understorey plants charred or

consumed. Fine dead twigs on Pine plantation Pine low burnt  34°44°32.38”’ S
soil surface consumed and logs 138°51°18.88” E

charred. Pre-fire soil organic
layer largely consumed.

Canopy trees killed and foliage Woodland Native high 34°43°3.33° S
consumed. Surface litter of all burnt 138°51°12.95 E
sizes and soil organic layer

largely consumed. White ash Pine plantation Pine high burnt  34°44°29.93*” S
deposition and charred organic 138°51°21.08” E

matter to several cm depth.

2.3.3 Soil analyses

Total organic C (TOC), total N (TN), mineral N (ammonium and nitrate/nitrite; Nmi), resin P
(resin strips; Pre), and microbial biomass P (MBP) were measured on all soils. Dry soil was used
for TOC and TN, while 7 day incubated soils were used for all other analyses (as outlined below).
Total organic C and TN were measured on dry soils using dry combustion in a Dumas furnace
(Apal Agricultural Laboratory, South Australia). Mineral N, Prs, and MBP were measured on
soils that had been incubated at 50% of WHC at 24+3°C; soil respiration (as CO,-C flux) was
measured daily (see below). Mineral N was determined after shaking soil with 2M KCl in a 1:5
ratio. Ammonium-N was measured using ammonium-salicylate oxidation (Forster 1995) and
nitrate-N was measured using vanadium(IIl) reduction (Miranda et al. 2001). Resin P was
extracted using the anion exchange resin method (Kouno et al. 1995) and the phosphorus
concentration was determined colorimetrically (Murphy and Riley 1962). Soil MBP was
determined as the difference between phosphorus extracted using anion exchange resins with
hexanol fumigation and without hexanol fumigation (McLaughlin et al. 1986); an extraction
efficiency coefficient was not used for MBP.

For cumulative respiration, soils were packed into PVC cores and then transferred to 950 mL
glass jars (Ball® quart wide-mouth jars, Jarden Corporation) fitted with gas-tight lids which had
stainless steel septum ports and rubber septa to allow sampling of headspace gas (Butterly et al.
2009). Soil respiration was quantified over the course of the experiment by measuring headspace
CO; concentration using a Servomex 1450 infrared gas analyser (Servomex Group,
Crowborough, England) as described in Butterly et al. (2010). Briefly, CO- in the incubation jars’
headspace was quantified at the end of a known time interval and used to calculate respiration
rate and cumulative respiration. After each measurement, the jars were opened to equilibrate CO»
to ambient concentrations and then resealed. Detector readings were converted to mg CO,-C by
establishing a linear regression between known CO; concentrations and the detector readings.
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Respiration was expressed per gram of organic C to take into account differences in organic C
content among soils.

Two-way analysis of variance (ANOVA) and post hoc Tukey tests (Honest Significant
Difference; HSD) were used to determine effects of burn type and time on measure variables (de
Mendiburu 2017). Principle Component Analysis (PCA) was used to diagnose trends through
time; ellipses drawn from a multivariate t-distribution and were added using the R package
ggplot2 (Wickham 2009). After determining the insignificance of time, data were analysed for
site differences by using collection times as replicates. Analyses were conducted using one-way
ANOVA and post hoc Tukey tests (HSD). All statistical analyses were carried out using R (R
Core Team 2018), and significance was set at 0<0.05.

2.4 Results

When analysed by two-way ANOVA, fire site was a significant main effect in two thirds of the
analysed variables (Table 2.2); season of collection was a significant main effect in only one
variable (cumulative respiration) and there was no observable interaction between site and season.
The PCA to diagnose change over time indicated time was not a significant variable (Figure 2.2).

Table 2.2 Two way ANOVA results for variables measured on all soils (cumulative respiration
measured for one week); n=4 for each site during each season; 6 sites and 5 seasons are included.
‘ns’ indicates not significant; ‘*’ indicates significant at p<0.05; “** indicates significant at
p<0.01; “***’ indicates significant at p<0.001.

Variable Site Season SitexSeason
TOC *kok ns ns
TN * ns ns
Niin ns ns ns
Pres * ns ns
MBP * ns ns
Cumulative respiration ns * ns
2 -

Sample Time
2015 Autumn
2015 Spring

-o- 2015 Winter

-o- 2016 Summer
2016 Autumn

PC2 (24%)
)

1
»

-61 s

5.0 25 0.0 25
PC1 (25%)

Figure 2.2 PCA for all soils at all collection times. Each point represents soil from a single plot;

colours represent sample times. Ellipses are 95% confidence ellipses.
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The results of this survey were highly variable and did not show any obvious trends that could
be linked to fire or vegetation type (Figure 2.3). Total organic C content was highest (3.9%) in
the native not burnt soil (Figure 2.3; Top left) and equally low in all other soils (range: 2.0-2.6%).
Carbon:nitrogen ratio was equally high in the native not burnt and pine high burnt soils (range:
20.9-22.7%) and similarly low for all other soils (18.0-20.9%); the pine high burnt C:N was not
significantly different from any other soil. No differences were observed in the cumulative
respiration data.

Mineral N (Figure 2.3; bottom left) tended to increase (from 28 to 42 ug N g soil™") with fire in
the native soils and decrease (from 27 to 18 pg N g soil™') in the pine soils. Resin P (Figure 2.3;
bottom middle) was uniformly low in native soils (range: 0.2-0.7 ug P g soil ') and increased with
fire severity in pine soils (from 1.6 to 3.3 pg P g soil™"). Microbial biomass P decreased with fire
in native soils (from 5.8 to 2.6 pg P g soil™") and was broadly similar in all pine soils (range: 4.5-
6.9 g P g soil ™).
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Figure 2.3 Total organic carbon (top left; TOC, %), carbon:nitrogen ratio (top middle; C:N),
cumulative respiration on day 3 (top right; pug CO,-C g soil™"), mineral N (bottom left; Ny,
ug N g soil™), resin P (bottom middle; Py, pug P g soil') and microbial biomass phosphorus
(bottom right; MBP, ug P g soil) for each soil over five seasons (n=20; values are mean +
standard deviation). Values with same letter within the same graph are not significantly different
(Tukeys HSD, 0=0.05).
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2.5 Discussion

Although both vegetation types experienced a decrease in MBP, fire inconsistently affected the
other variables measured in soil from the two sites. After burning, native sites experienced a
decrease in TOC and C:N and an increase in Nmin, While pine sites only experienced increased
Pr. Forest fire can lead to increased or decreased soil organic carbon and nitrogen contents: fire
can reduce organic carbon content if combustion is complete or increase organic carbon content
via char if combustion is incomplete (Wan et al. 2001, Prendergast-Miller et al. 2017). Although
C:N in boreal forests has been reported to decrease and mineral N content increase after fire
(Turner et al. 2008, Hume et al. 2016), previous research in Australian woodlands and open forest
sites often find that nutrient contents at these sites are not strongly affected by fire. For example,
surface soil organic C (SOC) and TN was not significantly affected by recent fire in a north
eastern NSW tall open eucalypt forest (Hobley et al. 2017), similarly fire was found to have no
observable mid-term (<20 years) effect on SOC in open forests and woodlands of the Sydney
basin (Sawyer et al. 2018). There is the possibility that the decrease in C:N in the native sites in
this study was due to differences in volatilisation temperature, however the rapid recruitment of
leguminous trees that established before the first sampling time should also be considered (Ma
et al. 2015).

It is unclear whether changes in plant available P were due to site differences or vegetation
differences or an interaction between sites and vegetation. Phosphorus content of pine soils is
likely to be higher in general than in native soils as phosphorus fertiliser has historically been
used in pine plantations to increase timber yields on low quality plots (Boomsma 1949). Low
phosphorus content in the native soils may decrease the observable effect of fire on available P
content as excess phosphorus is rapidly sorbed to the soil or assimilated into the microbial
biomass (Romanya et al. 1994). In addition, ash is highly susceptible to wind and water erosion
(Giardina et al. 2000, Bodi et al. 2014) and, as the native sites were located on steeper slopes than
the pine sites, ash borne P may have moved offsite before sampling. Vegetation differences that
may arise after fire may be due to the higher phosphorus content of pine litter compared to
Eucalyptus (Baker and Attiwill 1985).

Even though microbial activity (as measured by soil respiration) was not observably affected by
fire, MBP was decreased in both vegetation types after fire. A similar response was observed in
a meta-analysis of 139 published soil microbial responses to forest disturbances wherein
microbial biomass was decreased by 49% in sites that had been disturbed by fire (Holden and
Treseder 2013). This response may be due to a decrease in the quality of soil organic matter after
burning where more labile components of soil organic matter are volatized at lower temperatures
(Gonzalez-Pérez et al. 2004). Although soil sterilisation has been posed as a reason for a decrease
in microbial biomass immediately after fire (Prieto-Fernandez et al. 1998), it is unlikely to be the
case in this study due to the length of time since fire and the depth of the soil samples (Badia et
al. 2017).

2.6 Conclusion

When considered as a whole, these results indicate that although the Sampson flat fire did not
substantially affect microbial activity, microbial nutrient cycling was disturbed for the duration
of sampling. In native sites, SOC and C:N ratio decreased with both low and high severity fire,
and Nmin increased with high severity fire only. In pine sites, Prs increased with high severity fire.
Microbial biomass P was decreased by fire; however, this was only significant in the native sites.
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Changes in Nmin and MBP indicate a perturbations in nitrogen cycling mineralisation or uptake
pathways and perturbations in microbial nutrient accumulation over time. From this survey it is
clear that fire affected native forest and pine plantations differently in Old Kersbrook Forest, and
that these changes persisted for more than a year after the event.
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3.1 Abstract

Fire changes the nature and quantity of soil organic matter during the event and affects organic
matter inputs after the event. Although extensive research has been conducted on the influence
of fire on soil nutrient cycling in regard to plant nutrient limitation, less is known about the effects
of fire on microbial nutrient limitation (i.e. the limited availability of nutrients used for microbial
growth). To address this gap, soils were collected from adjacent woodland and pine forest sites
that were not burnt or experienced low or high severity fire. These soils were incubated for 50
days after being amended with carbon, nitrogen, or a combination thereof. Amendment type only
had a significant impact on cumulative respiration, microbial biomass phosphorus, and mineral
nitrogen. The main result from this experiment is that microbial activity was primarily increased
by carbon addition, then by either nitrogen or nitrogen and phosphorus addition, and that while
burning increased nitrogen limitation when pooled by vegetation type from which the soil was
collected, there was not a consistent response to nutrient addition due to fire severity. Therefore,
although the response to nutrient addition was different for each soil, fire severity was not an
important variable for microbial nutrient limitation in soils collected from these sites.

3.2 Introduction

Globally, between 3.6 and 3.8 million square kilometres of land was burnt annually over the
years 2006-2008 (Chuvieco et al. 2016); of which, fires in shrublands and forests accounted for
more than 250,000 km?. Due to different fire conditions that lead to site specific fire intensities
(energy release), fires have strongly spatially variable effects (Hamman et al. 2007, Bradstock et
al. 2010) that cause a patchwork of fire severities, and hence, organic matter loss (Keeley 2009).
Forest fires cause an immediate loss of organic matter from vegetation and litter, and affected
forests may have reduced soil organic matter inputs post-fire depending on forest resilience and
fire severity (Diaz-Delgado et al. 2003, Clarke et al. 2014, Fernandez-Manso et al. 2016, Jenkins
et al. 2016). These changes in litter dynamics can have significant implications for important soil
processes such as nutrient cycling.

Fire can change soil nutrient cycling in forests in the period immediately after the event due to
changes in the soil organic matter (SOM) and microbial biomass (Gonzalez-Pérez et al. 2004,
Wang et al.). Soil organic matter is thermally altered during fire and becomes char (i.e. retaining
original structures) or black ash (i.e. after incomplete combustion), or white ash (i.e. after
complete combustion) (Palese et al. 2004, Bodi et al. 2014). Char, black ash, and white ash have
different physical and chemical properties that are relevant to soil microbial nutrient limitation
(i.e. the limited availability of nutrients used for microbial growth). Whereas char and black ash
have a larger particle size than white ash, and are composed of thermally altered organic
compounds, white ash is rich in carbonates and oxides (Palese et al. 2004, Bodi et al. 2014).
Particle size is an important factor in the decomposition of pyrogenic residues as ash can enhance
microbial activity (Dooley and Treseder 2012, Bodi et al. 2014) while residues >1 mm are
considered to be relatively resistant to microbial decomposition (Baldock and Smernik 2002,
Jenkins et al. 2014). Although microbial activity can increase after fire (Palese et al. 2004),
microbial biomass tends to decrease immediately following a fire (Barcenas-Moreno and Bééth
2009, Dooley and Treseder 2012, Fonttrbel et al. 2012, Muqaddas et al. 2015). Therefore, as fire
decreases the microbial biomass, and fire intensity affects the physical and chemical properties
of pyro-residues, the immediate response of soil nutrient cycling to fire is expected to be strongly
influenced by fire severity.
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Fire affects carbon, nitrogen and phosphorus pools differently depending on fire intensity.
Whereas both carbon and nitrogen volatilize at relatively low (=200°C) temperatures (Hosking
1938, Barcenas-Moreno and Baath 2009), phosphorus volatilization occurs at substantially
higher (=750°C) temperatures (Raison et al. 1985). In woodlands and forests from temperate and
Mediterranean climatic zones, soil organic C (SOC) increases with low severity fire and
decreases with high severity fire (Heath et al. 2015, Mugaddas et al. 2015, Jenkins et al. 2016,
Krishnaraj et al. 2016). In woodlands, both decreased and increased mineral N have been
observed after fire (Weston and Attiwill 1990, Jones and Davidson 2014, Muqgaddas et al. 2015);
contrastingly, in boreal and temperature forests, mineral N pools often increase after fire (Prieto-
Fernandez et al. 1993, Wang et al. 2012). Nitrogen mineralisation may be lower after fire due to
the overall loss of organic N or unaffected after fire (Wan et al. 2001, Duréan et al. 2009, Guénon
et al. 2013). Fire often increases phosphorus availability in the short-term through
pyromineralisation (Barcenas-Moreno and Baéath 2009), but may decrease both available P and
total P over the long term if pyrogenic residues are not retained on site (Duran et al. 2009, Ferreira
et al. 2016).

Although the effect of fire on the relationships between SOC, nutrient availability, and soil
microbes has been studied extensively (Wang et al. 2012), relatively little is known about which
nutrients limit microbial biomass and activity after fire. As microbially-mediated processes play
an important role in the breakdown of organic matter (OM), changed soil conditions, OM, and
OM inputs after a fire may affect the rate of decomposition or the fate of nutrients and therefore
affect soil nutrient cycling. In this study, microbial nutrient limitation was assessed by
determining microbial activity and biomass after adding carbon, nitrogen and phosphorus (alone
and in combination) to soils from two vegetation types that had recently experienced different
fire severities. The aim of this study was to examine the responses of soils from different forest
types and fire histories on carbon, nitrogen and phosphorus limitation for microbial activity and
growth. It was anticipated that the site of origin for these soils may determine the response to
added nutrients.

The hypotheses were: (1) carbon is the primary limiting resource, (2) microbes will be
carbon/phosphorus and carbon/nitrogen limited in unburnt and burnt soils, respectively, and (3)
fire severity will increase the intensity of fire-induced nutrient limitation. The results are
discussed in the context of site specific responses to the addition of simple macronutrients in
order to determine differences in vegetation type response.

3.3 Methods

3.3.1 Site description and soil sampling

This study included six sites in native woodlands and pine forests from within the ‘Old Kersbrook
Forest’ forest reserve in the Adelaide Hills, South Australia (Figure 2.1). These sites were
affected by the Sampson Flat fire of January 2-9 2015 (Table 2.1), and show varying signs of fire
severity. The woodland sites in this study are defined as ‘Long Leaf Box Woodland’ (Berkinshaw
2009) and are composed of low woodland with Eucalyptus goniocalyx, E. fasciculosa, E. obliqua
and understorey of Acacia myrtifolia, A. pycnantha, Xanthorrhoea semiplana and Hakea rostrata.
Pine sites were plantations of Pinus radiata 30 years and older. The region has a Mediterranean
climate with average annual precipitation of 650 mm (winter dominated) and mean daily
temperature ranging from 9.7°C to 19.0°C (Bureau of Meteorology 2015a). The soils are reddish
brown to light brownish grey sandy clay loams with weathered rock within 15 cm of the soil
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surface at most sites. These soils are classified as Leptic Rudosols in the Australian Soil
Classification (Isbell 2002) or as Leptic Regosols in the World reference base (IUSS Working
Group WRB 2015).

In each forest type three sites that differed in fire severity were identified. At each of the six sites
(one per vegetation type and fire intensity) four 100 m® plots were established, and were
categorised as: not burnt, low burnt or high burnt (fire severity estimated according to Keeley
(2009)). These sites were sampled four months after the fire. The maximum distance between
these sites is 3 km. During the four months after the fire, daily maximum temperature ranged
from 11.4°C to 40°C and 142.6 mm of rain fell at nearby Williamstown between the fire event
(January 9, 2015) and the sampling date (May 5, 2015) (Bureau of Meteorology 2015b, c, d, ).

Within each plot, after removal of the litter layer from the immediate coring area, soil was
sampled from 0 to 10 cm depth using a 54 mm diameter auger. Nine samples were taken from
each plot, combined, sieved to <2 mm and dried at 40 °C. Subsamples of the soils were analysed
for preliminary physical and chemical properties while the remaining soil was bulked per site.
These site-based samples were then subsampled to give the four replicates in the experiment.

3.3.2 Soil characterisation

After field sampling, preliminary physical and chemical properties were measured on the soils;
this included bulk density, gravimetric water content, texture, water holding capacity (WHC),
PHi:5waier, €lectrical conductivityi.swaer (EC), total organic C (TOC), total N (TN), ammonium and
nitrate (mineral N; Nmin), and resin P (Py). Bulk density of the soil ranged from 0.9 to 1.2 g cm’
3 (Table 3.2). Maximum WHC was measured on the dried soils using thoroughly wetted soil in
soil rings allowed to drain for 48 hours on a sintered glass funnel connected to a 1 m water column
(ym = -10 kPa), after which gravimetric water content was determined; maximum WHC ranged
from 0.21 to 0.38 g g (Table 3.2). Soil pH and EC were measured using a CyberScan PC 510
(Eutec Instruments) on the dried soils using a 1:5 soil:water extract after shaking for one hour;
all soils were acid and non-saline (Table 3.1). Total organic C and TN content were measured on
dried soils using dry combustion. Mineral N was determined for the dried soils after shaking soil
with 2M KCl in a 1:5 ratio. Ammonium-N was measured using ammonium-salicylate oxidation
(Forster 1995) and nitrate-N/nitrite-N was measured using vanadium(III) reduction (Miranda et
al. 2001). Resin P was extracted from the dried soils using the anion exchange resin method
(Kouno et al. 1995) and the phosphorus concentration determined colorimetrically (Murphy and
Riley 1962).
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Table 3.1 Initial properties for soil depth 0-10 cm. Values are means+SE; n=4.

Native Pine

Not Low High Not Low High

burnt burnt burnt burnt burnt burnt
Litter 4.4+0.2 0.5+0.1 0.2+0.0 12.8+2.1 2.5+0.2 0.1+0.1
(kg m?)
Bulk density 0.93+0.02 0.81+0.01 0.84+0.04 1.17+0.05 1.21+0.10 1.07+0.07
(g cm™)
ECi:s 20.5+4.7  39.4+1.1 52.0+4.5 21.7452  26.2+4.8 41.0£2.2
(uS cm™)
pHi:s 4.7+0.1 5.0+0.1 4.7+0.1 5.4+0.0 5.6+0.0 5.840.2
TOC (%) 3.9+0.4 2.6+0.3 2.7+0.3 2.4+0.2 2.2+0.4 2.4+0.5
TN (%) 0.22+0.04 0.13+0.01 0.15+0.02 0.13+0.02 0.09+0.00 0.11+0.02
NH," 0.6+0.01 1.4+0.1 1.3+£0.3 1.6+0.1 1.0+0.1 0.8+0.1
(mg N g soil™)
NO5 0.32+0.07 2.04+0.33 0.49+0.12 13.8+1.06 70.8+6.09 19.0+3.56
(ng N g soil™")
Resin P 0.48+0.13 1.11+0.15 0.88+0.32 1.56+0.13 4.77+1.08 7.424+2.10

(ug P g soil ™)

3.3.3 Experimental design

Optimal water content for soil respiration was determined in a preliminary incubation and was
slightly different for each soil leading to each soil requiring a unique water content for optimal
respiration in this experiment (Table 3.2) (Butterly et al. 2010). The soils were pre-incubated for
10 days in the dark at room temperature (approx. 23°C) and 45% or 51% of WHC (depending on
optimal water content) to reactivate the microbes in the previously dry soil before the beginning
of the experiment.

Table 3.2 soil properties relevant to experimental water content for soil incubation and
experimental water content.

Site Bulk density WHC Optimum water Experimental
(g em™) (ggh content for water content

respiration (% WHC)
(% WHO)

Native not burnt 0.9 0.38 60-70 70

Native low burnt 0.8 0.31 ns 40-80 ns 70

Native high burnt 0.8 0.38 ns 40-80 ns 70

Pine not burnt 1.2 0.31 80 80

Pine low burnt 1.2 0.21 80 80

Pine high burnt 1.1 0.24 80 80

After pre-incubation, 20 g dry weight equivalent of soil was amended with solutions of glucose
(10 g C kg soil'; referred to as C+ hereafter), ammonium chloride (0.5 g N kg soil'; referred to
as N+ hereafter), monopotassium phosphate (0.05 g P kg soil'; referred to as P+ hereafter ), or a
mixture of all possible C+/N+/P+ combinations and then brought up to a water content of
between 60 and 80% WHC depending on the optimal moisture content for respiration (see above
and Table 3.2). Thus, there were eight treatments: an unamended control and seven amendments
(C+, N+, P+, C+N+, C+P+, N+P+, C+N+P+). After amendment, the soils were packed into PVC
cores and then transferred to 950 mL glass jars (Ball® quart wide-mouth jars, Jarden Corporation)
fitted with gas-tight lids which had stainless steel septum ports and rubber septa to allow sampling
of the headspace gas (Butterly et al. 2009). Soil respiration was quantified daily (see below). The

38



experiment ended once the respiration rate in all soils with carbon amendments had stabilised.
Microbial biomass C, N, and P were measured at the end of the experiment (day 50). Mineral N
and P..; were measured at the start (before pre-incubation) and at the end of the experiment.

Soil respiration was quantified over the course of the experiment by measuring headspace CO,
concentration using a Servomex 1450 infrared gas analyser (Servomex Group, Crowborough,
England) as described in Butterly et al. (2010). Briefly, CO; in the incubation jars’ headspace
was quantified at the end of a known time interval and used to calculate respiration rate and
cumulative respiration. After each measurement, the jars were opened to equilibrate CO; to
ambient concentrations and then resealed. Detector readings were converted to mg CO,-C by
establishing a linear regression between known CO; concentrations and the detector readings.
Respiration was expressed per gram of organic C to take into account differences in organic C
content among soils.

Soil microbial biomass P (MBP) was determined as the difference multiplied by 1.75 between
phosphorus extracted using anion exchange resins with hexanol fumigation and without hexanol
(McLaughlin et al. 1986). Soil microbial biomass C (MBC) and N (MBN) were extracted using
chloroform fumigation extraction (Vance et al. 1987) with 0.5 M K,SO; at a 1:5 soil:extractant
ratio. The carbon concentrations in the fumigated and non-fumigated extracts were determined
after Anderson and Ingram (1989). The difference in carbon concentration between fumigated
and non-fumigated soil was multiplied by 2.64 to calculate MBC (Vance et al. 1987). Microbial
biomass N was calculated as the difference in ammonium-N concentration between fumigated
and non-fumigated samples multiplied by 1.75 (Brookes et al. 1985, Moore et al. 2000).

3.3.4 Statistical analysis

Statistical analyses were considered as a response to nutrient additions within the site level (Table
2.1) as there were no replicates at the site level. However, as multiple burnt (n=4) and not burnt
(n=2) sites were sampled, responses to resource addition are analysed for burnt/not burnt sites,
pooled over vegetation type (Hypothesis 2). While it is clear that differences due to fire severity
cannot be statistically supported, this study explores the response of these soils to nutrient
addition and provides commentary on the possible effect of severity. Analysis was by one-way
ANOVA and post hoc Tukey HSD tests (at 0<0.05), using R’s stats and agricolae packages (de
Mendiburu 2017, R Core Team 2018).

3.4 Results and discussion

3.4.1 Post-fire soil properties

Even though the aim was not to compare between sites, some interesting patterns in initial soil
properties were observed, as follows. Litter and soil organic matter were influenced by vegetation
type and fire severity (Table 3.1). Litter dry mass per area was highest in the pine unburnt site
than all other sites. Total organic C and TN content were highest in the native not burnt site and
similar among the other sites. Less surface litter and more TOC in the native not burnt site relative
to the pine not burnt site suggests either that pine litter is more slowly incorporated into the SOM
than native litter, or that pine litter is being produced at a higher rate than the native litter. Slowed
incorporation of pine litter into the soil may be due to greater nitrogen limitation in pine soils as
pine needles have a higher C:N ratio than eucalyptus leaves (80-100 and 46-80 respectively)
(Baker and Murray 2012, Martinez et al. 2013, Krishnaraj et al. 2016). Pine litter also has low
soluble C concentrations and high soluble phenols which can slow decomposition and decrease
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the microbial biomass (Li et al. 2014b). When considered on a per gram of TOC basis, higher
cumulative respiration in the pine soils indicates that the organic C in these soils is more
decomposable than the organic C in the native soils. Therefore, the accumulation of pine litter
appears to be due to a slower rate of conversion from litter to soil organic C.

Basic soil physical and chemical properties differed by vegetation type and may have been
affected by fire severity (Table 3.1). Soil bulk density was higher for pine site soils than native
site soils, EC increased with fire severity in both vegetation types and soil pH was consistently
higher in pine forest sites than native vegetation sites. While burning is expected to increase soil
EC and pH in both neutral and acid soils (Ulery et al. 1993, Barreiro et al. 2016), the changes
depend on soil buffering capacity and type of ash added (Khanna et al. 1994). Increased EC with
fire severity in the soils at the time of collection suggests that ash had been incorporated into the
surface soils in the burnt plots, while the low pH values indicates that any ash derived carbonates
may have been neutralised in the four months following the fire.

Mineral N and P,.s were inconsistently affected by vegetation type and fire severity (Table 3.1).
The concentration of ammonium in the soil was highest in the burnt soils for the native sites and
highest in the not burnt soils for pine sites; nitrate concentration was extremely low for all native
sites and high but inconsistent in the pine sites. Resin P in pine high burnt soils was substantially
higher than all other soils. Overall, the initial soil properties do not support the hypothesis that
fire decreases Nmin and increases Pr.. For these sites, burning was associated with an increase in
Nmin in the native sites, and an increase in P in the pine sites. It is possible that heating increased
mineralisation of SOM in native soils more than in pine soil because of the higher TOC
concentration before the fire in native forest but that the increased plant available P was exported
as result of rainfall events before sampling. Ash from native litter likely has a higher Nmi, content
than ash from pine litter as nitrogen content has been found to be higher in native litter than pine
litter (0.8-1.1% and 0.6-0.7%, respectively) (Baker and Murray 2012). The native burnt sites had
less canopy cover and steeper slopes than the pine burnt sites, and during rain events between the
fire and sampling, ash may have been lost due to run-off associated with large rainfall events
(Ferreira et al. 2005, Ferreira et al. 2008, Hosseini et al. 2016) but may have been retained at the
pine sites as ash washed into the soil matrix (Stoof et al. 2016). It is also possible that the overall
quantity of nitrogen and phosphorus in the pine litter was higher than the native litter as dry litter
mass per unit area was three times higher in the unburnt pine site than the unburnt native site.

It will be important in future work to explore the dynamics of the responses observed here over
time after fire as the results discussed above may be due to the sample timing (four months after
the fire event) and the initial soil properties indicate that ash had been incorporated into the burnt
plots without substantial effects on the soil chemical properties. Regardless of the timing, long-
term microbial nutrient limitation may be affected by the changes in the quantity and quality of
the leaf litter layer. Furthermore, microbial nutrient limitation may be affected by changes in the
SOM that are not captured in the properties above.

3.4.2 Microbial response to experimental nutrient addition

While the addition of carbon, nitrogen, and phosphorus affected a range of microbial properties,
it is important to note that in the following section, the emphasis is on the response of individual
soils to a range of different amendments rather than comparisons between soils. At the end of the
experiment, soil response to nutrient addition in the incubation experiment was most significant
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for cumulative respiration, MBP and Nwin; when pooled by vegetation type and presence/absence
of fire, a statistically different response was also observed in the cumulative respiration.

Only soils with carbon amendments showed differences in cumulative respiration relative to the
control soils (Figure 3.1). Within the carbon amendments, two patterns of response were
observed: carbon limitation, and carbon then nitrogen limitation. Carbon limitation is observed
in these results as equally high cumulative respiration for the C+ amendment as the C+N+P+
amendment; this response was observed in both of the unburnt soils, and in the native low burnt
soil. Carbon then nitrogen limitation is observed as equally high cumulative respiration in the
C+N+ and C+N+P+ amendments; this response was observed in both of the high burnt soils, and
in the pine low burnt soil. The cumulative respiration results indicate that microbes in these soils
are primarily carbon limited (Hypothesis 1) and that the high burnt soils were also nitrogen
limited (Hypothesis 2).
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Figure 3.1 Cumulative respiration (mg CO,-C g OC™'; where ‘OC’ indicates organic C) on day
42 in the unamended controls and in soils amended with carbon, nitrogen, and phosphorus added
separately or in mixtures (n=4, values are means=SE). Columns within the same soil type that
have the same letter are not significantly different (Tukey’s HSD; 0=0.05).

Microbial biomass P was not consistently influenced by nutrient additions (Figure 3.2); however,
three general patterns can be observed relative to the control treatment: decreased MBP in all
carbon amendments, increased MBP primarily in the C+N+P+ amendment, and increased MBP
with N+ (C+ or P+) with a concurrent decrease with C+, C+P+, or P+. A decrease in MBP with
all carbon amendments indicates that the microbial biomass was not carbon limited and therefore
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was not accumulating phosphorus storage compounds; this is observed in the pine not burnt soil.
An increase in MBP with the addition of C+N+P+ indicates that the microbial biomass was
actively accumulating phosphorus storage compounds, perhaps due to carbon and nitrogen co-
limitation; this response is observed in all native soils. An increase in MBP with nitrogen with
concurrent decreases associated with carbon or phosphorus indicate nitrogen is limiting the
production of MBP in these soils if carbon or phosphorus is available; this is observed in both
pine burnt soils.
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Figure 3.2 Microbial biomass P concentration (ug P gsoil’) on day 50 in the unamended
controls and in soils amended with carbon, nitrogen, and phosphorus added separately or in
mixtures (n=4, values are means+SE). Columns within the same soil type that have the same
letter are not significantly different (Tukey’s HSD; 0=0.05).

It is well established that whereas microbial activity typically increases after burning, microbial
biomass tends to decrease (Palese et al. 2004, Liu et al. 2010, Muqaddas et al. 2015, Shen et al.
2016). In the soils studied here, MBC and MBN were highly variable and there were no
significant treatment differences. It is likely that, because the amendment concentrations were so
high and the soils were sampled over a month after the incubation started, the microbial biomass
was more strongly influenced by treatment type than soil origin. Respiration rates in carbon
amended soils were highest between days 4 and 14 indicating that the microbial biomass had
probably peaked and declined well before sampling. In other soils that received similarly high
carbon amendments, MBC and MBN were maximal two to three days after amendment and
declined rapidly (Elmajdoub et al. 2014, Ma et al. 2016). In contrast, MBP was different between
amendment types at day 50; this may be because phosphorus is stored within the microbial
biomass as polyphosphate when carbon becomes limited (Doerner and Mason 2006). Although
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MBP in native soils were similar regardless of fire status for the C+N+ and C+P+ amendments,
MBP was much higher in the burnt soils that were amended with C+N+P+ rather than only C+N+
or C+P+. This suggests that in burnt native soils microbial phosphorus uptake was limited by
phosphorus when both carbon and nitrogen were supplied - which may be due to changes in
phosphorus fractions (Huang et al. 2013). In pine burnt soils, the similarity in MBP between
N+P+, C+N+ and C+N+P+ amended soils indicates that microbial phosphorus uptake was
limited by nitrogen only. As these soils were light textured and strongly acidic, microbial nitrogen
limitation may be due to decreased denitrification and increased leaching of nitrate and nitrite
(Barta et al. 2010).
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Figure 3.3 Mineral N concentration (ug N g soil™) on day 50 in the unamended controls and in
soils amended with carbon, nitrogen, and phosphorus added separately or in mixtures (n=4,
values are means=SE). Columns within the same soil type that have the same letter are not
significantly different (Tukey’s HSD; 0=0.05). Dashed line indicates nitrogen addition rate.

Differences in nitrogen limitation were not observed in for Nmin (Figure 3.3) and the effect of
adding C+N+ and C+N+P+ had a similar pattern to the cumulative respiration results. Both the
type of response and pattern of response were observed in the many of the same soils: both not
burnt soils contain a similar amount of nitrogen for the N+ and C+N+P+ amendments, and both
high burnt soils have a reduction of nitrogen in the C+N+P+ amendment relative to the N+
amendment. This indicates a change in the pattern of nutrient limitation with high severity fire
(Hypothesis 3). The decrease in nitrogen associated with carbon addition is likely due to glucose
increasing microbial nitrogen uptake (Dunn et al. 2006). Furthermore, burnt soils may respire
more than the mass of carbon added if carbon priming increases the mineralisation of pyrogenic
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OM (Hamer et al. 2004, Kuzyakov et al. 2009). However, the similar relative respiration
increases between unamended and carbon amended soils in all sites suggest that neither
vegetation type nor fire severity affected microbial carbon limitation.

3.4.3 Microbial response to burning

Although an increase of nitrogen limitation with burning was not observed at the site level
(Hypothesis 2), when sites are pooled by presence/absence of fire, an increase in nitrogen
limitation with burning is observed in the cumulative respiration results (Figure 3.4). While the
not burnt soils respired an equally large amount of CO»-C for all carbon treatments regardless of
nutrient mix, the burnt soils respired more for those treatments that contained nitrogen. As
previously discussed, it is possible that fire effects were undetectable at the site level because the
nutrient status of these soils is already low (Li et al. 2014a). Burning may also appear to have no
effect on sandy acid soils as nutrients are rapidly leached post-fire; these soils may need to be
sampled immediately after a fire and to a shallower depth in order to observe any measurable
differences (Dean et al. 2015).
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Figure 3.4 Cumulative respiration (mg CO,-C g OC™) on day 42 in the unamended controls and
in soils amended with carbon, nitrogen, and phosphorus added separately or in mixtures (unburnt
n=8, burnt n=16; values are means+SE). Columns within the same burn type that have the same
letter are not significantly different (Tukey’s HSD; a=0.05).

Together, the results indicate the soil microbial biomass was carbon limited in all cases

(Hypothesis 1), that burning introduced nitrogen limitation in microbial activity (Hypothesis 2),
and that fire severity did not consistently influence microbial nutrient limitation at these sites
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(Hypothesis 3). Due to the sandy, acidic, nature of the soils, it is possible that earlier sampling
may have captured differences in the soil due to fire severity, and later sampling may have
captured differences due to the vegetation responses. However, if the lack of a response to
nutrient addition is considered, there are indications that soil nutrient cycling is more robust when
disturbed by fire under native woodland than pine plantation, and that native woodland soils may
return to nutrient cycling equilibrium more rapidly than pine plantation soils. The practical
implication of this research is that native forest reserves and pine plantations will have different
nutrient requirements to remediate fire induced microbial nutrient limitations. However, this is
only relevant to the pine plantations and is likely to be addressed during normal post-fire harvest
and planting activities.
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ARTICLE INFO ABSTRACT

Under conditions of increased fire season length and area affected by fire, stocks of carbon stored in forests are at
increased risk of burning. While much research has investigated the immediate loss of above ground and below
ground carbon stocks through combustion during a fire, there has been little research on subsequent organic
matter cycling in post-fire environments. Fire can introduce new organic matter to the litter layer through the
formation of a post-fire litter layer composed of debris from fire induced plant stress or death. This litter may
have different chemistry and decomposition dynamics to the pre-fire litter due to the changed pathway from
plant to ground and the narrow age range of the debris. In this study, litters collected from two vegetation types
(Pinus and Eucalyptus dominated) and from adjacent areas either fire affected (FA) or not fire affected (NFA)
were incubated as litter, or as water extracts of litter, in soils to determine fire induced changes in nutrient pools,
microbial biomass and microbial activity. Post-fire litters contained more labile C (15 and 30 mg C g native/
pine litter ~1, respectively) than litters unaffected by fire (4 mg Cglitter™!). Increased labile C concentration
correlated (r? > 0.95) with increased microbial activity without a concurrent change in nitrogen (microbial) or
phosphorus (resin and microbial) pools. Our results suggest that labile C in post-fire litter can alter microbial

Keywords:

Labile carbon

Microbial activity

Wildfire

Post fire litter decomposition

carbon cycling and that effects may be more pronounced under pine compared to native forest.

1. Introduction

Fire danger season and frequency of fire are increasing in many
regions of the world due to the effects of climate change (Flannigan
et al., 2009). In these regions, forests represent an important global
carbon sink both as forest biomass and as soil organic carbon (Lal,
2005). While much research has investigated the immediate effect of
fire on above ground and below ground carbon stocks (Bennett et al.,
2014; Certini, 2005; Wanthongchai et al., 2008), there has been little
research on organic matter cycling in post-fire environments (Butler
et al., 2017a,b; Toberman et al., 2014). Forest leaf litter is a sink of
nutrients from the canopy and a source of resources for the soil that can
be rapidly lost in a fire; risk of fire is increased with litters of low de-
composability and high flammability (Grootemaat et al., 2015). Fire
changes the amounts and types of organic matter in the litter layer:
organic matter is lost via combustion and may be transformed through
scorching or charring (Certini, 2005). Fire can also introduce new or-
ganic matter to the litter layer through the formation of a post-fire litter
layer composed of debris that falls due to fire induced plant stress or

death (Alexis et al., 2010). The chemistry of this litter may be different
to the litter which existed before the fire due to the changed pathway
from plant to ground and the narrow age range of the debris (i.e. all
formed in a single event rather than over a period of several months to
years).

Tree leaves may reach the soil surface via two pathways: (i) a pro-
grammed loss pathway where leaves have had nutrients withdrawn
before apoptosis and abscission; and (ii) an alternate pathway, where
nutrients have not been withdrawn, due to physical removal (e.g. wind
damage) or tree death (Cortina and Vallejo, 1994). A post fire litter
layer can only form from plants that were fire resistant or were suffi-
ciently tall to avoid full combustion of their canopy, or from nearby
unaffected vegetation. Such litter layers will have low taxonomic di-
versity, and a tight decomposition age. Such litter has been reported to
have a different chemical composition and to support a less diverse and
abundant faunal community than the original leaf litter layer and this
can influence litter decomposition in post-fire sites (Attiwill, 1980;
Gongalsky et al., 2016). The consequences of a change in the pathway
that leaves follow on their way to the litter layer on carbon and nutrient
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cycling may be further compounded by the effect of fire at the soil
surface.

Forestry in temperate regions involves a range of tree species that
may be managed as a monoculture or allowed to self-manage as a multi-
species woodland or forest. Both of these types of forestry are practised
in south-eastern Australia, with the two most common examples being
Pinus monoculture plantations and mixed native woodland with
Eucalyptus dominant. Quantities and qualities of litter in Pinus planta-
tions and Eucalyptus woodland are variable. Litterfall in close canopied
P. radiata plantations ranges from 2.3 to 4.1tha™'year™ ' (Florence
and Lamb, 1974; Levett et al., 1985; Theodorou and Bowen, 1990),
while litterfall in Eucalyptus spp. woodlands from south-east Australia
ranges from 1.2 to 5.5tha’1year’1 (Attiwill et al., 1978; Lee and
Correll, 1978; Williams and Wardle, 2007). However, although both
forest types have similar rates of litterfall, the accumulation of litter
under P. radiata plantations is usually substantially larger (up to
32tha™"; typically between 15 and 25 tha ") than under Eucalyptus
forests (9.5 to 11.2tha~') (Baker and Attiwill, 1985; Florence and
Lamb, 1974; Lee and Correll, 1978). The different litter retention times
of Pinus radiata litter and Eucalyptus litter suggest different suscept-
ibility to litter decomposition processes as was observed by Crockford
and Richardson (2002).

To explore the effect of different litter origin and fire history on
decomposition, we incubated P. radiata and Eucalyptus woodland litters
collected from unburnt and burnt sites in four soils from the local re-
gion. As the fire that generated these materials was an unplanned
bushfire, the study uses a space-for-time design rather than litters col-
lected before and after the fire event. We hypothesised that (1) fire
affected (FA) litters would contain less labile C than non fire affected
(NFA) litters, (2) FA litters would affect microbial activity less than NFA
litters, and (3) soil respiration would be positively correlated with labile
C additions.

2. Methods
2.1. Site description and sampling

Litters and soils were collected from four sites within a forestry
reserve in the Adelaide Hills, South Australia (Table 1). The region has
a Mediterranean to temperate climate with average annual precipita-
tion of 650mm (winter dominated) and mean maximum monthly
temperature ranging from 10.9°C to 27.5°C (Bureau of Meteorology,
2015). Soils were all oxic, non-saline (ECy;5 < 52 pS em™Y) sandy clay
loams of the same soil type (Leptic Regosols; IUSS Working Group WRB,
2015) with acid pH (4.7-5.8), moderate organic carbon content
(2.4-3.9%) and variable, but generally low, available P contents
(0.48-7.42ugPg soil ™ 1). These soils are formed on residuum from the
Barossa Complex (Proterozoic aged; > 541 Ma). Sites were selected to
span two forestry types (Eucalyptus woodlands and Pinus plantations)
and two fire histories (unburnt and burnt 4 months previously).

Table 1
Fire severity classes (Keeley, 2009), vegetation type, and site names and loca-
tions.

Fire severity definition Vegetation Site Site location
Litter intact with plant parts Woodland Native NFA  34°42’56.38”S
green and unaltered, no 138°51’17.40”E
direct effect from heat Pine plantation ~ Pine NFA 34°436.03"S
138°5145.05”E
Canopy trees killed and foliage =~ Woodland Native FA 34°43'3.33"S
consumed. Surface litter of 138°51'12.95”E
all sizes and soil organic Pine plantation  Pine FA 34°4429.93"S

layer largely consumed. 138°51'21.08"E
White ash deposition and
charred organic matter to

several cm depth
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Multiple soil samples (n = 36; 0-10 cm) were collected from sites and
bulked at the site level. These soils were then treated as individual
replicates in the laboratory incubation experiments (see below). Eu-
calyptus woodland sites (referred to as “native”, hereafter) are defined
as ‘Long Leaf Box Woodland’ (Berkinshaw, 2009) and “pine” sites were
closed-canopy plantations 30 years and older of Pinus radiata. Litters
were collected from multiple locations within each site and bulked per
site for the laboratory incubation experiments (see below). Litters and
soil were dried at 40°C until constant mass. Litters were coarsely
ground and screened (0.025-2.0 mm retained), and soils were sieved
to < 2mm.

2.2. Litter characterisation

Litters were characterized for total organic carbon (TOC), total ni-
trogen (TN), water extractable organic carbon (WEOC), fixed and vo-
latile carbon, and ash content. Total organic carbon and TN content
were measured by dry combustion (Dumas). Water extractable organic
carbon was determined on a 1:30 litter:water extract that was shaken
for 1h and analysed for non-purgeable organic carbon using high
temperature combustion in a TOC analyser (Shimadzu Corporation).
Fixed and volatile carbon were determined by proximate analysis using
a TGA/DSC2 sensor (Mettler Toledo) as described in Akhtar et al.
(2016). Carbonate detection was conducted by mid-infrared spectro-
scopy using a Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific
Inc.) as described in Baldock et al. (2013).

2.3. Experimental design and methodology

Experiments were conducted to determine the effect of the different
litter types (Experiment 1), or water extracted litter components
(Experiment 2) on microbial activity, microbial biomass and nutrient
pools. In both incubations, treatments included the ‘control’ (water
only), fire affected (FA) native litter, FA pine litter, not fire affected
(NFA) native litter, and NFA pine litter.

Experiment 1: Air-dried soils were pre-incubated for 10 days at
21-23°C at 50% of their water holding capacity to avoid the influence
of the rewetting flush (Sun et al., 2015). After pre-incubation, soils were
amended with litter at a rate of 34 gkg™*; this litter amendment rate
was chosen to reflect the average of field measurements of dry mass of
litter per area (data not shown). Each treatment in this experiment used
soil sites as replicates (n = 4). Soil and litter was mixed thoroughly,
then readjusted to 50% of water holding capacity. After amendment,
soils in Experiment 1 were packed to a bulk density of 1.2 gcm™? into
PVC cores with a nylon mesh bottom, following the methods of Sun
et al. (2015). The cores were incubated in 174 mL glass jars (Ball® jars,
Jarden Corporation) fitted with gas-tight lids with stainless steel septum
ports to allow gas sampling. Soil respiration was quantified daily (see
below) and soil moisture was maintained by mass. The soils were de-
structively sampled at two days after maximum respiration (time 1; day
3) and two days after respiration stabilization (time 2; day 6). Microbial
biomass N and P (MBN and MBP), ammonia and nitrate/nitrite con-
centrations, and resin P were measured on all samples.

Experiment 2: Soils were amended with litter extracts at 50% of
water holding capacity (sites as replicates; n = 4). Extracts were pro-
duced by shaking litters with water at a rate of 1 g ground litter to 0.65x
the soil water holding capacity for each soil; liquid was extracted via
centrifugation. Incubation followed the same methods as above; how-
ever, only respiration was measured on these samples as this experi-
ment only aimed to observe the microbial activity response to water
extractable litter components.

Soil respiration rates were quantified by measuring headspace CO,
concentration using a Servomex 1450 infrared gas analyser (Servomex
Group, Crowborough, England) as described in Butterly et al. (2010).
Soil microbial biomass N (MBN) was determined using chloroform fu-
migation extraction (Vance et al., 1987) with 0.5M K,SO4 at a 1:5
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soil:extractant ratio; N content in the extracts was determined using
ammonium-salicylate oxidation (Forster, 1995). Ammonium and ni-
trate/nitrite N were determined after shaking soil with 2M KCl in a 1:5
ratio. Ammonium-N was measured using ammonium-salicylate oxida-
tion (Forster, 1995) and nitrate-N was measured using vanadium(III)
reduction (Miranda et al., 2001). Resin P was extracted using the anion
exchange resin method (Kouno et al., 1995) and the P concentration
was determined colorimetrically (Murphy and Riley, 1962). Soil mi-
crobial biomass P was determined as the difference between P extracted
using anion exchange resins with and without hexanol fumigation
(McLaughlin et al., 1986).

2.4. Data analyses

All statistical analyses were carried out using R (R Core Team, 2018)
and significance was set at p < 0.05. Respiration decay curves were
determined per treatment using stats::nsl (R Core Team, 2018) with a
first order decay equation, using the ‘port’ algorithm until convergence.
Curve fitting parameters ‘C’ (the asymptote of growth constant) and ‘k’
(rate of decay constant) were pooled by soil for further analysis. One
way Analysis of Variance (ANOVA) was used to determine the effect of
treatment on measured chemical variables and on the curve fitting
parameters (‘C’ and ‘k’); in the case where significance was detected,
post hoc Tukey (Honest Significant Difference (HSD)) tests were used to
determine significant differences.

3. Results
3.1. Litter characterisation

Litter characterisation results are detailed in Table 2. Total organic
carbon was 37 * 2% in the NFA litters and 42 *= 2% in the FA litters
and the C:N ratio was similar for all litters (range: 31-33). The con-
centration of water extractable organic carbon was similar in both NFA
litters (range: 4.0-4.1 mg C g litter ~ 1), four times larger in the FA native
litter than the NFA native litter, and seven times larger in the FA pine
litter than the NFA pine litter. Fixed C was similar for all litters (range:
19.5%-22.5%), and volatile matter was higher and ash content was
lower in the FA litters relative to their NFA counterparts. Carbonate was
not detected in any mid infrared spectra.

3.2. Microbial activity via CO, respiration

In both experiments, cumulative respiration (Fig. 1; Table 3) was
well described by a first order decay curve. The decay rate (‘k’) did not
vary significantly across all soils amended with litter (range: —0.29 to
—0.21) or with litter-extracts (range: —0.29 to — 0.22). Where soil was
amended with litter (Experiment 1), the constant ‘C’ was highest for the
pine FA amendment and equally low in the control and NFA treatments;
where soils were amended with water-soluble litter extracts

Table 2

Litter characterisation results for air dried litters. Definitions: non fire affected
(NFA), fire affected (FA), total nitrogen (TN), total organic carbon (TOC), C:N
ratio (C:N), water extractable organic carbon (WEOC).

Native litter Pine litter

NFA FA NFA FA
TN (%) 1.17 1.38 1.13 1.28
TOC (%) 38.0 43.2 35.3 40.2
C:N 32.5 313 31.2 31.4
WEOC (mg C g litter ™) 4.0 15.1 4.1 30.1
Moisture (%) 5.7 5.8 7.4 3.6
Volatile matter (%) 65.7 72.3 59.5 70.7
Fixed Carbon (%) 20.3 19.6 22.2 20.9
Ash (%) 8.3 2.3 10.9 4.3
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Fig. 1. C respiration (mgCO,-C gOC™') over 6days in soils amended with
coarsely ground litter or water extracts of coarsely ground litter: water
(Control), native non fire affected (NFA) litter, native fire affecter (FA) litter,
pine NFA litter or pine FA litter. Days 0-3, n = 24; days 3+, n = 12; lines are
decay curves (see Table 3; n = 4; f(x) = C(1-e%),

Table 3

Cumulative respiration decay curves for soils with litter amendments or with
litter extract amendments (n = 4; f(x) = C(1 — e®9)). Definitions: non fire af-
fected (NFA) and fire affected (FA). Values are means + standard deviation;
Columns with same letter are not significantly different (Tukeys HSD,
a = 0.05).

Treatment ‘C’ mg CO,-C g OC™! k
Ground litter or Control 37 + 24 c —0.26 = 0.15 ns
water Pine NFA 159 = 55 be —0.21 = 0.12 ns
Pine FA 35.7 = 88 a —0.29 = 0.11 ns
Native NFA 16.5 * 6.5 be —0.29 + 0.16 ns
Native FA 228 + 79 ab —0.25 = 0.09 ns
Litter water Control 81 = 3.6 B —0.22 = 0.09 ns
extracts or Pine NFA 13 = 4.0 B —0.28 = 0.07 ns
water Pine FA 28 = 11 A —0.26 = 0.05 ns
Native NFA 9.3 * 2.1 B —0.29 = 0.11 ns
Native FA 16 = 4.7 AB —0.28 = 0.05 ns

(Experiment 2) ‘C’ followed a similar pattern. Cumulative respiration in
the litter extract treatments was more than half of that in soils with
litter amendments (range: 56%-82%). This indicates that although
much of the C respired in the litter treatments could be ascribed to
decomposition of WEOC, at least 20-40% of the C respired in the litter
treatments was due to the non-soluble litter component.

3.3. Nutrient pools

The mineral N pool (ammonia plus nitrate) was significantly af-
fected by litter amendment type (Table 4). Two days after maximum
respiration (time 1), the control, FA pine litter, and NFA native litter
treatments had at least 3-times higher concentrations of mineral N
(range: 12-20 ug N g soil ') than the pine NFA and native FA treat-
ments (range 1.2-3.8 ug N g soil "!). Two days after respiration stabi-
lization (time 2), concentrations of mineral N were higher than at time
1 for all but the pine FA treatment and higher for the control and pine
NFA litter (range: 32-34 ug N g soil ~!) than all other treatments (range:
15-20pg N g soil~'). Litter amendment did not have an observable
effect on MBN, MBP or resin P at either sampling time.

4. Discussion
Water extractable organic carbon contents of the litters were

strongly positively correlated with the asymptotes of growth for both
litter and litter extract amendments (Fig. 2). The proportion of OC
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Table 4
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Microbial biomass N (MBN; pg N/g soil), microbial biomass P (MBP; g P/g soil), available N (ammonium and nitrate/nitrite ug N/g soil), and available P (AP ug P/g
soil) for soils incubated with water (Control) or coarsely ground litter at time 1 (two days after maximum respiration rate) and time 2 (two days after respiration rate
stabilization). Definitions: non fire affected (NFA) and fire affected (FA). Values are means; Columns with same letter are not significantly different (Tukeys HSD,
a = 0.05); ‘ns’ indicated no significant difference and “***’ indicates significance at P < 0.001 for each sample time.

MBN (ug/g) MBP (ug/g) Ammonium and nitrate/nitrite N (ug/g) Resin P (ug/g)
Time 1 (day 3) Control 2.4 ns 4.7 ns 18.4 a o 1.8 ns
Pine NFA 3.7 7.0 1.2¢ 2.6
Pine FA 3.9 8.0 19.5a 1.8
Native NFA 2.7 6.0 12.2 ab 11
Native FA 4.6 6.1 3.8 be 1.4
Time 2 (day 6) Control 19.3 ns 5.9 ns 33.7 a o 1.4 ns
Pine NFA 11.7 9.2 32.0a 2.0
Pine FA 16.6 9.6 15.6 b 1.9
Native NFA 8.6 9.0 19.5b 1.0
Native FA 4.3 8.7 15.4 b 1.0
40 - 2018; Attiwill et al., 1978). In either case, an increase in labile C re-
35 veet lative to recalcitrant organic molecules promotes litter decomposition
S 30 4 R2=0.98 seettt °* regardless of litter stoichiometry (Hittenschwiler and Jgrgensen,
o) 2010).
20 25 1 _.,.“' While the process leading to an increase in WEOC is unclear, the
‘5)0 20 A veeett : ) difference between FA pine and FA native litter is curious. It is possible
é 15 A ®-° R*=0.95 that differences in macroscopic leaf/needle morphology (i.e. the cy-
U 10 lindrical nature of pine needles vs. the lanceolate nature of Eucalyptus
- leaves), litter age or other properties led to the changes observed here,
5 which is worthy of further investigation. Regardless of the cause of
0 T T T 1 differences in the litters, the fact that they have formed in the field after
0 20 40 60 80 the same fire shows that post-fire litters are functionally different to
normally formed litters. The results herein indicate that fire has dif-
WEOC (mgC/gOC) . resu -
ferent effects on native and pine litters, and even though complex dif-
® Litter Extracts ferences in litter chemistry may affect litter decomposition, water ex-

Fig. 2. Linear correlation between ‘C’ (mgC gOC ') and water extractable or-
ganic carbon (WEOC) (mgC gOC™") for litter incubation (blue) and litter ex-
tract incubation (orange). Each point represents the average values of ‘C’
(Table 3) and WEOC (Table 2).

respired in the litter treatments ranged from < 0.5% in the control to
3.6% in the pine FA litter treatment; cumulative respiration is small
relative to the quantity of OC added in the litter treatments. However,
as can be seen in Fig. 1, the quantity of CO, respired in the extract
experiment is far in excess of the quantity of soluble carbon added
(which was equivalent to <0.1mg C g 0OC™1). These results indicate
that microbial priming (Bingeman et al., 1953) is occurring in soils
amended with the pine FA litter extract at a minimum. Microbial
priming of SOC decomposition has been observed in response to addi-
tions of both simple sugars and litter to soil and does not appear to be
directly influenced by microbial biomass quantity (Li et al., 2018;
Nottingham et al., 2009). Similarly, in this study, microbial biomass N
did not vary with litter amendment type. Available N was highly
variable in this experiment, and although the lack of response in the
microbial biomass to organic matter amendments has been linked with
nitrogen limitation (Zhang et al., 2005), no conclusive evidence of N
limitation was observed in our study.

Affecting pine litter with fire changed the litter from the least de-
composable to the most decomposable over the first 6 days. It is pos-
sible that the NFA litters contain components with an inhibitory effect
on respiration, as the modelled asymptote of growth was not sig-
nificantly different between NFA litters and the control soil. Microbial
inhibition may be due to compounds such as those found in essential
oils; for example, essential oils derived from Pinus radiata and
Eucalyptus globulus have antifungal properties (Sacchetti et al., 2005). In
addition to the increased WEOC, FA litter may be relieved of this in-
hibitory effect by heat damage during the fire, or by the increased
nutrition available in litter derived from unplanned losses (Aguas et al.,
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tractable organic carbon of the amendments is a simple measurement
that correlates strongly with soil respiration over the first 6 days of
decomposition.

5. Conclusions

From this small study, it is clear that fire has affected native
Eucalyptus woodland litter and Pinus radiata plantation litter differently
and that the change in labile C caused a change in microbial activity
without a concurrent change in microbial biomass. The process that
increased water extractable organic carbon is not clear from this study;
however, the effect may be important for post fire litter decomposition
and the leaching of carbon from a post fire litter layer. This study
highlights some of the uncertainties that still exist on the long term
effects of fire on forest ecosystems due to the unknown effect of post fire
litter layers on carbon and nutrient cycling. Future research in this area
would benefit from a longer incubation time and more detailed char-
acterisation of the organic amendments.
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interest in forestry plantations for their C sequestration potential. Part of
this sequestering potential involves the litter layer, which in Pinus
radiata plantations represent a substantial C pool. For example, pine
needle accumulation has been recorded at up to 32 t ha~! in south-
eastern Australia (typically between 15 and 25 t ha~—!) (Baker and
Attiwill, 1985; Florence and Lamb, 1974). An accumulation of
20 t ha—! in softwood plantations in south eastern Australia (approxi-
mately 734,600 ha; (Downham and Gavran, 2018)) represents a carbon
stock of approximately 14 million tonnes (Paul and Polglase, 2004). As
needle deposition rates are relatively low in these systems (2.3 to
4.1 t ha~! year™') (Florence and Lamb, 1974; Levett et al., 1985;
Theodorou and Bowen, 1990), needle accumulation is largely due to a
resistance to decomposition.

Quality constraints to litter decomposition include the high lignin
content of pine litters leading to a period of nutrient immobilisation
during early decomposition. However, this may depend on whether
pine needle senescence has occurred via a programmed aging pathway
(where leaves have had nutrients withdrawn before apoptosis and ab-
scission), or from a stress induced pathway, such as fire (Cortina and
Vallejo, 1994; Osono and Takeda, 2004 ). Foliage lost due to a pro-
grammed event has mobile nutrients withdrawn before abscission
(Attiwill et al., 1978); foliage lost in response to stress events may there-
fore decompose faster due to the increased concentrations of nutrients
(Girisha et al,, 2003). It is not clear from the literature however, whether
stress induced losses represent a significant proportion of normally se-
nescent litters during fire weather; in these experiments, we have as-
sumed that they do not. In this study, the stress induced losses of
interest are those that occur during and after fire events from the
death of trees whose canopies were not burnt during the fire.

In addition to C losses due to combustion of the litter layer, organic
matter in soils can be expected to have different decomposition dynam-
ics post fire. After a fire, a substantial proportion of forest litter is com-
posed of non-senescent dead foliage that fell during or after the event
(Alexis et al., 2007). While C losses during a fire are generally limited
to the O horizon rather than the mineral soil horizons (Certini et al.,
2011), fire can change the chemical structure of organic matter in the
litter layer and in the soil (Certini et al., 2011; McBeath et al.,2014). Dur-
ing a fire, thermal changes of woody materials may occur at relatively
low temperatures, as decarboxylation of cellulose occurs at 300-340
°C and lignin decomposition occurs at 350-430 °C (Certini et al., 2011;
Lopez-Capel et al., 2005). Fire frequency, intensity, and severity can
also have long term effects on litter nutrient content and therefore litter
decomposition (Ficken and Wright, 2017; Holden et al., 2016; Reinhart
etal,, 2016). As microbial activity and organic matter decomposition are
affected by substrate and decomposition environment, changes in ei-
ther of these sets of variables can be expected to influence
decomposition.

Fire also has multiple direct effects on organic matter in soil and lit-
ter through charring, which leads to these materials behaving differ-
ently to their pre-fire counterparts. Although the rate of char
decomposition is generally slow enough that it can be considered a
long-term C storage option (Lehmann et al., 2006), the net rate of or-
ganic matter decomposition may be enhanced under post fire litter
layers through microbial priming (Ding et al., 2017; Farrell et al.,
2013). As a component of the soil organic matter, char can be protected
from microbial decomposition through physical protection within soil
aggregates, through complexing with clay particles, or through the for-
mation of chemically recalcitrant molecules (Dungait et al., 2012; Six
et al.,, 2002). Char may also be inherently resistant to degradation as py-
rogenic C exists as a spectrum of organic molecules that range from low
to high reactivity depending on their size and degree of pyrolysis (deg-
radation continuum) (Baldock and Smernik, 2002; Bird et al., 2015;
Jenkins et al., 2014).

Char may also influence litter and native organic matter decomposi-
tion through negative or positive priming (Maestrini et al., 2015). In
their metanalysis of 18 studies, Maestrini et al. (2015) found char
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tended to have a positive priming effect on native organic matter and
a negative priming effect on fresh residues. During short term incuba-
tions (up to two weeks) high temperature pyrolysis chars may inhibit
microbial activity (Lanza et al., 2016); however, a wide range of micro-
bial biomass and activity responses to char have been observed over
short and long-term (months - years) incubations (Gomez et al.,
2014; Gul et al., 2015). While there is some evidence that char addition
inhibits microbial use of glucose (Lanza et al., 2016), in most cases the
addition of simple sugars (e.g. glucose) increases char degradation
(Hamer et al., 2004; Nocentini et al., 2010); however, accelerated
mass loss in soil organic matter (SOM)/char mixes has been attributed
to SOM rather than char decomposition (Pluchon et al,, 2016). Although
glucose addition to the soil can stimulate char decomposition, the effect
of more complex organic compounds (such as those found in leaflitters)
on microbial priming remains unclear.

Here we present results of a study in which we address the following
hypotheses: (1) that, due to the relative youth and lack of nutrient with-
drawal prior to litterfall, addition of fire affected (FA) litter will result in
higher rates of soil respiration than addition of not fire affected (NFA)
litter; and (2) that, due to the age and reactive compounds in needles,
FA litter will induce more nitrogen immobilisation and a larger micro-
bial biomass than NFA litter. Char is included in this study in the interest
of creating a soil habitat similar to that likely to occur under post fire
conditions. These hypotheses were addressed by studying the soil re-
sponses to litters and char over shorter (weeks) and longer (months)
periods; this experiment used NFA and FA pine litters and char collected
from a pine forest fire ground and incubation was carried out for up to
94 days. In order to observe short and longer term effects of the amend-
ments on microbial activity and N cycling, these soils were harvested
four times in the first two weeks and three times in the final month.
The overall aim of this study was to explore post fire microbial activity
and nitrogen cycling using materials from a Pinus radiata plantation to
inform forestry management following wildfire events.

2. Methods
2.1. Site description and sampling

Litter and char were collected from Pinus radiata plantations in Old
Kersbrook Forest, South Australia four months after the “Sampson
Flat” fire of January 2015. These litters and char capture a moment in
time after the fire; fire as a factor could not be replicated as the fire
was an uncontrolled, unplanned, event. The region has a Mediterranean
to temperate climate with average annual precipitation of 650 mm
(winter dominated) and monthly mean maximum temperature ranging
from 10.9 °C to 27.5 °C (Bureau of Meteorology, 2015). During the four
months after the fire, daily maximum temperature ranged from 11 °C to
40 °C and 135.6 mm of precipitation was recorded at the nearest
weather station (approximately 7 km east of the study area; Mt.
Crawford AWS 23878).

Fire affected and non-fire affected litters were collected from mature
pine plantations within Old Kersbrook Forest; they were collected as
pine needles from the top 15 cm of the litter layer, dried at 40 °C, then
coarsely ground to between 0.025 mm and 2 mm; replicates (individual
microcosms, see below) in this study use the same litter. While we ac-
knowledge that grinding the needles reduces the experiment's repre-
sentation of field conditions, grinding was necessary due to the size of
the incubation chambers, which were too small to take intact needles.
Charred material originating from wood was collected from the fire
ground within Old Kersbrook Forest; it was visually identified as black
char pieces >10 mm diameter. Charred material was dried at 40 °C,
and ground to between 0.5 mm and 1.0 mm; replicates in this study
use the same char. The soil used in this study was a Leptic Rudosol in
the Australian Soil Classification (Isbell, 2002) or Leptic Regosol in the
World reference base (IUSS Working Group WRB, 2015), collected
from the 0-10 cm layer from across the Old Kersbrook Forest from
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under Pinus radiata plantations and Eucalyptus woodlands; replicates in
this study use the same soil. Soil texture was silty loam and soil organic
carbon and nitrogen contents were 27 g kg~ ! and 2.4 g kg™,
respectively.

2.2. Litter and char characterisation

Litters and char were characterised for total organic C (TOC), total N
(TN), water extractable organic C (WEOC) and pH, and were also
analysed using solid state '3C CP-MAS nuclear magnetic resonance
(NMR) spectroscopy, mid infra-red (MIR) spectroscopy and thermal
gravimetric analysis (TGA) (Table 1). Total organic carbon and TN con-
tent were measured by Dumas dry combustion; water extractable or-
ganic carbon was determined on a 1:30 litter:water extract that was
shaken for 1 h and analysed for non-purgeable organic carbon using
high temperature combustion in a Total Organic Carbon Analyser
(Shimadzu Corporation); litter pH was measured in a 1:10 substrate:
water extract after shaking for 1 h (Rayment and Lyons, 2010) using a
WP-81 Cond/TDS-pH/mV-Temp meter (TPS); solid-state '3C NMR anal-
yses of plant litters were conducted on a 200 Avance spectrometer
(Bruker Corporation, Billerica, MA), with a 47 T wide-bore
superconducting magnet and operating resonance frequency of
50.33 MHz. Litter samples were packed into zirconia rotors (7 mm di-
ameter) with Kel-F end caps and spun at the ‘magic angle’ (54.7°) at
5 kHz. Chemical shift values were calibrated to the methyl resonance
of hexamethylbenzene at 17.36 ppm and a 50 Hz Lorentzian line broad-
ening was applied to all spectra (Baldock et al., 2013). Proximate analy-
sis was conducted to determine ash, fixed carbon, and volatile matter
contents using a TGA/DSC2 sensor (Mettler Toledo) as described in
Akhtar et al. (2016). A summary of the composition of NFA, FA, compo-
nents is provided in Table 1, indicating similar C:N ratio (~31.3) be-
tween litters, but differences in carbon chemistry. FA litters had higher
TOC (40.2% vs 35.3%), WEOC (30.1 vs 4.1 mg C g litter '), and volatile
matter (70.7% vs 59.5%), and relatively higher proportions of aryl and
0-aryl carbon, and lower proportions of alkyl and O-alkyl carbon, and
ash content (4.3 vs 10.9%) compared to FA litters (Table 1). The pH
was 0.4 units lower in the FA litter than the NFA litter.

2.3. Experimental design and methods

This study comprised two experiments. Briefly, Experiment 1 was
conducted to investigate decomposition dynamics and nitrogen cycling
over time and involved a 94 -day aerobic soil incubation with litters and
char. The results of Experiment 1 yielded interesting responses in soil N
cycling, and so a second experiment (Experiment 2) was conducted to
help explain these results. Experiment 2 was conducted to investigate
N absorption in the NFA and FA litters and involved a 14 day aerobic
or anaerobic incubation with soil, litter, or soil and litter; the aerobic

Table 1
Litter characterisation results for air dried pine litters; where NFA is not fire affected, FA is
fire affected, TC is total carbon and WEOC is water extractable organic carbon.

Pine litter

NFA FA
TC (%) 353 40.2
C:N ratio 31.2 314
WEOC (mg C g Litter ') 4.1 30.1
pHi .30 4.65 4.21
0-45 Alkyl 10.8 17.6
45-110 O-Alkyl 50.6 52.0
110-165 Aromatic 30.8 222
165-215 Carboxyl 7.8 8.1
Moisture (%) 74 3.6
Volatile matter (%) 59.5 70.7
Fixed carbon (%) 222 20.9
Ash (%) 10.9 43

incubations involved no addition of nitrogen, the anaerobic incubations
were carried out without nitrogen and also with added ammonium ni-
trate (2 and 4 ugNH,-N mL™1).

24. Experiment 1

Experiment 1 ran for 94 days with an unamended control, two litters
(NFA and FA) and two char application types (present/absent) in a fully
factorial design with seven time points (0, 2, 7, 13, 65, 80 and 94 days)
and three replicates. Sampling occurred in the first two weeks and last
month to capture short term changes in addition to the longer term
changes. Soil was pre-incubated at 0.12 g g~ ! gravimetric water content
for seven days to avoid a rewetting respiration flush. After pre-
incubation, 20 g dry weight equivalent soil was unamended (control),
amended with litter (10 g C kg soil '), char (10 g C kg soil 1), or litter
and char (5 + 5 g Cgsoil ~!); 0.28 g water g~ ! soil was added to all sam-
ples, after which all soils were mixed thoroughly. After amendment,
soils were packed into PVC cores (37 mm internal diameter x 50 mm
height) with a nylon mesh bottom (7.5 pm, Australian Filter Specialists)
(Butterly et al., 2009). Soils were packed to a bulk density of 1.2 g cm—>
after which the cores were transferred to 375 mL, air-tight jars fitted
with rubber septa for head-space gas analysis (Butterly et al., 2009).
Soil respiration was quantified regularly and soil moisture was main-
tained by mass; the first 6 h of respiration data were lost due to a ma-
chine malfunction. Respiration rates were quantified by measuring
headspace CO, concentration using a LICOR (Lincoln, USA) LI-820 infra-
red gas analyser at the end of a known time interval and was used to cal-
culate respiration rate and cumulative respiration. After each
measurement, the jars were opened to equilibrate CO, to ambient con-
centrations and then resealed. The soils were destructively sampled on
days 0, 2,7, 13, 65, 80, and 94. Total organic C and TN were analysed on
days 0, 65, 80, and 94, while mineral N (ammonium and nitrate; re-
ferred to as ‘Nmin'; hereafter), potentially mineralisable N (PMN) and
microbial biomass N (MBN) were analysed on all samples; soils were
mixed thoroughly before sampling and refrigerated during processing.

2.5. Experiment 2

The aim of Experiment 2 was to determine if FA litter was lacking in
mineral N or if it was absorbing mineral N; absorption potential was de-
termined by incubating litter and soil with litter anaerobically in a solu-
tion containing ammonium nitrate. Litters, soil, and soil and litter
mixtures were incubated without water (‘dry’), aerobically
(0.25 g water g soil 1) or anaerobically (2.5 g water g soil ! inan N, at-
mosphere) at 25 °C for 14 days to determine net nitrification and PMN.

2.6. Soil chemical analyses

Mineral N (ammonium and nitrate) concentration was determined
after shaking soil with 2 M KCl in a 1:5 ratio. Ammonium-N concentra-
tion was measured using ammonium-salicylate oxidation (Forster,
1995) and nitrate/nitrite-N concentration was measured using vana-
dium(III) reduction (Miranda et al., 2001). Potentially mineralisable N
concentation was analysed using ammonium-salicylate oxidation on
subsamples that had been anaerobically incubated for 14 days (Smith
et al., 2012). Soil microbial biomass N (MBN) concentration was deter-
mined using the chloroform fumigation extraction method of (Vance
et al.,, 1987). Fumigated and non-fumigated samples were extracted
with 0.5 M K;,S0,4 at a 1:5 soil:extractant ratio, and MBN was deter-
mined as the difference in N concentration between the two with an ef-
ficiency constant of 0.54 (Joergensen and Mueller, 1996; Moore et al.,
2000). All colorimetric analyses were read using a Multiscan GO plate
reader (Thermo Fisher Scientific).
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2.7. Statistics

In order to compare the effects of multiple variables, three-way
analysis of variance (ANOVA) and post hoc Tukey tests (R::agricolae;
de Mendiburu (2017)) were used to determine the significance of
interactions or main effects on the measured variables for each
sampling time. All statistical analyses were conducted per sampling
time using R (R Core Team, 2015), and significance was set at o < 0.05.

3. Results
3.1. Experiment 1: litter incubation

Cumulative respiration was significantly affected by litter in the first
two weeks and litter and char thereafter. Cumulative respiration was
highest in the FA litter treatments and lowest in the no litter control
treatments. When considered on a per gram of soil basis, there was no
observable difference between char treatments when added in the ab-
sence of litter (data not shown). In the absence of char, cumulative res-
piration on addition of NFA litter was not significantly different to that
of the control treatment. Char addition increased soil C:N ratio in all lit-
ter treatments at time O (Supplementary Fig. 1). There was a significant
(p<0.01) interaction between char and litter type for days 65-94; C:N
ratio was generally highest in soils that received char only and lowest in
the control soil (Fig. 1).

Whereas the N,;; pool comprised a mixture of ammonium and ni-
trate at the start of the experiment, by day 65 it was completely domi-
nated by nitrate in the control and NFA litter treatments. Litter type
had a strong influence on Nyy;,. After day 0, N,,i, was generally highest
in the control treatment, moderately high in the NFA litter treatment,
and below detection limits in the FA litter treatments. In a similar pat-
tern to the N, results, during the first 13 days, PMN (Fig. 3) was
greatest in the control and NFA litter treatments and generally below
detection limits in the FA litter treatments. In the treatments where
PMN had been detected (ie. control and NFA treatments),
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Fig. 1. Cumulative respiration (mg CO,-C g OC™ ") as measured at each sampling time
point over 94 days‘") in a 2 x 2 factorial experiment: three litter (L) treatments: no
litter, not fire affected (NFA), or fire affected (FA) litter; and two char (C) treatments:
absence (— Char) or presence (+ Char). Values are mean + sd (days 2-13,n = 12;
days 65-94, n = 3). Highest order treatment effects as determined by a two-way
ANOVA, are indicated in bold at top (*** = p < 0.001, ** = p <0.01, * = p < 0.05).
Tukey's HSD tests were performed (oe = 0.05) at the level of interaction indicated at top
of each column: means with same letter are not significantly different. NB: valid
statistical comparisons cannot be made between different time points; (! respiration
during the first 6 h of the incubation is not included due to machine malfunction.
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Fig. 2. Mineral nitrogen (N g N g soil ') as measured at each sampling time point over
94 days in a 2 x 2 factorial experiment: three litter (L) treatments: no litter, not fire
affected (NFA), or fire affected (FA) litter; and two char (C) treatments: absence (—
Char) or presence (+ Char). Values are mean 4 sd (n = 3). Highest order treatment
effects as determined by a two-way ANOVA, are indicated in bold at top (*** = p <
0.001,** = p<0.01, * = p<0.05). Tukey's HSD tests were performed (cc = 0.05) at the
level of interaction indicated at top of each column: means with same letter are not
significantly different. NB: valid statistical comparisons cannot be made between
different time points.

mineralisation was largely complete by day 65. Microbial biomass N
concentrations (Fig. 4) were quite variable, but generally highest in
the control litter with char treatment. Throughout the experiment,
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Fig. 3. Potentially mineralisable nitrogen (PMN pg N g soil~!) as measured at each
sampling time point over 94 days in a 2 x 2 factorial experiment: three litter
(L) treatments: no litter, not fire affected (NFA), or fire affected (FA) litter; and two char
(C) treatments: absence (— Char) or presence (+ Char). Values are mean =+ sd (n = 3).
Highest order treatment effects as determined by a two-way ANOVA, are indicated in
bold at top (*** = p <0.001, ™ = p < 0.01, * = p < 0.05). Tukey's HSD tests were
performed (oe = 0.05) at the level of interaction indicated at top of each column: means
with same letter are not significantly different. NB: valid statistical comparisons cannot
be made between different time points.
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Fig. 4. Microbial biomass nitrogen (MBN ug N g soil ') as measured at each sampling time
point over 94 days in a 2 x 2 factorial experiment: three litter (L) treatments: no litter, not
fire affected (NFA), or fire affected (FA) litter; and two char (C) treatments: absence (—
Char) or presence (+ Char). Values are mean + sd (n = 3). Highest order treatment
effects as determined by a two-way ANOVA, are indicated in bold at top (*** = p <
0.001,** = p<0.01, * = p < 0.05). Tukey's HSD tests were performed (o = 0.05) at the
level of interaction indicated at top of each column: means with same letter are not
significantly different. NB: valid statistical comparisons cannot be made between
different time points.

Nmin, PMN, and MBN values for the control litter and NFA litter treat-
ments were broadly similar while values for the FA litter treatment
were much lower; this pattern was observed in all the nitrogen analyses
(Fig. 2).

3.2. Experiment 2: absorption potential

In this experiment, ammonium and nitrate/nitrite concentration
varied with incubation type (aerobic or anaerobic), substrate, and
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Fig. 5. Mineral nitrogen (N pg N g substrate™") as measured from extracts from soil,
litter, or mixtures that were dry or after two weeks of aerobic incubation with water or
anaerobic incubation (ammonium measurements only; nitrate below detection limit)
with three rates of ammonium nitrate solution (0, 2, and 4 pgNH,-N mL~'). All
treatments are n = 3; values are mean =+ sd; NFA is not fire affected and FA is fire affected.

ammonium nitrate solution concentration (Fig. 5; Table 2). In the dry
incubation, ammonium was similar in all soil based substrate extrac-
tions, higher in the NFA litter extraction and lower in the FA litter ex-
traction; nitrate/nitrite was uniformly at or below detection limits in
the dry incubation (not shown). In the aerobic incubation, ammonium
and nitrate/nitrite were detected in roughly equal proportion; ammo-
nium concentration of the aerobic incubation decreased for all sub-
strates relative to the dry incubation. Mineral N was not detected in
the aerobic incubations of either litter, nor was it detected in the FA lit-
ter with soil treatment. In the anaerobic incubation, ammonium in-
creased in soil, NFA litter, and soil & NFA litter treatments when
incubated with increasing concentrations of ammonium nitrate solu-
tion; extracts from the substrates that included FA litter did not reflect
the concentration of ammonium nitrate solution added to the soil.

4. Discussion

The FA pine litter reduced mineral and microbial N pools in these ex-
periments while increasing soil respiration during the 94 day incuba-
tion. These results support the hypothesis that FA litter would increase
soil respiration (1) and partially support the hypothesis that FA litter
would increase N immobilisation (2); while the N results indicate a sim-
ilar nitrogen response to immobilisation, N was not elevated in the mi-
crobial biomass. We found that N was rarely detected in the FA litter
treatments even though total nitrogen content was similar between
the two amendments. This result, and the results of Experiment 2, indi-
cate mineral N is being absorbed in the FA litter and indicate that N, is
being converted into an organic form in the treatments where FA pine
litter was added. Interestingly, the presence/absence of char did not ap-
pear to enhance or repress soil respiration or nitrogen cycling. There is
the potential, therefore, that fire affected pine needles may reduce the
risk of nitrogen losses from leaching after a fire event, but may also con-
strain subsequent seedling regeneration.

When considered in the context of conventional N cycling, an in-
crease in microbial activity suggests an increase in N cycling via immo-
bilisation, mineralisation, or both (Cookson et al., 2005; Heijboer et al.,
2016; Luo et al., 2018). However, the results of this study do not fit
the conventional paradigm of N cycling; while mineral N measurements
are consistent with a drawdown of N, there is no corresponding increase
in microbial biomass N. Therefore, we argue that the FA litter used in
this experiment has the capacity to chemically bond with nitrogen
and prevent its extraction using mild potassium chloride extractant. Ev-
idence for this capacity can be observed in both the soil incubation ex-
periment (Experiment 1) and the litters incubated in ammonium
nitrate solutions (Experiment 2). Alternative options for the unrecov-
ered N include volatilisation, denitrification, or experimental error.
Volatilisation and denitrification are unlikely in the soil and litter incu-
bations (Experiment 1) as these processes generally require alkaline
or anaerobic conditions (Christensen et al., 1990; Dendooven et al.,
2010); this incubation was in acid soils under aerobic conditions.
Volatilisation and denitrification also cannot explain the losses of min-
eral N from the FA litter but not the NFA litter in the incubations with
ammonium nitrate solutions (Experiment 2). Experimental error
through contamination or improper measurements is also unlikely to
account for the unrecovered N as soils were randomly analysed per har-
vest time, and N was recovered as expected from the control and NFA
soils.

The fact that added mineral N rapidly disappears over a two week
timeframe suggests chemical absorption in the FA litter. Similar unac-
counted nitrogen has been previously observed in organic matter
(OM) isolated from soils, where soils treated with OM contained less
mineral N at the end of a 28 day aerobic incubation (Whalen et al.,
2000) and in a !N pool dilution study where organic matter accumu-
lated labelled N during a 48 h incubation (Hooker and Stark, 2008). In
addition, OM has been observed as a sink for mineral N in several
other studies (Compton and Boone, 2002; St. Luce et al., 2014; Whalen
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Table 2

Specific values and statistics results for Fig. 5: Ammonium (pg N g substrate ') as measured from extracts from soil, litter, or mixtures that were dry or after two weeks of anaerobic in-
cubation with three rates of ammonium nitrate solution (0, 2, or 4 ug NH,4-N mL")A All treatments are n = 3; values are mean =+ sd; values with same letter within the same row are not

significantly different (Tukey's HSD, o = 0.05); NFA is not fire affected and FA is fire affected.

Air dry Aerobic Anaerobic
0pg NHs;-NmL™! 5 ug NHy-N mL ™! 10 pg NH4-N mL ™!
Soil 9.11+027a 736+ 0.14b 419 +038d 5.53 +0.55¢ 858 +1.30a
NFA Litter 262 +06d 043 + 0.64 e 574 +85¢ 81.7+6.2b 110 +2a
FA Litter 0.68 + 0.41 b nd 11.8+14a 116 +£3.7a 103 +24a
Soil & NFA Litter 923+021a 362+ 1.26b 1.64 + 040 ¢ 242+ 0.24c 3.66 + 0.50 b
Soil & FA Litter 6.50 +0.19a 0.05 4+ 0.08 ¢ 0.52 +0.57 bc 0.62+0.15b 0.74 +0.35b

et al, 2001). Essential oils derived from pine needles have also been
shown to react with inorganic nitrogen when exposed to humid air con-
taining 100 ppb gaseous ammonia (NHs) to form ‘brown carbon’ com-
pounds (Updyke et al., 2012). A substantial difference between the
results in this study and the results in the aforementioned litter/soil
studies is the scale of nitrogen loss: in this study nitrogen from the min-
eral and microbial pools could not be captured while in other studies
these pools were still observable. However, net nitrogen movement
from soil into fresh litter is commonly found during decomposition
studies which may explain the lack of mineral nitrogen in the FA treat-
ments (Xiong et al,, 2014). In our study, the large increase in WEOC (4
and 30 mg C g litter ! in NFA and FA, respectively) support the theory
that the organic matter has absorbed the other nitrogen pools.

Chemical bonding of nitrogen in the FA litter treatments may be due
to residual oxidised surfaces in the litter. Such surfaces may be formed
during the breakdown of lignin as lignin decomposition, whether biotic
or abiotic, produces oxygen containing functional groups (de Gonzalo
et al,, 2016). During biotic decomposition, depolymerisation can be
achieved by extracellular enzymes such as peroxidases, which achieve
lignin degradation by oxidising mediators (de Gonzalo et al., 2016;
Sinsabaugh, 2010). The use of extracellular enzymes means oxygen
functional groups can react with N in the soil to convert mineral N to or-
ganic N. While it is difficult to detect the presence of oxygenated sur-
faces in the amendments, increased alkyl-C and decreased aromaticity
support the presence of such surfaces in the FA litter. Furthermore, or-
ganic matter that has experienced oxidation without increasing aroma-
ticity may be more vulnerable to further biological and chemical
oxidation, facilitating microbial access to, and dissolution of, OM into
the soil solutions (Knicker et al., 2008). This phenomenon may explain
the increase in WEOC and microbial respiration in the FA litter.

Finally, char did not appear to have any substantial ecological effects
on soil respiration or nitrogen cycling in this study. Char is capable of in-
ducing positive or negative priming of organic matter and fresh residues
(Maestrini et al., 2015) and can improve plant uptake of N through in-
creased mycorrhizal symbiosis (LeCroy et al,, 2013). Neither of these re-
sponses were observed in this study, potentially due to the relatively
large residue amendment rate or due to the lack of a host plant for my-
corrhizal fungi naturally present in pine soils. As this study is inconclu-
sive on the effects of char after fire in pine forest soils and the incidence
of char is likely to increase in a warming climate (Ager et al., 2012;
Hoegh-Guldberg et al, 2018), further research in this area is
recommended.

5. Conclusion

Fire affected (FA) pine litter increased soil respiration, reduced
mineral and microbial N pools when incubated with soil, and showed
a capacity to remove ammonium and nitrate from solution when
incubated anaerobically. When considered in the context of conven-
tional N cycling, an increase in microbial activity suggests an increase
in N cycling via immobilisation, mineralisation, or both; however, our
results indicate mineral and microbial N is chemically captured by the
FA litter. Light fraction organic matter has been shown to reduce
mineral N in other studies, and the large increase in WEOC (4 and
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30 mg C glitter— ! in NFA and FA, respectively) may be the cause of N ab-
sorption in this study. Char had no ecologically significant effects on soil
respiration or N cycling. Nitrogen bonding to organic matter in fire af-
fected areas has the potential to affect post-fire litter decomposition
and nutrient cycling, which may affect post-fire ecosystem recovery.
This research indicates there is an under-realised potential for fire af-
fected litters to alter nitrogen cycling and further experimentation is re-
quired to better understand the effects of fire on nutrient cycling and
nutrient budgets.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.01.316.
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Fig. 6 soil C:N ratio as measured at each sampling time point over 94 days in a 2 factor
experiment: three litter (L) treatments: no litter, not fire affected (NFA), or fire affected (FA)
litter; and two char (C) treatments: absence (- Char) or presence (+ Char). Values are mean+sd
(n=3). Highest order treatment effects as determined by a two-way ANOVA, are indicated in
bold at top (*** =p<0.001, ** = p<0.01, * = p<0.05). Tukey’s HSD tests were performed (a=0.05)
at the level of interaction indicated at top of each column: means with same letter are not
significantly different. NB: valid statistical comparisons cannot be made between different time
points.
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6.1 Abstract

As climate change proceeds, a change in the frequency and intensity of fire events is expected to
affect soil organic matter (SOM) transformations within forestry systems. A likely consequence
is the development of post-fire litter layers composed of thermally altered non-senescent
materials that have fallen during a fire event. In this study, Pinus radiata needles were thermally
altered to determine the effect of changes in carbon chemistry on needle decomposition and
nitrogen cycling. Live needles were collected and dried at 40°C before being further heated for
1 hour in a muffle furnace at a range of temperatures >40°C (max. = 320°C) to simulate a range
of canopy temperatures that can occur during a fire, and then coarsely ground and screened (0.5-
1.0 mm fraction retained). These needles were characterized for carbon and nitrogen content, and
carbon chemistry (solid-state *C NMR spectroscopy); they were also used in an incubation
experiment (14 days) which was performed to assess the impact of heating on nitrogen
transformations. Soil respiration and extractable nitrogen pools (mineral, potentially
mineralizable, and microbial biomass) were measured throughout the incubation. During the
incubation, cumulative respiration and nitrogen absorption capacity decreased with increasing
thermal alteration. The results indicate a step change in the response of nitrogen pools to thermal
alteration of pine needles, with a critical change occurring at or before 200°C. This step change
in nitrogen response may be due to the thermal degradation of light fraction organic matter,
simple polysaccharides, or both. From this experiment it is clear that a post fire litter layer can
have distinctly different effects on the soil environment depending on canopy temperature
conditions during the fire with post fire litters composed of low temperature needles absorbing
most mineral nitrogen that they contact. This will in turn affect post-fire plant recovery and
therefore ecological succession.

6.1 Introduction

Fire danger season and frequency of fire are continuing to increase in many regions of the world
due to the effects of climate change (Flannigan et al. 2009, IPCC 2014). This increase is expected
to disrupt forest feedback mechanisms in fire prone regions and increase the losses of carbon
from forest biomass and soil organic carbon (Lal 2005, Serra-Diaz et al. 2018). While much
research has investigated the immediate effect of fire on above ground and below ground carbon
and nitrogen stocks (Certini 2005, Wanthongchai et al. 2008, Bennett et al. 2014), there has been
little research on the contributions of fire affected litters to soil nutrient cycling after a fire event.
These litters are largely composed of non-senescent leaves that fall during a fire and may have
substantially different decomposition properties to leaves that fall during normal senescence
(Attiwill et al. 1978, Alexis et al. 2007, Alexis et al. 2010). In addition to increased nutrient
contents in leaves that have fallen due to unplanned losses, the chemistry of this litter may be
changed due to heat effects (i.e. thermal alteration) from the fire.

Fire induced thermal alteration of leaf organs and woody materials generates a continuum of
altered materials with varying degrees of chemical and structural alteration (Schmidt and Noack
2000, Baldock and Smernik 2002). Composition of materials in this continuum may be highly
variable depending on initial composition of the material, and conditions before, during, and after
the heating event (Gonzalez-Pérez et al. 2004, Merino et al. 2015). Carbon chemistry is
frequently analysed on fire affected materials and, taking the overall variability into account,
heating above 200°C typically decreases alkyl carbon, O-alkyl carbon, and N-alkyl carbon and
increases aromatic carbon (Baldock and Smernik 2002, Aguas et al. 2018, Bonanomi et al. 2018).
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These changes in carbon chemistry are associated with the degradation of paraffinic structures
(alkyl C), and polysaccharides such as cellulose and hemicelluloses (O-alkyl C) and their partial
conversion into aromatic structures (Kogel-Knabner 2002, Aguas et al. 2018). The
transformation of these relatively simple organic resources during heating, means that charred
biomass is less available to microbial decomposers (Baldock and Smernik 2002, Farrell et al.
2013).

Two forest types likely to be affected by increasing fire frequency are Pinus radiata (pine) forests
and pine plantations. However, even without fire induced losses of easily decomposed resources,
pine litter is typically slow to decompose due to its physical and chemical properties. Litter
accumulation in P. radiata forests in situations with relatively low litter inputs indicates P.
radiata needles are resistant to decomposition (Florence and Lamb 1974, Lee and Correll 1978,
Baker and Attiwill 1985); indeed, mass losses over 10 weeks of incubation has been recorded at
<4% while Eucalyptus leaves at the same site lost >10% (Crockford and Richardson 2002).
Physical properties that may contribute to this resistance include having a low specific leaf area
(Portillo-Estrada et al. 2016, Liu et al. 2018) and the presence of hydrophobic coatings on needle
surfaces (Li et al. 2015). Chemical properties restricting decomposition of pine needles include
a relatively low concentration of labile carbon relative to recalcitrant carbon (8% and 92%,
respectively) (Carrasco et al. 2017) and the presence of anti-oxidant and anti-microbial
compounds (Chao et al. 2000, Sacchetti et al. 2005, Guri et al. 2006). Although these properties
may slow decomposition of senesced litter, during a fire there is the potential for unplanned
needle losses which may increase decomposition potential; green needles typically decompose
faster than senesced needles due to their greater nutrient (particularly N) concentration and
significantly lower lignin content (Attiwill et al. 1978, Girisha et al. 2003).

During decomposition of high C:N materials (i.e C:N >30-35), nitrogen is typically drawn from
the soil and immobilised in the microbial biomass until a time where carbon becomes limiting,
after which nitrogen is mineralised. However, abiotic absorption and net transfer from soil to
litter has also been observed (Compton and Boone 2002, Li and Fahey 2013) and may be
influenced by chemical changes wrought by heating needles in the canopy. Although nitrogen
cycling has been the focus of many post fire soil studies (see Wan et al. (2001) for review) and
biochar studies (see Nguyen et al. (2017) for review), the decomposition of post-fire litter layers
and their effects on post fire nitrogen cycling are largely unknown. In particular, as much of the
post-fire litter in a pine plantation affected by moderately severe fire damage may be composed
of non-senescent needles that fell during the fire (Alexis et al. 2007), there is a knowledge gap
on the effect of heat exposure in the canopy on the subsequent decomposition of non-senescent
needles (Stirling et al. 2019b). Therefore, this study addresses the following research questions:
firstly, will heating pine needles increase the aromatic carbon content of the needles and decrease
decomposition rate as measured by soil respiration; and secondly, will heating pine needles affect
nitrogen pool distributions after incorporation with soil. These questions are addressed by the
generation of a gradient of thermally altered P. radiata needles which were subsequently
incubated for 14 days in a mineral soil where soil respiration, microbial biomass nitrogen,
potentially mineralizable nitrogen, and mineral nitrogen were monitored over time.
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6.3 Materials and methods

6.3.1 Pine needle collection, heat treatment and characterisation

Pinus radiata needles were sourced during June 2017 from a managed forestry plantation in
South Australia, Australia. Live needles (<1 year old) were collected as fascicles from immature
trees (height: 2-5 m); the needles were stripped from their scale leaves and dried in a convection
oven at 40°C until a constant mass was achieved. These dry needles were then mixed and divided
for further heating in a muffle furnace for 1 hour at 40, 85, 100, 135, 150, 180, 200, 225, 260 or
320°C. Needles were then ground to between 0.5 and 1.0 mm for use in the incubation experiment;
needles used for carbon chemistry characterization were further ground to <0.15 mm, with care
taken to prevent friction heating.

Needles were characterised for total organic carbon (TOC), total nitrogen (TN) and carbon
chemistry was determined using solid state °C CP-MAS nuclear magnetic resonance (NMR)
spectroscopy. Total organic carbon and TN were measured by dry combustion using a LECO
CNS200 Analyser. Moisture accounted for 62% of fresh needle weight when dried to 40°C;
further mass loss of needles and of carbon and nitrogen content due to thermal alteration (Table
6.1) was minimal between 40°C and 180°C; C:N ratio was also stable over this temperature range.
From 180°C to 320°C, needle mass loss was steep and linear (4% loss per 10°C increase); C:N
ratio also decreased over this temperature range, as carbon loss occurred at approximately 1.5 x
the rate of nitrogen loss.

Table 6.1 Chemical data for the ten heating treatments: Mass loss (past initial loss from fresh to
40°C) total organic C (TOC), total organic N (TON) and C:N ratio. Values are single
measurements.

Temperature Mass loss TOC C loss TON N loss C:N
(W) (%) (%) (Vo) (Vo) (Vo)
40 0.0 48.2 0 1.3 0 36.2
85 5.6 50.3 1 1.3 8 38.8
100 5.7 49.7 3 1.3 5 37.1
135 7.9 50.6 3 1.4 2 35.6
150 8.3 50.3 4 1.4 4 36.2
180 10.4 52.2 3 1.4 4 36.7
200 16.6 53.8 7 1.5 6 35.9
225 25.7 56.5 13 1.7 4 33.0
260 433 61.3 28 2.0 16 31.0
320 66.8 64.4 56 2.8 30 22.9

Nuclear magnetic resonance spectra were detected at a '>C frequency of 50.33 MHz on a Bruker
200 Avance spectrometer. Needle samples were packed into zirconia rotors (7 mm diameter)
with Kel-F end caps and spun at the ‘magic angle’ (54.7°) at 5 kHz. Chemical shift values were
calibrated to the methyl resonance of hexamethylbenzene at 17.36 ppm and a 50 Hz Lorentzian
line broadening was applied to all spectra (Baldock et al. 2013). Spectra were integrated across
the following chemical shift limits to provide estimates of broad carbon types: 0-45 ppm (alkyl
C), 45-60 ppm (N-alkyl C), 60-95 ppm (O-alkyl C), 95-110 ppm (di-O-alkyl C), 110-145 ppm
(aryl C), 145-165 ppm (O-aryl C), and 165-190 (amide/carboxyl C) 190-215 ppm (keytone C)
(Baldock and Smernik 2002, Kogel-Knabner 2002). While there are subtle changes at the cooler
temperatures, the needles heated up to 180°C (inclusive) were broadly similar as revealed by *C
NMR spectroscopy (Figure 6.1). An exception was the alkyl and N-alkyl/methoxyl groups, the
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proportions of which increased from 100°C through to 200°C, after which they decreased to less
than a third of the proportions present at 40°C. At temperatures greater than 180°C, O-alkyl C
and di-O-alkyl C decreased, and aryl C, O aryl C and ketones increased. Over the full temperature
range, O-alkyl C comprised the largest proportion of NMR signal up to, and including, needles
heated to 225°C and aryl C comprised the largest proportion of NMR signal thereafter. Needles
from 40°C to 225°C existed in a similar plane on the first principle component in the NMR PCA.
Needles heated to the final three temperatures were increasingly different to the low temperature
samples; the NMR spectra for the 320°C amendment more strongly resembled char than plant
tissue (Figure 6.6).

100%
90%
80% Ketone
70% Amide/Carboxyl
283 = O-Aryl
0
40% = Aryl
30% m Di-O-Alkyl
20% N-Alkyl/Methoxyl
10%
0% m Alkyl

40 85 100 135 150 180 200 225 260 320  mO-Alkyl
Needle temperature (°C)

Figure 6.1 Proportional content of carbon chemical shift regions using *C CP-MAS nuclear
magnetic resonance (NMR) spectra for Pinus radiata needles heated to 10 temperatures (n=1).
See Figure 6.6 for individual spectra.

6.3.2 Nitrogen transformations and cumulative respiration over 14 days

Milled needles (0.5 — 1 mm particle size) were incubated (20 g kg soil™) for 14 days with an
acidic (pH 5.6; depth 0-10 cm) fine sandy clay loam soil collected from P. radiata plantations in
Old Kersbrook Forest, South Australia, Australia; soil respiration was measured over the course
of the experiment, and microbial biomass nitrogen (MBN), potentially mineralizable nitrogen
(PMN), and mineral nitrogen (Nmin) forms (ammonium and nitrate/nitrite) were measured on
destructively harvested samples at 12 time points over 14 days. The laboratory based incubation
was conducted in the dark and under moisture conditions for optimal CO; efflux (0.25 g water g
soil™!) with a bulk density of 1.2 g cm™ achieved by tapping incubation containers until the
reaching the required soil depth; samples were incubated at 24+1°C. Soil respiration (as CO; flux)
was measured using an infrared gas analyser (IRGA, Model 6262, Li-Cor, Lincoln, NE, USA)
throughout the 14 days (37 measuring events) on the samples that were harvested on day 14 (n=3).

Soils were destructively sampled every 6 hours for the first day (0, 6, 12, 18, and 24 hrs), then
on the completion of days 2, 3, 4, 6, 8, 11 and 14. This schedule was chosen to capture the large
nitrogen variations that can occur in the first three days of incubation while also providing further
data on nitrogen dynamics in the first two weeks of incubation (Elmajdoub et al. 2014, Ma et al.
2016). Soil MBN was extracted using chloroform fumigation extraction (Vance et al. 1987) with
0.5 M K,SOq4 at a 1:5 soil:extractant ratio, and was determined as the difference in nitrogen
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concentration between fumigated and non-fumigated soil with an extraction coefficient of 0.54
(Joergensen and Mueller 1996, Moore et al. 2000). Potentially mineralizable nitrogen was
analysed using ammonium-salicylate oxidation on a subset of each sample that had been
anaerobically incubated for 14 days and then extracted with 2 M KCI (Smith et al. 2012). Mineral
nitrogen (ammonium and nitrate) was determined after shaking soil with 2 M KCl at a 1:5 ratio.
Ammonium-N was measured using ammonium-salicylate oxidation (Forster 1995) and
nitrate/nitrite-N was measured using vanadium(III) reduction (Miranda et al. 2001). All
colorimetric analyses were read using a Multiscan GO plate reader (Thermo Fisher Scientific).

6.3.3 Data analyses

Modelled cumulative respiration curves were based on a three parameter logistic growth function
(Table 6.2) modified from Paine et al. (2012) using the R non-linear mixed effects model package
nls2::nls2 with ‘algorithm’ set to “port” (Pinheiro et al. 2018). In this model, ‘M’ is cumulative
respiration (mgCO,-C gOC™") as a function of ‘¢’ (time), ‘K’ is the upper asymptote of growth,
‘r’ is the decay constant, and ‘b’ accounts for linear growth past ‘K’. Parameters were tested for
significance using one-way Analysis of Variance (ANOVA) and post hoc Tukey tests (n=3,
0<0.05). Average parameter values were used as the final model and tested against the measured
respiration data using the R linear model package stats::lm (R Core Team 2017). Alternative
models that were tested included first order decay, first order decay with linear alteration, and
three parameter logistic growth without linear alteration (Table 2).

Table 6.2 equations tested for cumulative respiration model. Where ‘M’ is cumulative respiration
(mg CO,-C g OC™; ‘OC’ is organic C) as a function of ‘#’ (time), ‘K’ is the upper asymptote of
growth, ‘7’ is the decay constant, and ‘b’ accounts for linear growth past ‘K’. Equations 1 and 2,
three parameter logistic growth are modified from Paine et al. (2012). Equation 2 was used in the
cumulative respiration model.

Number Equation Description
1 M. = MyK three parameter logistic growth
P My 4 (K — Mp)et
2 M. = MoK + bt three parameter logistic growth with linear
P My + (K — My)eTt alteration
3 M, =K(1—e™) first order decay
4 M, =K1 —e™) +bt first order decay with linear alteration

Statistical analyses for the nitrogen response data were analysed per harvest time using one-way
Analysis of Variance (ANOVA) and post hoc Tukey tests (n=3, a<0.05). All graphs were
generated using the R package ggplot2 with smoothing via Loess regression and post production
cosmetic alterations in Inkscape (version 0.92).

6.4 Results

6.4.1 Modelled respiration response indicates labile components are equally decomposable
A modified three parametric growth model (see equation number 2 in Table 6.2) was the best fit
for the cumulative respiration data over the first 14 days (Figure 6.2; Table 6.3). All parameters
except the decay rate ‘r’ and linear growth rate ‘b’ significantly decreased in soils amended with
needles that had experienced increasing thermal alteration temperature; the control soil had
equally low parameters as soils amended with the highest needle temperatures. Cumulative
respiration broadly split into three groups: 1) 40°C-180°C, 2) 200°C, and 3) 225°C-320°C; group
3 also included the control. Resources available in the first 3 days (‘K’) significantly decreased
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with increasing thermal alteration up to 225°C, after which it stabilized as equivalent to the

control soil. The rate of consumption of less labile resources (‘6’) tended to decrease with

increasing thermal alteration, however this was not significant.

Cumulative respiration (mg CO,-C g OC™)
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Figure 6.2 Measured and modelled (see text) cumulative respiration (mg CO»-C g OC™'; ‘OC” is
organic C) in soils amended with thermally altered P. radiata needles (temperature in legend) or

left unamended (“Control”) and aerobically incubated for 14 days (points indicate measured
variables; lines are average modelled response, n=3). Refer to Table 6.2 for parameter values and
fit measure.

Table 6.3 Parameter value and significance table for Figure 6.2. Three parameter logistic growth
modified (see text) from Paine et al. (2012). Where ‘M’ is cumulative respiration (mgCQO,-C
gOC™; ‘OC’ is organic C) as a function of ‘¢’ (time), ‘K’ is the upper asymptote of growth, ‘7’ is
the decay constant (%M, day™), and ‘b’ accounts for linear growth past ‘K’ (mgCO,-C gOC™
day™). All treatments are n=3; values are meantsd; values with same letter within the same
column are not significantly different (Tukeys HSD, 0=0.05).

K (p<0.001) r (ns) M, (p<0.001) b (ns) fit (r?)
40°C 114 ab 231 3.68 abc 2.89 - 0.99
85°C 111 ab 2.21 4.12 ab 3.74 - 0.95
100°C 119 a 2.18 4.10 ab 327 - 0.99
135°C 98.0 bc 2.08 4.01 ab 323 - 0.98
150°C 945 «cd 1.98 433 a 357 - 0.98
180°C 784 d 2.14 3.55 abc 438 - 0.99
200°C 478 e 2.08 2.77 bed 323 - 0.93
225°C 19.7 f 2.24 155 d 1.72 - 0.90
260°C 17.1 f 1.99 200 d 097 - 0.88
320°C 225 f 2.15 223 cod 149 - 0.94
Control 179 f 1.79 2.82 bed 1.05 - 0.82
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6.4.2 Nitrogen pools are strongly affected by thermal alteration

Two patterns of response were observed in the MBN (Figure 6.3; Table 6.4). The response
observed in the control and the soils that received needles heated above 200°C was a high MBN
content (average 26 ugN gSoil ™) throughout the first 8 days followed by a sharp decline over the
last 4 days to 7 — 11 ugN gSoil ™. In contrast, the response in the soils that received needles heated
between 40°C and 200°C was more variable over time: these soils had initially high MBN (28 —
41 pgN gSoil ™), followed by a trough (8 — 13 ugN gSoil ™), partial recovery (10 — 19 ugN gSoil
", and then decline to a similar content as the control on day 14 (7 — 9 pgN gSoil ™).

— Control 135°C 225°C
40°C  — ° —_ °
40 150°C 260°C
— 85°C — 180°C — 320°C
— 100°C — 200°C

W
S

MBN (ug N g soil ™)
[\ )
(e

[
()

0o 1 2 3 4 6 8 11 14
Time (days)
Figure 6.3 Microbial biomass nitrogen (MBN, pg N g soil) in soils amended with thermally
altered P. radiata needles (temperature in legend) or left unamended (“Control”) and aerobically
incubated for up to 14 days (lines are means smoothed using Loess regression; shaded areas
indicate confidence interval, a = 0.05; n = 3).

Potentially mineralizable nitrogen (Figure 6.4; Table 6.5) was significantly affected by
temperature; differences were largest at time 0 (to range: -22 to 18 ugN gSoil™"), and decreased
over the 14 day incubation (ti4 range: 0.1 to 5.5 ugN gSoil™"). During the first 24 hours, soils that
received needles heated between 40°C and 150°C had PMN < 0; PMN for the 180°C treatment
was negative up to 18 hours (inclusive). In needle treatments up to 200°C, PMN increased to a
maximum at day 3; the control soil and needle treatments that were heated to >200°C had
maximum PMN at 6 hours, after which there was a trough and a secondary peak at 2 or 4 (260°C
only) days.
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Figure 6.4 Potentially mineralisable nitrogen (PMN, pg N gsoil™) in soils amended with
thermally altered P. radiata needles (temperature in legend) or left unamended (“Control””) and
aerobically incubated for up to 14 days (lines are means smoothed using Loess; shaded areas
indicate confidence interval, o = 0.05; n = 3). Note negative values are due to decreased

ammonium content of samples after anaerobic incubation.

Mineral nitrogen (Figure 6.5; Table 6.6) was significantly affected by temperature; nitrate was
only observed in the control and needle treatments heated to >200°C after day 4 (data not shown);
the effect of nitrate can be observed in Figure 3 as near constant Nmin content over the 14 day
incubation for these treatments. Three patterns of response were observed in the Npin results:
firstly, 1) 40°C-100°C: initially high Numin (to range: 22 to 25 ugN gSoil ™) that rapidly decreased
over the first day (t range: 4.2 to 6.5 pgN gSoil™"), and low N, on the final day (t14 range: 1.3
to 1.4 ugN gSoil™"). Secondly, 2) 135°C- 200°C: initially moderate Numin (to range: 14 to 15 ugN
gSoil™") that followed a similar pattern to the 40°C-100°C treatments thereafter. Finally, 3)
225°C-320°C and the control: initially moderate Nuin (to range: 13 to 15 ugN gSoil™) followed
by a sustained, elevated Nmin throughout the incubation.
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Figure 6.5 Mineral nitrogen (Nmin, pg N g soil™) in soils amended with thermally altered P.
radiata needles (temperature in legend) or left unamended (“Control”) and aerobically incubated
for up to 14 days (lines are means smoothed using Loess; shaded areas indicate confidence
interval, a. = 0.05; n = 3).

6.5 Discussion

6.5.1 Needle characterisation indicates carbon chemistry is relatively stable when heated to
<180°C

Thermally driven changes in the needles were dominated by water loss in needles heated to
<180°C and by aromatization of organic carbon in needles heated to >200°C. Mass loss in the
needles heated to 180°C was an additional 10% on the mass lost during drying to 40°C; C:N ratio
and carbon chemistry did not change significantly over this thermal range indicating that the
dominant response to heating was water loss. The C:N ratio was expected to change at about
200°C during thermal alteration as organic nitrogen and organic carbon have relatively low
volatilisation temperatures (Hosking 1938, Barcenas-Moreno and Béaath 2009); however, even
before alteration the C:N ratio of these needles is unusually low for conifers. When compared to
fresh foliage in temperate coniferous forest (global average of 60), the unaltered foliage in this
study (C:N of 36) is low and instead similar to the average global values for temperate broadleaf
forest (C:N of 35) (McGroddy et al. 2004). The relatively low C:N (between 25 and 75) of the
needles means nitrogen limitation should not pose a significant barrier to decomposition over the
timeframe of the experiment (Heal et al. 1997). Although the total carbon content did not vary
substantially over the 40-180°C temperature range, striking changes in the needle colour (ranging
from green to dark brown; data not shown) and subtle changes in the NMR spectra indicate
changes occurring in the needles that are not solely due to water loss. In addition, the N, results
during the instantaneous extractions (i.e. at 0 days) also indicate a change in nitrogen availability
in needles heated above 100°C. In a similar study by Bonanomi et al. (2018), heating litter up to

73



200°C caused a decrease in heterotrophic soil respiration even though there was no significant
change in carbon chemistry.

Changes in carbon chemistry were more pronounced in needles heated to >200°C. Mass loss in
these needles ranged from a further 17% (200°C) to a further 67% (320°C); these temperature
treatments also caused a decrease in C:N ratio from 36 (200°C) to 23 (320°C), indicating carbon
was lost preferentially to nitrogen under these heating conditions. Structural changes in carbon
chemistry become apparent at approximately 200°C when materials are heated in the presence of
air. Degradation of lignin and hemicellulose begins before 190°C while cellulose degradation
begins at approximately 210°C (Gonzalez-Pérez et al. 2004, Trehan et al. 2004). Charring also
begins at approximately 200°C as organic matter structures are dehydrated to form more aromatic
compounds (Baldock and Smernik 2002, Gonzalez-Pérez et al. 2004). The loss of alkyl C, O-
alkyl C and di-O-alkyl C suggests the degradation of polysaccharides such as cellulose and
hemicelluloses (Fernandez et al. 2001, Aguas et al. 2018) with some of the carbon associated
with those structures becoming aryl C, O-aryl C and ketone structures. Although carbonisation
of litters during fire is low compared to woody materials (Knicker et al. 2008, McBeath et al.
2013), the carbon chemistry of SOM heated to >200°C is progressively altered as heating
increases leading to O-alkyl structures being converted to aromatic structures (Baldock and
Smernik 2002, Certini 2005). The high temperature needles (=200°C) may therefore represent a
relatively small pool of post-fire litter that has experienced carbonisation.

6.5.2 Modelled respiration response indicates a thermal tipping point

The overall proportion of labile resources in the needles rather than the decomposability of those
resources limited soil respiration over the first 14 days of exposure to soil and water. This
restriction in the proportion of labile resources is observed in the decreasing asymptote of growth
parameter (‘K’) as amendment temperature increased. The fastest rate of decrease in this
parameter with temperature is between 180°C and 225°C, which correlates with the initial
degradation of polysaccharides as determined by solid state *C CP-MAS NMR spectroscopy.
The importance of ‘K’ also indicates that the changes in the needles caused by heating are more
strongly expressed in the initial days of exposure than over the full two weeks of incubation,
therefore indicating that the most labile resource pool is strongly affected by heating. The results
here show the same pattern to those observed in a similar incubation study by Bonanomi et al.
(2018), where litters were heated for 30 minutes at larger temperature intervals and a decrease in
cumulative respiration was observed starting at an amendment heating temperature of 200-300°C
depending on litter species (Bonanomi et al. 2018).

Although the high temperature needles in our study did not respire more than the control
treatment, microbes are capable of mineralising char over longer periods ranging from months to
years. For example, in a study over 48 days soil microbes caused structural changes to chars and
also mineralised <0.3% of wood char-C and <3% of grass char-C (Hilscher et al. 2009). In a
longer example, up to 22% of carbon was mineralised in a low temperature (300°C) wood char
exposed to a humid tropical rainforest soil over three years (Bird et al. 2017). Decreases in
microbial activity due to thermal alteration have been inversely correlated with alkyl C to O-
alkyl C ratio (Abraham and Chudek 2008); while this relationship holds true for cumulative
respiration and needles heated to up to 225°C (linear; R* = 0.86), the relationship breaks down
for needles above 225°C. A relationship between carbonyl-C and microbial activity has also been
observed, but this relationship was not observed in this study (Ng et al. 2014). Finally, while
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needles appear to have decreasing quantities of labile carbon as temperature increases, the
decomposition rate of those resources did not change over either phase of respiration captured in
this experiment: i.e. ‘7’ and ‘b’ were not significantly different for any treatment.

6.5.3 Nitrogen pools indicate a thermally altered absorption potential

The similarities in nitrogen pools between the high temperature needles (i.e. >200°C) and the
control soil indicate that these needles are not decomposing at a sufficient rate over the first 14
days of exposure to influence nitrogen availability. This is not an unexpected result as this
incubation only investigated the first 14 days of decomposition, while many studies concerned
with biochar decomposition have found that high temperature chars do not affect microbial
activity or community structure when considered over several years (Kuzyakov et al. 2009,
Quilliam et al. 2013). In studies where the labile fraction of char was considered, this fraction
was generally less than 1% of char-C and had a mean residence time of <3 days to >100 days
depending on the study (Hamer et al. 2004, Farrell et al. 2013, Wang et al. 2016). It is likely,
however, that the CO- that is released in <1 day is due to the abiotic reaction of carbonates in the
char rather than microbial mineralisation (Farrell et al. 2013). Although char can inhibit SOM
mineralisation through adsorption to mineral fractions (Lu et al. 2014, Han et al. 2016), it has
also been shown to increase native SOM mineralisation without necessarily affecting soil
respiration (Pluchon et al. 2016, Zheng et al. 2016). In this study, the lack of decomposition in
the high temperature needles was most likely due to the decrease in simple polysaccharides and
increase in aromatic carbon. This can be observed as a step change in soil respiration and nitrogen
pools where needles heated to 200°C were the mid-point of the step change.

For the needles before the step change in respiration and nitrogen pools, the low detection of
MBN, PMN, and Nui» indicates the low temperature needles are chemically absorbing a
substantial quantity of mineral nitrogen. Microbial biomass nitrogen was generally lower in the
low temperature needles than the high temperature needles even though respiration was higher
for these treatments. While an increase in carbon use efficiency is possible, when considered
against the PMN and N, results, it appears that nitrogen from the MBN extraction is being
rapidly bound by the needles during fumigation and extraction in the low temperature treatments.
This rapid binding in the low temperature treatments can also be seen in the PMN and N, results,
where mineral nitrogen is unable to be detected during both anaerobic (PMN) and aerobic (Nmin)
incubations. The pattern of nitrogen loss is different for each type of incubation however:
absorption potential decreases with time for PMN and increases with time for Nin.

The potential for pyrogenic organic matter to absorb substantial amounts of mineral nitrogen via
chemisorption has been recently observed in pyrolyzed maple (4Acer rebrum) wood and ammonia
gas wherein 0.18 g N g OC™' was absorbed by pyrolyzed wood chips under ambient conditions
(Hestrin et al. 2019). Nitrogen retention in organic matter has also been observed in urea treated
humified brown coal (Saha et al. 2017). In addition to these observations, absorption of nitrogen
within litter is not unusual as fresh litter tends to be nitrogen limited whereas soil tends to be
carbon limited (Heal et al. 1997, Demoling et al. 2007). As such, net nitrogen transfer is possible,
and has been observed, from soil to litter leading to enhanced decomposition rates (Li and Fahey
2013, Xiong et al. 2014); carbon transfer from soil to litter and vice versa has also been observed
(Frey et al. 2003, Bird et al. 2017). Rapid non-biotic nitrogen losses have previously been
connected to light fraction organic matter (Compton and Boone 2002). In the study of Compton
and Boone (2002), this fraction was capable of incorporating an average of 39% of added
ammonium and 17% of added nitrate after an 18 hour incubation; absorption occurred as quickly
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as 5 minutes after nitrogen addition in this study. The decreasing capacity for thermally altered
needles to capture nitrogen in our study may therefore be connected with the thermal degradation
of light fraction organic matter.

6.6 Conclusions

From the respiration response and nitrogen pools it is clear that heat damage sustained by needles
during a fire will affect post-fire nitrogen cycling in Pinus radiata plantations. In particular, it
appears that heating above 100°C decreases the mineral nitrogen available in pine needles over
the first day of exposure, and that heating needles to above 180°C reduces microbial
decomposition, potentially due to changes in litter carbon chemistry. The capacity for needles to
capture mineral nitrogen compounds is also reduced by heating. This capacity to absorb nitrogen
could be both beneficial and detrimental to plantation management after a fire event — beneficial
in that it could prevent nitrogen losses, such as leaching, and detrimental in that it could prevent
the successful establishment of plants through nitrogen limitation. Therefore, there is an obvious
need for further research on the role of fire affected pine litters in the field.
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Table 6.4 Significance table for microbial biomass nitrogen (MBN, ug N g soil') in soils amended with thermally altered P. radiata needles (temperature in
legend) or left unamended (“Control”) and aerobically incubated for up to 14 days (values are means; n = 3). Values with same letter within the same column
are not significantly different (Tukeys HSD, 0=0.05). N.B. statistical analyses are only valid within table columns.

Time (days) 0.00 0.25 0.5 0.75 1 2 3 4 6 8 11 14
40°C 38a 47 a 26 a 8.9d 11 cd 19 abc 12 ¢ 92e¢ 11cd 10d 13 be 7.7a
85°C 41 a 40 ab 29 a 8.0d 8.5d 16 be Il1c 9.8 ¢ 11 cdc 10d 11 cd 8.1a
100°C 40 a 36 ab 24 a 10 cd 6.4d 9.5¢ 12¢ 10 de 10d 11d 12 bed 7.8 a
135°C 28 be 27b 18 a 13 bed 10 cd 18 abc 16 be 10 de 10 cd 9.0d 11cd 73a
150°C 29 be 30b 20 a 7.7d 7.4d 10c¢ 12¢ 10 de 9.8d 9.8d 11cd 64a
178°C 31b 27b 26a 9.6d 7.6d 11 be 13¢ 9.6¢ 9.8d 10d 11cd 85a
200°C 28 be 29b 19a 13 bed 83d 16 be 18 be 12 de 10d 10d 11cd 7.1a
225°C 28 bc 27b 14 a 16 abcd 19 bc 20 abc 20 abc 17 cd 16 be 16 ¢ 7.8d 11a
260°C 28 be 34D 2l a 27 a 29 a 28 a 28 a 32a 28 a 28 a 23 a 6.6a
320°C 28 be 33b 18 a 23 ab 22 ab 21 ab 24 ab 21 be 22b 23b 16 b 85a
Control 23 ¢ 33b 19 a 23 ab 25 ab 28 a 25 ab 28 ab 29a 25 ab 23 a 11a
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Table 6.5 Significance table for potentially mineralizable nitrogen (PMN, ug N g soil™") in soils amended with thermally altered P. radiata needles (temperature
in legend) or left unamended (“Control”) and aerobically incubated for up to 14 days (values are means; n = 3). Values with same letter within the same column
are not significantly different (Tukeys HSD, a=0.05). Note negative values are due to decreased ammonium content of samples after anaerobic incubation. N.B.
statistical analyses are only valid within table columns.

Time (days) 0.00 0.25 0.50 0.75 1 2 3 4 6 8 11 14
40°C 22 ¢ -16 ¢ -12cd -59d -3.6¢ -03f 47b 13c¢ 1.2d 24b 1.7¢ 1.0d
85°C 20 ¢ -17 ¢ -16d -43 cd 22¢ l.1ef 5.1b 3.7bc 1.3d 36b 2.6¢ 1.2d
100°C -19¢ -15¢ -12cd -7.1d -1.8¢ 42cdef 7.0b 1.6 bc 2.1d 3.7b 23¢ 1.2cd
135°C -13 be -0.8 be -8.8 cd -4.7 cd 3.1lc 29f 58b 15¢ 1.7d 32b 1.7¢ 1.1d
150°C -13 be -10 be -8.0cd -3.7cd -28¢ 2.6 def 43b 13c¢ l1.6d 2.8b l1.6¢ 0.1d
178°C -12 be -8.9 be -8.0 cd -0.5 cd 1.0 be 10 bcde 13 ab 9.9 be 2.1d 2.7b 3.3bc 1.5 bed
200°C 0.6 abc 9.0 ab -1.7¢ -0.2 cd 9.5 ab 13 be 2l a 16 ab 12a 12 a 7.4 ab 2.6 abced
225°C 8.1ab 28 a 17 ab 17 ab 11a 18 ab 11 ab 12 abc 83D 7.9 ab 5.9 abc 2.1 bed
260°C 18 a 30 a 14 ab 4.4 bed 3.1c 12 bed 6.7b 25a 63D 4.1 ab 3.5bc 4.5 abc
320°C 19 a 23 a 2l a 19 a 9.6 ab 14 a 8.1b 13 abc 5.6 bc 8.7 ab 6.0 abc 55a
Control 15a 22 a 9.1b 8.5 abc 0.5 bc 16 ab 12 ab 12 abc 2.9 cd 9.5 ab 79a 4.8 ab
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Table 6.6 Significance table for mineral nitrogen (N, ug N g soil™) in soils amended with thermally altered P. radiata needles (temperature in legend) or left
unamended (“Control”) and aerobically incubated for up to 14 days (values are means; n = 3). Values with same letter within the same column are not
significantly different (Tukeys HSD, 0=0.05). N.B. statistical analyses are only valid within table columns.

Time (days) 0.00 0.25 0.50 0.75 1 2 3 4 6 8 11 14
40°C 25a 2l a 16 abc 7.9 a 6.5 bc 49 de l4c 0.8¢ 1.6¢ 0.7¢ 13b l4c
85°C 22 ab 2l a 16 ab 6.6 a 42¢ 4.9 de 1.2¢ 0.7c¢ l4c 0.7c¢ 140 l4c
100°C 23 a 20a 15abed 9.1a 38¢ 1.8¢ 1.2¢ 0.6 ¢ 1.5¢ 0.8¢ 13b 13¢
135°C 15 be 14 b 12 cd 85a 53¢ 7.1 bed 5.3 bc 09c 1.9¢ 0.6 ¢ 1.5b 1.5¢
150°C 15 be 15b 12d 57a 46¢ 2.8 de 2.0c¢ 23¢ 1.6¢c 0.6c 19b 1.9¢
178°C 15 be 15b 13 bed 7.3 a 47 ¢ 2.7 de 1.7¢ 1.2¢ 1.9¢ 1.0c 1.5b 1.5¢
200°C 14 ¢ 15b 12 cd 85a 44c 5.3 cde 4.7 be 2.6¢ 3.1c 09c 1.7b 1.7¢
225°C 14 ¢ 14b 12d 11a 12a 10 abc 11 ab 10b 10b 10b 11a 8.1b
260°C 13¢ 15b 15abcd 14a 14 a 14 a 14 a 14 ab 16 a 17 a 89a 16 a
320°C 14 be 16 b 13abed 13 a 11 ab 10 ab 11 ab 11b 12b 11b 9.1a 10b
Control 15 be 16 b 17 a 16 a 15a 14 a 16 a 15a 18 a 18 a 12 a 17 a
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Figure 6.6 Solid state *C CP-MAS NMR spectra for pine needles hated to 10 temperatures.
Values are single measurements. Vertical grey lines indicate the boundaries of chemical shift
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7.1 Abstract

Post-fire litter layers are composed of leaves and woody debris that predominantly fall during or
soon after the fire event. These layers are distinctly different to pre-fire litters due to their
common origin and deposition time. However, heterogeneity can arise from the variable thermal
conditions in the canopy during fire. Therefore, in this study we used thermally altered pine
needles (heated to 40, 150, 260, and 320°C for 1 hour) in a laboratory incubation study for 43
days. These samples were measured for respiration throughout and extracted for DNA at the
experiment’s end; soil rRNA was analysed using [llumina Sequencing (16S and ITS amplicons).
Addition of pine needles heated to 40 or 150°C caused a substantial shift in community structure,
decreased alpha diversity, and significantly increased soil respiration relative to the control
treatment. In contrast, pine needles heated to 260 or 320°C had little effect on microbial
community structure or soil respiration. These results indicate that highly thermally altered
needles are not microbially decomposed during the first 43 days of exposure and therefore that
biomass temperature may have significant effects on post-fire litter decomposition and carbon
flux. This research outlines an important knowledge gap in forest fire responses that may affect
post-fire carbon emissions estimates.

7.2 Introduction

In fire affected forests, post-fire litter layers are composed of leaves and woody debris that fell
during or soon after the fire event (Alexis et al. 2007). These layers are distinctly different to
non-fire affected litters due to the origin of the debris (i.e. from plants not consumed by a canopy
fire) and their truncated deposition time (i.e. during or soon after the fire) (Alexis et al. 2010).
Post-fire litter layers may experience thermal alteration while in the canopy or after falling to the
forest floor; thermal alteration of organic matter generates a continuum of materials with varying
degrees of chemical and structural alteration (Schmidt and Noack 2000, Baldock and Smernik
2002). These materials may only be slightly or partially charred, increasing the heterogeneity of
post-fire litter chemistry (Merino et al. 2015). While much research has investigated the overall
effects of fire on the soil microbial biomass and microbial community structures (Baéth et al.
1995, Certini 2005, Holden and Treseder 2013), little is known about the specific effects of
thermal alteration of litters on soil microbes.

Thermal alteration of biomass can increase resistance to microbial decomposition through
volatilisation of simple organic molecules and aromatisation of organic carbon. Volatilisation of
simple organic molecules starts when organic matter temperatures exceed 100°C while the
formation of aromatic structures starts at approximately 200°C (Fernandez et al. 2001, Gonzélez-
Pérez et al. 2004). In woody materials, exposure to temperatures >200°C leads to dehydration
followed by a conversion of O-alkyl C to aryl and O-aryl furan-like structures with increasing
temperature (Baldock and Smernik 2002). In contrast, leaf organs typically char at lower
temperatures than woody materials due to their higher cellulose and lower lignin contents
(Keiluweit et al. 2010, Merino et al. 2015). The higher sensitivity of non-woody materials to
relatively low temperatures may lead to a greater incidence of combustion during fire; therefore,
deposition of smaller amounts of charcoal residues after a fire may be more susceptible to
microbial degradation (Alexis et al. 2010). Microbial degradation of organic matter not strongly
modified by fire may be significant at the decadal timescale as microbial access and
decomposition of thermally altered organic matter has been shown to be affected by organic
matter origin (such as leaves vs. wood) and degree of thermal alteration (Knicker et al. 2008,
Alexis et al. 2012).

&3



Forest fires pose a substantial risk to pine plantation production systems. Within Pinus
plantations, low intensity fires can consume the O horizons and cause stress induced litterfall
without seriously harming the trees. However, moderate intensity fires (with canopy scorching)
can have high mortality rates which lead to most of the remaining needles in the canopy falling
as litter during or after the fire (Fernandes et al. 2008, Alexis et al. 2010). Overall mortality is
strongly affected by pine species (Fernandes et al. 2008). Fire has variable effects on soil
microbial biomass; both positive and negative responses have been reported when biomass is
measured as biomass C, N or viable organisms (Mabuhay et al. 2006, Muqgaddas et al. 2015,
Rodriguez et al. 2017). Although heat doesn’t penetrate far into the soil profile (Badia et al. 2017),
the loss of the O horizon and creation of a new post-fire litter layer is likely to affect soil microbial
activity after the event through changes in microbial habitat and available resources. Similarly to
microbial biomass response, no consistent trend in microbial activity (as respiration) has been
observed after fire or in studies using fire affected litters (Gonzalez-Pérez et al. 2004, Wang et
al. 2012, Stirling et al. 2019a). However, carbon mineralisation rate has been observed to
decrease when woody and non-woody materials are heated to >200°C (Baldock and Smernik
2002, Bonanomi et al. 2018).

Thermal alteration of soil organic matter and the development of a post-fire litter layer are likely
to affect microbial diversity and community structure (Baéth et al. 1995, Certini 2005). Changes
in soil microclimate, physical and chemical properties, and the addition of new organic resources
from charred materials allows an increase in phylogenetic diversity by changing the dominance
of competing microbes (Pérez-Valera et al. 2017). This has previously been observed in fungal
biomass where it is theorised that post-fire litter pulses supported the proliferation of fungi
specialised in early stage substrate decomposition (Sun et al. 2015a, Rodriguez et al. 2018); in
one case, this larger fungal biomass declined after two years (Rodriguez et al. 2018). In similar
studies, however, fire did not appear to substantially affect bacterial diversity or biomass (Liu et
al. 2015, Sun et al. 2016).

More frequent fire conditions due to a warming climate is expected to increase the incidence of
catastrophic fire events (Ager et al. 2012, Hoegh-Guldberg et al. 2018); forests have been
increasingly affected by fire in a warming climate (Stevens-Rumann et al. 2018). An initial forest
response to fire includes the loss of substantial quantities of litter. In pine forests, litter mass has
been estimated as high as 128 t ha” (Old Kersbrook Forest, South Australia) (Stirling 2019);
however, litter mass is more typically between 15 and 32 t ha™ (Florence and Lamb 1974, Baker
and Attiwill 1985). Although litter losses from combustion are easily calculated from field data,
further losses from enhanced mineralisation of the post-fire litter layer have not yet been
quantified. Due to the vulnerability of litter to fire, there is a need to quantify this pool and
understand how it behaves after fire.

From the information presented above, it is not clear how a post-fire litter layer will affect
microbial community structure and function and thus it is not clear how ecosystem function will
recover after a forest fire. Therefore, we aimed to investigate the response of the microbial
community to thermally altered non-woody plant materials (i.e. needles) without the confounding
effects of fire by incubating soil with thermally altered pine needles. The hypotheses tested here
are as follows: firstly, that all needle additions will cause a change in microbial structure to a
community best able to take advantage of the newly available resources; and secondly, needles
exposed to low temperatures will have higher microbial activity due to the availability of
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cellulose and other easily degraded leaf structures. Understanding the soil ecological response to
post-fire litters is important because of the increasing risk of fire in a warming climate as
forecasted in global change scenarios (IPCC 2014).

7.3 Materials and methods

7.3.1 Needle alteration and characterisation

Pinus radiata needles were sourced during June 2017 from a managed forestry plantation in
South Australia, Australia. Sample trees were from a wilding population within a mature stand;
needles were collected from more than 20 trees. Live needles (<1 year old) were collected as
fascicles from immature trees (height: 2-5 m); the needles were stripped from their scale leaves
and dried in a convection oven at 40°C until a constant mass was achieved. Dry needles were
then mixed and heated in a muffle furnace for 1 hour at 40, 150, 260 or 320°C. Approximately
300 g of needles were used in each thermal treatment. Needles were ground to between 0.5 and
1.0 mm for use in the incubation experiment; needles used for carbon chemistry characterization
were further ground to <0.15 mm, with care taken to prevent friction heating.

Thermally altered needles were characterised for total organic carbon (TOC), total nitrogen (TN)
and their carbon chemistry determined using solid-state '*C CP-MAS nuclear magnetic resonance
(NMR) spectroscopy. Total organic carbon and TN were measured by dry combustion using a
LECO CNS200 Analyser on thermally altered needles without replication. Carbon content of the
needles appeared to increase from 48% (40°C) to 64% (320°C) while C:N appeared to decrease
from 36 (40°C and 150°C) to 23 (320°C) with thermal alteration of the pine needles (Table 7.1;
Figure 6.6). Solid-state *C NMR analyses of thermally altered needles were conducted on a 200
Avance spectrometer (Bruker Corporation, Billerica, MA), with a 4.7 T wide-bore
superconducting magnet and operating resonance frequency of 50.33 MHz. Needle samples were
packed into zirconia rotors (7 mm diameter) with Kel-F end caps and spun at the ‘magic angle’
(54.7°) at 5 kHz. Chemical shift values were calibrated to the methyl resonance of
hexamethylbenzene at 17.36 ppm and a 50 Hz Lorentzian line broadening was applied to all
spectra (Baldock et al. 2013). Spectra were integrated across the following chemical shift limits
to provide estimates of broad carbon types: 0-45 ppm (alkyl C), 45-60 ppm (N-alkyl C), 60-110
ppm (O-alkyl C), 110-145 ppm (aryl C), 145-165 ppm (O-aryl-C), and 165-215 ppm (carbonyl
C) (Baldock and Smernik 2002). Heating the pine needles caused changes in the carbon chemistry
(Table 7.1; Figure 6.6), with alkyl C compounds (alkyl, N-alkyl, O-alkyl, and di-O-alkyl)
decreasing with thermal alteration and aromatic compounds (aryl, O-aryl) and ketones increasing
with thermal alteration.
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Table 7.1 Chemical data for the four thermally altered needle treatments: total organic carbon
(TOC), total organic nitrogen (TON), C:N ratio, and carbon chemistry as detected by solid-state
3C CP-MAS nuclear magnetic resonance. Values are single measurements.

Temp TOC TON C:N
() (Y0)
40 48 1.3 36
150 50 1.4 36
260 61 2.0 31
320 64 2.8 23
Temp Alkyl N-Alkyl/ O-Alkyl Di-O- Aryl O-Aryl Amide/ Ketone
Methoxyl (%) Alkyl (%) Carboxyl
(o) (Y0) (%) (%) (Y0) (%)
40 17 5.1 42 10 13 6.7 52 0.7
150 16 5.4 44 10 13 5.4 5.1 0.8
260 21 4.9 20 6.9 31 9.7 4.9 2.1
320 5.4 1.9 2.7 5.0 62 14 54 2.8

7.3.2 Experimental setup

Thermally altered needles were incubated for 43 days with an acidic (pH 5.6; depth 0-10 cm)
fine sandy clay loam soil collected from P. radiata plantations in Old Kersbrook Forest, South
Australia, Australia. Incubation ended approximately one month after soil respiration
stabilisation. Soils were randomly sampled from 12 plots on five dates equally spanning 16
months; these soils were air dried and stored in a cool and dark location for up to 3 years prior to
use. On the one occasion where soils were moist at sampling, they were returned under cool
conditions to the lab wherein they were dried at 40°C.

Soil respiration was measured over the course of the experiment, and soil was destructively
sampled for DNA extraction at the conclusion of the experiment. In all treatments except the
control, needles were added to the soil at a rate of 2% w/w and mixed thoroughly with the soil;
five 50 g replicates of each soil and needle mixture were incubated in 250 mL airtight bottles
with rubber seals at a gravimetric water content of 0.17 g g'. The control treatment was
maintained in the same manner as litter treatments. Bottles were spatially randomised in three
dimensions during incubation. The laboratory based incubation was conducted in the dark and
under optimal moisture conditions for CO, efflux (gravimetric water content 0.17 g g™'); samples
were incubated at 27+2°C. Soil respiration (as CO, flux) was measured using a non-dispersive
infrared gas analyser (IRGA, LI-820, Li-Cor, USA) throughout the 43 days on all replicates (n=5).
Respiration measurements were collected manually via a gas syringe (5 ml) and analysed using
one machine throughout the experiment; incubation chambers were vented after measurement.
Gas CO; content per second was interpolated and converted to g CO; using R (version 3.5.1
“Feather Spray”) (R Core Team 2018).

7.3.3 DNA extraction and rRNA analyses

Soils were destructively sampled at 43 days and frozen (-4°C) prior to DNA extraction and
[llumina Sequencing; an incubation period of 43 days was considered long enough to induce
changes in microbial responses to needle addition. DNA extractions, PCR amplification and
sequencing were conducted on whole soil samples by an external laboratory (Australian Genome
Research Facility (AGRF)) as described previously by Smith et al. (Smith et al. 2018). In brief,
DNA was extracted from 0.250 g of soil using a PowerSoil Soil DNA Isolation Kit (MoBio
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Laboratories, Solana Beach, CA, USA). Ribosomal RNA was analysed for bacterial and fungal
communities using the forward and reverse primers 27F-519R (AGAGTTTGATCMTGGCT
CAG and GWATTACCGCGGCKGCTG; 16S) and ITS1F-ITS2 (CTTGGTCATTTAGAGGAA
GTAA and GCTGCGTTCTTCATCGATGC; ITS). The following PCR conditions were used:
an initial denaturation at 95 °C for 7 minutes, followed by 35 cycles of 94°C for 30 seconds, 55°C
for 45 seconds and 72°C for 60 seconds. A final extension was carried out at 72 °C for 7 minutes.
Image analysis was performed in real time using MiSeq Control Software v2.6.2.1 and Real Time
Analysis v1.18.54. Sequence data were generated with the Illumina bel2fastq 2.20.0.422 pipeline.
Data was received as FastQ formatted sequence files containing paired end sequences of
untrimmed 300 bp reads with phred-like quality score +33.

7.3.4 Data analysis
Bioinformatic analyses were conducted using Qiime2 (version 2018.6) while respiration

modelling and statistical analyses were conducted using R (version 3.5.1 “Feather Spray”) [35,
37-39]; data was lodged with the European Nucleotide Archive (ENA; accession number
ERP113345). Taxonomic diversity, alpha diversity and beta diversity were determined using
Qiime?2 with metadata validated with Keemei [37, 40]. Deblur and DADA?2 pipelines were used
for the 16S and ITS data, respectively [41, 42]; in both cases bp reads were truncated (or trimmed)
during denoising to 250 and no trimming occurred on the left end of reads. Quality filtering based
on phred scores (median of 37 for both amplicons) and the removal of chimeric sequences were
also conducted during denoising with Deblur and DADA?2 [41, 42]. Total retained reads per
sample ranged from 35,973 to 120,632 for 16S and from 30,046 to 121,582 for ITS. Classification
of 16S data used a trained classifier with the Greengenes 99% alignment taxonomy [43, 44];
classification of ITS data used the UNITE database for molecular identification of fungi [45, 46].
Phylogenetic trees were constructed using ‘MAFFT’ for alignment, ‘mask’ to remove high
variability regions, and ‘FastTree’ to build the phylogeny [47-49]. Taxonomic diversity is
displayed at the level where 10 classifications are equal to approximately 90% of organisms by
abundance; taxonomic Principle Coordinate Analyses (PCoA) plots (Bray-Curtis dissimilarity)
were generated using Qiime2’s phylogenetic core metrics. Data was rarefied during the diversity
analyses; sample depth (p) equalled 5,900 for both sets of data. Alpha diversity is reported using
Shannon’s diversity index and Beta diversity is reported using weighted unnormalized UniFrac
[50, 51]. Alpha and Beta diversity treatments were tested for differences using Analysis of
Variance (ANOVA) and post hoc Tukey tests (n=5, 0<0.05) using the R package agricolae::hsd
[52]. Statistical differences in abundance as a proportion of amplicon sequence variants (ASV)
were tested using ANCOM at level 6 (genus) for both datasets and at levels 3 (class) and 4 (order)
for the 16S and ITS datasets, respectively [53]. Total number of ASV was 4,854 for the 16S data
and 1,355 for the ITS data.

Modelled cumulative respiration curves are based on a three parameter logistic growth function
(Equation 7.1) modified from Paine et al. [54] using the R non-linear mixed effects model
package nls2::nls2 with ‘algorithm’ set to “port” [55]. In this function, ‘M’ is cumulative
respiration (mgCO»-C gOC™) as a function of ‘t’ (time), ‘K’ is the upper asymptote of growth,
‘r’ is the decay constant, and ‘b’ accounts for linear growth past ‘K’. Parameters were tested for
significance using one-way ANOVA and post hoc Tukey tests (n=5, 0<0.05). Average parameter
values were used as the final model and tested against the data using the R linear model package
stats::Im [35].
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Equation 7.1 three parameter logistic growth modified from Paine et al. (2012).
MyK

Mo+ (K —My)e™t

Where ‘M’ is cumulative respiration (mgCO»-C gOC™) as a function of *#’ (time), ‘K’ is the upper

M, + bt

asymptote of growth, ‘7’ is the decay constant, and ‘b’ accounts for linear growth past ‘K’.

7.4 Results

7.4.1 Low temperature needles changed microbial community structure

Bacterial taxonomy (synonymous with the 16S amplicon data; Figure 7.1a) was dominated by
Proteobacteria in all soil samples; this phylum accounted for 50-63% of bacteria by abundance.
Differences in abundance within the ten most abundant classes were not detected using ANCOM.
Of the organisms classified to genus, thermally altered needles significantly affected the
abundances of Herbiconiux ssp., Telmatospirillum ssp., Sphingomonas ssp., and Dyella ssp..
Fungal taxonomy (as determined by the ITS amplicon data; Figure 7.1b) was dominated by
Ascomycota; this phylum accounted for 58-77% of fungi by abundance. From the ANCOM
analyses, significant differences in abundance were detected in the orders Venturiales (W = 50),
Coniochaetales (W = 48), Sordariales (W = 49), and Sebacinales (W = 49). In all cases,
abundance was higher in low temperature needle treatments than the high temperature needle
treatments or the control. Of the organisms classified to genus, thermal alteration of needles
significantly affected the abundances of Aureobasidium spp., Kabatiella spp., Venturia spp.,
Pustularia spp., Wilcoxina spp., and Coniochaeta spp.. Pustularia spp. and Wilcoxina spp. were
more abundant in the high temperature treatments and the control while all other genera were
less abundant in the high temperature treatments and the control. When analysed with Bray-
Curtis distance matrices (Figure 7.1c-d), both 16S and ITS data group high temperature (260,
320°C) needle treatments with the control and group low temperature (40, 150°C) needle
treatments separately.
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Figure 7.1 microbial community structure presented as composition (a, b) and Principle
Coordinate Analysis (PCoA) plots (c, d) for 16S ( taxonomic class, left panels) and ITS
(taxonomic order, right panels). Columns are average + standard error (n=5).
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7.4.2 Microbial diversity is decreased by low temperature needle treatments

Whereas 16S alpha diversity was lower in low temperature needle treatments than high
temperature treatments (Figure 7.2a), ITS alpha diversity was only lower in the 150°C treatment
relative to the high temperature treatments (Figure 7.2b). Beta diversity followed a similar pattern
to cumulative respiration; low temperature needle treatments grouped strongly in both 16S and
ITS while high temperature treatments grouped with the control treatment (Figure 7.3). Beta
diversity accounted for more variability for the ITS data than the 16S data (first two PC axis
captured 87% and 66%, respectively). In all cases, low temperature needle treatments were
significantly different to the control treatment; high temperature needle treatments were similar
to the control in all but one case — 16S was significantly different to the control in the 320°C

treatment.
a) 16S b) ITS
11 6
ANOVA p<0.01 ANOVA P<0.01
c be a a ab ab b a a ab
10 e —_— : 5
k3 | == ! :;:
g —
T ' ]
¢ 4 ]
3
40°C  150°C 260°C 320°C control 40°C  150°C 260°C 320°C control
Treatment

Figure 7.2 Alpha diversity (Shannon index; ‘H’) for 16S (a) and ITS (b) [llumina Sequencing
data. Overall treatment differences determined using one-way ANOVA. Individual differences
determined using Tukeys HSD (a=0.05); boxes with same letter are not significantly different.
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Figure 7.3 Beta diversity (weighted unnormalized UniFrac) for 16S (a, b) and ITS (c, d)
displayed as PCoA (a, ¢) and as distance from control (pairwise analyses; b, d). For plots 16S B

and ITS B, overall treatment differences determined using one-way ANOVA and individual

differences determined using Tukeys HSD (0=0.05; 25 pairs per treatment); boxes with same

letter are not significantly different.

7.4.3 Soil respiration is increased after amendment with low temperature needles
Modelled cumulative respiration for low temperature needles (40°C and 150°C) was significantly

higher than for the high temperature needles (260°C and 320°C) and the control (Figure 7.4). This
significant increase occurred in the asymptote of growth ‘K’, decay constant ‘#’, and the linear
rate of growth ‘b’ (Table 2). Model fit (r*) was above 0.95 for all treatments.
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Figure 7.4 Measured and modelled (see text) cumulative respiration (mgCO,-C gOC™) in soil
amended with thermally altered P. radiata needles (temperature in legend) or left unamended
(“Control”) and aerobically incubated for 43 days (points indicate measured variables; lines are
average modelled response, n=5). Refer to Table 2 for parameter values and fit measure.

Table 7.2 Parameter value and significance table for Figure 3. Three parameter logistic growth
modified (see text) from Paine et al. (2012). Where ‘M’ is cumulative respiration (mg CO,-C
g OC™'; “‘OC’ is organic C) as a function of ‘# (time), ‘K’ is the upper asymptote of growth, ‘7’
is the decay constant, and ‘b’ accounts for linear growth past ‘K’. All treatments are n=5; values
are mean+sd; values with same letter within the same column are not significantly different
(Tukeys HSD, 0=0.05).

K (p<0.001) r (P<0.001) M, (p<0.001) b (p<0.001) fit

(?)
40°C 220 a 1.64 a 75 b 38 a 0.97
150°C 198 a 139 b 93 a 39 a 0.95
260°C 51 b 1.01 ¢ 37 ¢ 1.1 b 0.99
320°C 50 b 1.01 ¢ 38 d 1.0 b 0.99
Control 64 b 095 ¢ 50 d 14 b 0.97

7.5 Discussion

Microbial responses to post-fire litters will depend on biomass temperatures reached during the
fire: litters formed from needles that have experienced high temperatures in the canopy will resist
decomposition after litterfall. In contrast, needles that experience low temperatures (such as
might be found in a moderately severe fire (Keeley 2009)) may experience enhanced
mineralisation after litterfall. This relationship with temperature can be seen in the beta diversity
and cumulative respiration results, where needles exposed to high temperatures caused only
minor changes in microbial diversity or activity compared to the control soil. This resistance to
microbial decomposition means that litterfall following high temperature thermal alteration may
lead to an increase in recalcitrant soil organic carbon, indicating that a blackened (high
temperature thermally altered) post-fire litter layer may be an effective carbon sink when
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compared to a low temperature thermally altered litter layer. The quantity of this pool after an
actual fire (4-6% of pre-fire leaf C stocks), however, may mean that it is an overall insignificant
C sink (Alexis et al. 2007, Alexis et al. 2010). Nevertheless, this study clearly demonstrates that
it is not appropriate to consider all post-fire litters as the same in terms of their impact on
belowground processes.

Post-fire pine litters with a low degree of thermal alteration will affect microbial community
structure to a greater degree than litters with a high degree of thermal alteration. Soil microbial
responses are likely to be more defined in the fungal biomass as microbial community changes
were observed to a greater degree in the ITS data than the 16S data. In our study, low temperature
needle treatments tended to increase the proportion of saprotrophic fungi (such as Venturia spp.)
while decreasing the proportion of some ectomycorrhizal fungi (such as Wilcoxina spp.) and
increasing the proportion of other mycorrhizal fungi, including Sebacinales, an order known for
its diverse orchid mycorrhizal abilities (Selosse et al. 2009). While mycorrhizal fungi are
generally unable to thrive in the absence of their host plants, the absence of their rRNA in the
low temperature treatments indicates degradation of residual genetic organic matter by the
expanded presence of saprotrophic organisms. The expansion of saprotrophic fungi is a logical
response to the addition of new organic resources; in field situations where fire increases soil
organic matter availability, the microbial community responds with increased activity and
biomass production (Pérez-Valera et al. 2018, Rodriguez et al. 2018). However, as the test soil
was not recently burnt, fungal response in the field may be significantly different to that which
was observed under test conditions as fire generally has a negative effect on fungal abundance
(Dooley and Treseder 2012). The extent to which this is the case in Australian woodlands,
however, is unclear due to the incidence of pyrophillia in Australian fungi (McMullan-Fisher et
al. 2011).

The rapid recovery of bacteria after soil heating events allows them to take advantage of new
resources available after fire (Rodriguez et al. 2017, Pingree and Kobziar 2019). In studies where
soil bacterial communities were analysed after fire, fire resistant bacteria are present directly after
the fire, and are succeeded by competitively superior bacteria that are able to take advantage of
fire affected soil organic carbon resources (Pérez-Valera et al. 2019). When ecosystem function
was considered, enzyme activities (B-glucosidase, phosphatase, and urease) had largely returned
to pre-fire levels 12 months post-fire, however bacterial community structure remained different,
indicating functional redundancy (Pérez-Valera et al. 2018, Pérez-Valera et al. 2019). Functional
redundancies within the microbial community may have a mediating effect on the decomposition
of thermally altered needles leading to increased decomposition of otherwise ‘inert’ materials if
sufficient time is considered.

Microbial function needs to be considered in parallel to microbial diversity when investigating
the soil microbiome (Wagg et al. 2014). In this study, post-fire litters composed of needles that
experienced a low degree of thermal alteration generated increased microbial activity relative to
soils with no or highly thermally altered litter. Thermal alteration of pine needles decreased
microbial activity by decreasing the proportion of resources available in the first week (‘K’, Table
2) and by decreasing the organic matter decay rate during both the logistic (‘r’, Table 2) and
linear (‘b’, Table 2) phases of decomposition. This decrease in resource availability is associated
with a degradation of polysaccharides as determined by solid-state *C CP-MAS NMR
spectroscopy. Similar changes have been observed by Bonanomi et al. (Bonanomi et al. 2018),
where a sharp increase of aromatic C and a decrease of other fractions was observed when heating
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litters to 200°C. The results here show the same pattern to those observed in a similar incubation
study by Bonanomi et al. (Bonanomi et al. 2018), where litters were heated for 30 minutes at
larger temperature intervals and a decrease in cumulative respiration was observed starting at a
litter heating temperature of 200-300°C depending on litter species (Bonanomi et al. 2018). The
differences in ‘K’ between respiration responses to different litters indicate that the labile
resource pool is important in mediating the microbial responses during the early phases of
exposure. This indicates that the most labile resource pool is strongly affected by heating,
possibly due to the release of simple organic compounds from larger or protected structures
during thermal alteration (De la Rosa et al. 2008, Stirling et al. 2019a). The importance of litter
chemistry as a driver of microbial community succession has also been shown for non fire
affected litters with lignin:N and labile C strongly influencing species present over
decomposition time (maximum 180 days) (Bonanomi et al. 2019). Although not measured here,
litter labile C content of litters from the same research area was positively correlated with
microbial activity when measured during the first 6 days of exposure (Stirling et al. 2019a). It is
unsurprising, then, that high temperature thermally altered needles have limited effects on the
microbial biomass as simple carbon structures such as O-alkyl C and di-O-alkyl C were lost
during the thermal alteration process.

Forest fires are at an increasing risk under the warming conditions of climate change scenarios
(IPCC 2014); forest soil respiration is an important terrestrial flux of carbon to the atmosphere
and therefore poses a significant emissions risk (Dixon et al. 1994, Huffman and Madritch 2018).
Where there is incomplete combustion of the canopy and tree or branch death, leaves that fall
during or soon after a fire may add to the overall emissions risk. Moreover, thermally altered
needles can strongly affect microbial communities, including causing significant shifts in the
fungal community, possibly depending on biomass temperatures reached during the fire. The
results of this work may have significant consequences for interpreting post-fire impacts as
simply classifying sites by the presence/absence of fire will be insufficient for predicting soil
ecological responses to the event. In addition, it is clear from this study that thermal alteration of
pine needles leads to increased decomposition at low temperatures (<150°C) and decreased
decomposition at high temperatures (>260°C) during the initial stages of needle decomposition;
the effects of temperature on long term decomposition cannot be extrapolated from this
experiment. As hypothesised, the decrease in microbial activity at higher temperatures was
associated with the degradation of polysaccharides. These changes in activity were also
associated with community structure shifts towards saprotrophic organisms in the low
temperature treatments. However, it is important to note that this study focussed on one species
typically grown as a monoculture and it is probable that forests containing more diverse
assemblages or trees with different fire strategies may have litter that responds differently to the
results here.
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Chapter 8 — Conclusions

The body of work presented in this thesis explored the effect of fire on soils and nutrient cycling
in two Australian forestry systems to reduce the knowledge gap identified in Chapter 1. Fire had
limited effects on soil nutrient contents and microbial activity in the sites investigated at Old
Kersbrook Forest (Chapter 2). When investigating soil microbial activity however, fire was found
to increase nitrogen limitation in soil when pooled by fire history (Chapter 3). Fire affected litters
were found to induce distinctly different soil responses than litters not affected by fire; pine litter
changed from the least decomposable to the most decomposable when affected by fire (Chapters
4 and 5). Native litter responded similarly throughout (Chapter 4). Through investigating
thermally altered pine needles, this research identified a thermal tipping point at approximately
200°C. Needles heated to <200°C caused: the abiotic absorption of mineral nitrogen (Chapter 6),
a microbial community shift to decomposer organisms (Chapter 7), and an increase in microbial
activity (Chapters 6 and 7). Soils incubated with needles heated to >200°C acted similarly to the
control soil. The results from Chapter 6 have implications for the current understanding of
nitrogen cycling that may support a paradigm shift on the importance of abiotic reactions in a
nutrient cycle that is currently thought to be dominated by biotic processes. These results are
supported and extended by the microbial community responses in Chapter 7, indicating that soil
microbial communities are not perturbed by the addition of highly thermally altered organic
materials. Taken together, this body of work highlights the capability of organic matter in post-
fire ecosystems to strongly influence nitrogen cycling and microbial ecology and shows that there
are subtle properties in post-fire litters that need to be considered when studying these systems
(Figure 8.1).

8.1 The soils of Old Kersbrook Forest are resilient to the effects of fire

The soils of Old Kersbrook forest proved resilient to changes in soil organic matter and nutrient
content over time. It was expected, during the survey (Chapter 2), to see strong fire effects during
the first sampling with diminished effects over time. This was not the case at the Sampson Flat
fire ground as time was not a significant variable and the fire effects on soil organic matter and
nutrient contents were inconsistent across the two forestry sites. Inconsistent changes due to fire
may be due to the methods used to collect and analyse these soils, the time elapsed between the
event and sampling (4 months), the impoverished nature of the original soils, or a combination
of multiple issues.

While the issue of pseudoreplication is discussed below (Section 8.4), the high degree of
variability in nutrients and microbial activity in the soil survey suggests that the number of
samples was insufficient to capture the spatial heterogeneity of the sites. In addition, analytical
methods used during the soil survey and nutrient limitation study were relatively rudimentary
which may have had negative effects on analysis accuracy. Some of these analytical methods
(such as the use of Walkley and Black (1934) wet digestion for microbial biomass C; data not
reported in this thesis) were not optimal for the nutrient poor soils of Old Kersbrook Forest.

Forestry sites in the Adelaide Hills occur in areas unsuitable for more intensive production
systems. In the case of Old Kersbrook Forest, this limitation appears to be due to the shallow,
sandy, skeletal, soils that have developed on rocks from the Gawler Complex (minimum age >1
000 Ma; Figure 8.2) (Meaney 2017). Phosphorus limitation has long been an issue in plantation
operations (Boomsma 1949)and phosphorus concentration as observed using anion exchange
resins were typically very low (typically <2 ug resin extractable P g soil™'). This naturally low
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phosphorus content may have decreased the observable effect of fire on available phosphorus
content if excess phosphorus was rapidly sorbed to the soil or assimilated into the microbial
biomass (Romanya et al. 1994). In contrast, the effect of fire on nitrogen contents should have
been easier to determine as the ecosystem nitrogen content is not an inherent property resulting
from the parent geology. It should be noted however, that the increase in nitrogen in the soils
from the native reserve may be due to the recruitment of leguminous trees (Acacia longifolia)
that germinated soon after the event rather than via mineral N in ash from the fire (Ma et al. 2015).

Decreased MBP
Increased N limitation
Generally resilient

Similar decomposition Increased microbial activity in FA
properties in NFA and FA Nitrogen absorption in FA litter
LITTERS {
NEEDLES
320°C 200°C 40°C
No effect on microbial activity Increased microbial activty
No change in microbial community Substantial change in fungal community
Limited changed to N cyling large pertubations in N cycling

Figure 8.1 Conceptual overview of the conclusions achieved by investigating native and pine
forest soils, litters, and thermally altered needles. Where MBP is microbial biomass phosphorus,
N is nitrogen, NFA is not fire affected native or pine litter and FA is fire affected native or pine
litter. Note the tipping point of 200°C in the needles.

Gawler Complex (>1000 Ma)

Skeletal soils on
Ancient residuum

Figure 8.2 soil limitations in Old Kersbrook Forest.

Limited soil depth Nutrient poor substrate
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The one variable that was consistently affected by fire status was microbial biomass P (MBP;
Chapter 3). A decrease in MBP has been observed in many soils affected by fire and is suspected
to be a response to changes in organic matter quality (Gonzalez-Pérez et al. 2004, Holden and
Treseder 2013). As microbial activity was not significantly affected by fire, however, it may be
that the quality of organic matter containing phosphorus was more strongly affected by the fires,
or that ash formed during the fire reduced ability of the microbial biomass to access P. From this
dataset, however, there is insufficient information to speculate on the processes leading to
decreased MBP at the burnt sites.

Even though soil nutrient contents were resilient to changes induced by fire (Chapter 2), an
increase in nitrogen limitation for microbial activity was observed in the cumulative respiration
results when sites were pooled by presence/absence of fire (Chapter 3). Although the time
variable (i.e. season of collection) was not a significant variable in the soil survey, it is possible
that soil nutrient limitations (nitrogen or phosphorus) may have been affected by sampling time
and that earlier sampling may have captured differences in the soil due to fire severity while later
sampling may have captured differences due to the vegetation responses. However, if the lack of
a response to nitrogen and phosphorus addition is considered, there are indications that soil
nutrient cycling is more robust when disturbed by fire under native woodlands than pine
plantations, and that native woodland soils may return to nutrient cycling equilibrium more
rapidly than pine plantation soils.

In conclusion on the resilience of Old Kersbrook Forest soils to fire, resilience in Australian
woodlands and forestry systems appears to be due to the low nutrient contents that these
landscapes typically contain. The Old Kersbrook Forest site is severely limited both by depth of
soil and by phosphorus content. Other forests in similarly nutrient limited positions also appear
strongly resilient to the effects of fire on organic matter and nutrient availability (Hobley et al.
2017, Sawyer et al. 2018). In addition to bulk nutrient contents, burning may also appear to have
no effect on sandy acid soils as nutrients are rapidly leached post-fire; these soils may need to be
sampled immediately after a fire and to a shallower depth in order to observe any measurable
differences (Dean et al. 2015).

8.2 Fire affected litters have changed decomposition properties

Fire affected litters induced limited microbial activity responses when native litter was added and
significant microbial activity responses when pine litter was added (Chapter 4). In particular,
microbial activity was increased in fire affected (FA) pine treatments and the detectability of
microbial biomass N and Nni,» was substantially reduced. Microbial activity indicated that fire
caused pine needles to go from the least decomposable to the most decomposable organic matter
over the first 6 days, most likely due to a significant increase in water extractable organic C. In
addition to the increased water extractable organic C, FA litter may have been relieved of the
inhibitory effects of essential oils by heat damage during the fire, or by the increased nutrition
available in litter derived from unplanned losses (Attiwill et al. 1978, Aguas et al. 2018). As an
example of the effects of essential oils, oils derived from Pinus radiata and Eucalyptus globulus
have antimicrobial properties (Sacchetti et al. 2005). In either case, an increase in labile C relative
to recalcitrant organic molecules promotes litter decomposition regardless of litter stoichiometry
(Héattenschwiler and Jergensen 2010).

The incubation of FA pine needles also caused significantly different nitrogen pool composition
to not fire affected (NFA) pine needles (Chapter 5). Nitrogen was rarely detectable in FA litter
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treatments in mineral (ammonium or nitrate/nitrite) or microbial forms (microbial biomass N);
the total nitrogen results, however, indicate that there was no significant difference in total
nitrogen content between samples that received NFA or FA litter. Mineral N of extracts taken of
FA litter or soil amended with FA litter did not increase in concentration even when the samples
were incubated in increasing concentrations of ammonium nitrate solution. These results indicate
that mineral N is being converted into an organic form in the treatments where FA pine litter was
added. There is the potential, therefore, that fire affected pine needles may reduce the risk of
nitrogen losses from leaching after a fire event and that these needles may also reduce seedling
success by inducing nitrogen limitation.

Net nitrogen movement from soil into fresh litter is commonly found during decomposition
studies which may explain the lack of mineral nitrogen in the FA treatments observed here (Xiong
et al. 2014). two Essential oils derived from pine needles have been shown to react with inorganic
nitrogen when exposed to humid air containing 100 ppb gaseous ammonia (NH3) to form ‘brown
carbon’ compounds (Updyke et al. 2012). A substantial difference between the results in this
study and the results in other studies is the scale of nitrogen loss: in this study nitrogen from the
mineral and microbial pools could not be captured while in other studies these pools were still
observable.

Chemical bonding of nitrogen in the FA litter treatments may be due to residual oxidised surfaces
in the litter. Such surfaces may be formed during the breakdown of lignin as lignin decomposition,
whether biotic or abiotic, produces oxygen containing functional groups (de Gonzalo et al. 2016).
During biotic decomposition, depolymerisation can be achieved by extracellular enzymes such
as peroxidases, which facilitate lignin degradation by oxidising mediators (Sinsabaugh 2010, de
Gonzalo et al. 2016). The use of extracellular enzymes means oxygen functional groups can react
with nitrogen in the soil to convert mineral N to organic N. While it is difficult to detect the
presence of oxygenated surfaces in the needles, increased alkyl C and decreased aromaticity
support the presence of such surfaces in the FA litter. Furthermore, organic matter that has
experienced oxidation without increasing aromaticity may be more vulnerable to further
biological and chemical oxidation, facilitating microbial access to, and dissolution of, organic
matter into the soil solution (Knicker et al. 2008). This phenomenon may explain the increase in
water extractable organic C and soil respiration in the FA litter.

The results described in this thesis (specifically in Chapters 5 and 6) indicate a significant and
novel relationship between organic matter and mineral nitrogen. Biological processes are
frequently used to explain nutrient cycling in Australian soils (Wang et al. 2014); however, the
experiments used to show these relationships occur under conditions optimal for biological
processes (Shi and Marschner (2014) and Cookson et al. (2005) for example). These
experimental conditions (optimal moisture and optimal temperature) are not representative of
natural conditions. While the incubations conducted herein also occur under biologically optimal
conditions, the rapidity (<24 hours) of reactions may indicate chemical processes rather than
biological processes are responsible for the results observed.

Due to their skeletal nature, position in the landscape, and relatively large plant biomass demands,
the soils of Old Kersbrook Forest are unlikely to be at optimal moisture and temperature for
microbial growth and microbially mediated nutrient cycling during much of the year. Therefore,
these soils are likely to be both drier and hotter than the optimal conditions for microbial growth
and reproduction interspersed with periods of increased microbial activity after precipitation or
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other moisture/nutrient delivering events (Blagodatskaya et al. 2010, Sun et al. 2015b). In the
absence of a biological driver of nutrient cycling during hot and dry periods, chemical reactions
may be the main driver in this system. This phenomenon has been recently observed in
phosphorus cycling where warm to hot, dry, conditions causes the degradation of organic
phosphorus storage compounds (namely phytate), a process not observed under cool and wet
conditions (Doolette et al. 2017, Doolette and Smernik 2018). It is possible, therefore, that
chemical reactions occuring under hot and dry conditions may have an inportant role in soil
nutrient cycling at the study site.

8.3 Needle decomposition potential is controlled by alteration temperature

Post-fire litters composed of needles that have experienced a low degree of thermal alteration
will generate increased microbial activity relative to soils with no or highly thermally altered
litter layers. This was observed in both the 14 day and 43 day incubations of thermally altered
pine needles with soil (Chapters 6 and 7, respectively). Changes in microbial activity were due
to the availability of resources in the first week of incubation and due to the decomposability of
resources thereafter. This decrease in resource availability is associated with a degradation of
polysaccharides as determined by solid state *C CP-MAS NMR spectroscopy. Similar changes
have been observed by Bonanomi et al. (2018), where a sharp increase of aromatic C and a
decrease of other fractions above was observed when heating litters to 200°C. The results here
also show the same pattern to those observed in Bonanomi’s study where a decrease in
cumulative respiration was observed starting at an litter heating temperature of 200-300°C
depending on litter species (Bonanomi et al. 2018). The changes in the litters caused by heating
are strongly expressed in the initial days of exposure, indicating that the most labile resource pool
is strongly affected by heating.

Similarly to the FA pine needles, needles heated to <200°C absorbed a large proportion of mineral
nitrogen, probably via a chemical process (Chapter 6). This rapid binding in the low temperature
treatments can be seen in all nitrogen pools that were measured on the thermally altered needles.
Absorption of nitrogen within litter is not unusual as fresh litter tends to be nitrogen limited
whereas soil tends to be carbon limited (Heal et al. 1997, Demoling et al. 2007). As such, net
nitrogen transfer has been observed from soil to litter, leading to enhanced decomposition rates
(Li and Fahey 2013, Xiong et al. 2014); carbon transfer from soil to litter and vice versa has also
been observed (Frey et al. 2003, Bird et al. 2017). Rapid non-biotic nitrogen losses have
previously been connected to light fraction organic matter (Compton and Boone 2002). In the
study of Compton and Boone (2002), this fraction was capable of incorporating an average of
39% of added ammonium and 17% of added nitrate after an 18 hour incubation; absorption
occurred as quickly as 5 minutes after nitrogen addition in their study. The decreasing capacity
for thermally altered needles to capture nitrogen in our study may therefore be connected with
the thermal degradation of light fraction organic matter.

The relationship between nitrogen cycling, heating temperature, and time further supports the
claim that abiotic reactions are driving nitrogen transformations in the post-fire system. The
consumption of ammonium during the potentially mineralisable N analyses indicates a non-
microbially mediated reaction as nitrification requires oxygen. The effect of temperature in the
early stages of the incubation (i.e. that ammonium consumption decreases with increasing
temperature until approximately 200°C after which ammonium consumption ceases) indicates
that this reaction involves compounds or surfaces that are highly temperature sensitive.
Observations from both the two week incubation and the 94 day incubation indicate that this
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effect is sustained over a long period. Therefore, there are three important findings from these
experiments: firstly, that complex abiotic relationship can form between litters and soil; secondly,
that needle nitrogen absorption could outweigh an ash bed effect; and finally, that post-fire litter
decomposition dynamics will be affected by canopy temperature during the fire event.

In addition to the nitrogen responses, post-fire pine litters with a low degree of thermal alteration
affected microbial community structure to a greater degree than litters with a high degree of
thermal alteration (Chapter 7). In field situations where fire increases soil organic matter
availability, the microbial community responds with increased activity and biomass production
(Pérez-Valera et al. 2018, Rodriguez et al. 2018). Forest soil respiration is an important terrestrial
flux of carbon to the atmosphere (Dixon et al. 1994, Huffman and Madritch 2018) and forest fires
pose a significant carbon emissions risk. However, it is probable that this risk continues during
fire recovery as post-fire litter layers composed of dead but not charred needles can potentially
undergo enhanced microbial decomposition. While the expansion of decomposer organisms may
lead to a reduction in diversity, functional redundancy within the microbial biomass means a
small decrease in diversity is not necessarily a significant issue.

Functional redundancy and changes in microbial function continue to be difficult to determine in
soil systems due to their complex structures, materials, and organisms (Stanley et al. 2016, Ma
et al. 2018). Although measuring simple microbial functions such as bulk microbial respiration
or the presence of functional genes are easily achieved, the functions of specific members of the
soil microbial community and their relationships with the environment are difficult to establish
— particularly as many functions rely on multiple organism or substrate relationships (Jansson
and Hofmockel 2018). It is also difficult to combine disparate datasets in a mathematically sound
and scientifically meaningful manner. These difficulties are being addressed both
methodologically and computationally through advances in microbial ecology techniques such
as microfluidics, ‘chip’ technologies, and predictive ecology (Jansson and Hofmockel 2018,
Oshiki et al. 2018, Otwell et al. 2018, Zhalnina et al. 2018). Even in the absence of these advanced
techniques, however, it is clear that thermal alteration of foliage affects microbial community
responses.

The similarity in responses to high temperature thermally altered needles for nitrogen, microbial
activity, and microbial community indicate that these needles are effectively inert during the first
14-43 days. While the low temperature (40—150°C) needles reacted in a broadly similar manner,
subtle differences in nitrogen and microbial responses indicate the presence of thermally sensitive
compounds in the needles. Therefore, relatively small differences in canopy heat intensity may
have substantial effects on post-fire successional processes.

Forest fires are an increasing risk under warming conditions of climate change. Where there is
incomplete combustion of the canopy and tree or branch death, leaves that fall during or soon
after a fire may add to the overall emissions risk. Moreover, thermally altered needles can
strongly affect microbial communities, including causing significant shifts in the fungal
community, depending on canopy temperatures reached during the fire. This may have
significant consequences for interpreting post-fire impacts as simply classifying sites by
presence/absence of fire will be insufficient for soil ecological responses to the event.
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8.4 Pseudo-replication

The preliminary research conducted at the start of this project (Chapters 3 and 4) is limited by
pseudoreplication of the sites (Schank and Koehnle 2009); i.e. in ecological studies sites must be
replicated in an independent manner. In this study, therefore, I would be required to find multiple
Long Leaf Box woodlands and Pinus radiata plantations that had each experienced independent
fires while holding all other variables relatively constant. This was not possible due to limited
site availability, and so while the data in these chapters provide a valuable foundation for the
thesis, this limitation needs to be kept in mind. Issues with pseudoreplication were anticipated
during the experimental design stage and was initially addressed by locating four plots within
each site with the argument that, as the soil properties I was investigating are highly spatially
variable, microsite differences would be such that these plots could be considered statistically
independent. After the change in project direction (from soil focussed to litter/foliage focussed;
Chapter 4), pseudoreplication was addressed by using individual sites or soil treatments as
replicates while limiting the strength of claims on site specific responses to treatments.
Pseudoreplication reduces the power of statistical tests, leading to a higher proportion of errors
(type L or IT) (Colegrave and Ruxton 2018); therefore, further work in this area should be carefully
planned to avoid such limitations.

8.5 Further research options

Several important questions are raised on abiotic nitrogen cycling and the role of the microbial
biomass in this work. Obvious questions include whether other plant litter are capable of
absorbing mineral nitrogen and whether particular soil properties allow this phenomenon to occur.
On a more fundamental basis, research should be conducted into the chemical processes that
allow pine needles to prevent the detection of mineral nitrogen to ensure this method is suitable
for mineral N detection in fire affected forest soils. The temporal effects of abiotic reactions are
also in important variable that requires investigation; the reactions that remove mineral nitrogen
from solution are rapid, but it is not known how difficult (or over what timescale) the reverse
reactions might be. Additionally, further research should be conducted into the effects of these
nitrogen perturbations on microbial community and function. Finally, a difficulty that was
repeatedly raised during this work was the large amounts of complementary, but not integrable,
data that were produced. There is a need to develop analyses methods for relating disparate
datasets in a mathematically sound and scientifically meaningful manner.
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