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Wildfire effects on soils and soil processes
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Summary

Fires influence soil physical, chemical and biological processes, but the long-
term effects of intense, widespread fires such as those in 2019-20 on these soil
processes is little known.

Fires heat the soil surface, convert the protective layer of litter and vegetation
to ash, and may make the surface water repellent. These processes have
flow-on effects to soil chemical and biological processes, and run-off and
erosion. The nature and magnitude of these effects will vary with soil type and
moisture content, but also depend on fire intensity and landscape context.

The magnitude of erosion varies with slope, soil type, geology, aspect,
vegetation cover, fire intensity, fire connectivity and rainfall intensity. Erosion
tends to be greater on ridgelines and in steep terrain, and average rates are in
the order of 20-80 t sediment ha™! or 47-77 t ha™! for the 2019-20 fires.
Recovery of eroded soils from megafires is likely to be very slow, given the
extremely low rates of soil formation in Australia (~1 mm every century).

The effects of large wildfires, such as the 2019-20 fire, on soil nutrient
dynamics and subsequent plant growth are complex and uncertain. A single
wildfire can substantially reduce soil carbon and nutrient pools, but plant and
nutrient pools are likely to recover within a decade. Larger, high temperature
wildfires, however, have more substantial effects. They deposit sizeable
quantities of ash containing large amounts of phosphorus that have been
stored in vegetation. Nitrogen (N) loss and added phosphorus (P) can reduce
N:P ratios, with a risk of lasting nitrogen limitation. This retards long-term
vegetation recovery, which may be offset by a pulse of recruitment of N-fixing
plants such as Acacia. Full recovery of nutrient cycles and plant cover and
diversity after the 2019-20 fires is likely to be slow in many severely burnt
places.

There is also strong feedback between the recovery of plants and soils and that
of soil fauna such as ants and termites that promote water flow through the soil
and help to reduce the run-off of water. The extent to which wildfires impact
soil-dwelling microbes and arthropods, and then how such impacts on
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invertebrate communities will influence soil recovery processes such as litter
decomposition and nutrient mineralisation, is poorly resolved.

e There are critical knowledge gaps about the impacts of severe fires, and of fire
regimes, on soils, and the broader ecological ramifications of such impacts; and
such knowledge gaps severely constrain our ability to manage or mitigate such
impacts. Accordingly, our recommendations highlight priority research needs.

Introduction

Fire, in result, and an example of such result is erosion, affects each one of us, whether
we are of the towns or of the country. The common weal is most grievously threatened
by erosion. (Stretton 1939)

Wildfire is a major ecological process worldwide and an important driver of above-ground
processes. Less well understood, however, is how fire affects soils and below-ground pro-
cesses. Soils support a range of critical ecosystem services. They absorb water, store and
release nutrients, filter pollutants, provide a substrate for plants and habitat for biota that
drive critical nutrient processes, and are a source of sediment, organic matter and nutrients
(DeBano et al. 1998).

The 2019-20 wildfires in eastern and southern Australia cast a light on the ecological
effects of large-scale wildfires, with significant losses in biodiversity (see Chapters 4-16),
plant production, forestry assets and property (see Chapter 2). While the immediate effects
of fire on livelihoods and human capital have been devastating, fire is a natural event, and
many plant species need fire to initiate germination (Hodges et al. 2019; Chapter 9). Yet it
is known that megafires, such as the 2019-20 wildfires, are devastating for soils and soil
processes, with huge losses of sediment, water, carbon and nutrients, and reductions in soil
structural integrity. These changes have substantial flow-on effects to a range of biota,
processes and functions at varying spatial scales.

In this chapter we discuss how wildfire affects those soil processes that are associated
with the consumption of vegetation, the modification of soil surface structure, and changes
in soil carbon and nutrient cycles. These factors alter the way that water moves through
the landscape and increase the likelihood of catchment-wide sediment removal. We draw
on Australian and international literature, with a general focus on large-scale fires to
understand how the 2019-20 wildfires impacted Australian soils. Finally, we recognise
critical knowledge gaps and make recommendations to remedy those deficiencies.

Physical processes: heating, ash deposition and repellancy

Fire heats the soil surface

The magnitude of soil surface heating by fire determines the extent to which the major soil
components (e.g. nutrients, ions, organic matter) will change during fires. This effect of
heating depends on the conductivity of the soil, bulk density (how densely packed the soil
particles are) and the moisture content, as well as fuel loads and fire characteristics such as
intensity and duration (DeBano et al. 1998). Overall, sandy soils are more susceptible to
fire than clay soils, not only because they are more conductive (i.e. fire can penetrate
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deeper into sands), but also because they contain less organic matter, often occur on steep
land and are more poorly structured, and therefore erode more easily.

Soil surface temperatures range from ~100°C during mild fire, to 800°C in moderate to
high-intensity fires, to 1500°C during extreme fire events, such as many of the 2019-20
wildfires (DeBano et al. 1998). While a low to moderate fire will leave some litter and
organic matter on the surface, high to intense fires can cause total canopy loss, and the
complete combustion of litter and soil organic matter to several centimetres depth. These
impacts have the potential to physically alter soil properties that influence infiltration,
runoff and erodibility of soil (Fig. 5.1).

In general, organic matter loss commences at temperatures exceeding 100°C. The tem-
perature at which soil constituents (e.g. nutrients and cations) are vaporised depends on
their temperature tolerances. Carbon, sulphur and nitrate are volatilised by 200°C, and by
~450-500°C almost all organic matter has been combusted (De Bano et al. 1998). Substan-
tial soil physical and chemical changes occur once the surface reaches temperatures of
400-600°C. Most temperature effects occur within a few centimetres of the surface, with
values rarely exceeding 150°C at depths of 50 mm (DeBano et al. 1998).

Soil temperatures also affect biological processes. Low-intensity fires (e.g. hazard
reduction burns) may fail to heat the surface above 40°C at 50 mm depth, thereby failing to
break seed dormancy for the germination for some plants (Penman and Towerton 2008).
High-intensity fires are therefore critical for the germination of many plant species
(Chapter 9).

Ash deposition on the fire ground

Ash comprises charred, loose material < 1 cm in size and is formed from the complete
oxidation of vegetation and soil organic matter. Ash loads increase with fire intensity,
with values of 1 to 35 t ha'! recorded for low to severe fires (respectively) in Australia

Sediment movement
- Carbon and nutnent |oss

Surface heaﬁng 1 N SO“ carbon, nllmgen and
Ash deposition i ! oy phosphorus
Water repellancy B . Soil elements and pH

Fig. 5.1. Conceptual model of the direct effects of fire on biological, physical and chemical
properties and processes, and resultant outflows.

Copyright The Authors 2023. All rights reserved.
www.publish.csiro.au



Australia's Megafires: Biodiversity Impacts and Lessons from 2019-2020 CSIRO Publishing 2003
Editors: Libby Rumpff, Sarah M. Legge, Stephen van Leeuwen, Brendan A. Wintle and John C. Z. Woinarski

52 Australia’s Megafires

(Santin et al. 2014). The chemical composition of ash also varies with fire severity. Low-
intensity fires generate ash of finely combusted litter and vegetation, whereas extreme
fires generate mineral-rich ash (Santin et al. 2014). Ash increases the bioavailability of
nutrients, particularly nitrates and phosphorus (‘ash bed effect’, Chambers and Attiwill
1994), releases cations, increases soil pH, and can alter soil composition for several years
after fire. Reacidification of burnt soils may take half a century to reach pre-burn soil pH
levels (Khanna et al. 1996).

Soil surfaces may repel water

The soil beneath Australian vegetation, particularly eucalypts, is generally hydrophobic
(non-wetting) due to high concentrations of phenols and oils from decomposing litter, and
a proliferation of fungal hyphae (Howell et al. 2006). The effects of fire on the wettability
of soils are complex; low-intensity fires tend to activate or induce hydrophobicity, which
can persist for many months until invertebrates (ants, termites and worms) reactivate their
burrows and alter the distribution of hydrophobic hyphae and oils. Hydrophobicity is
likely to affect post-fire seedling establishment (Bailey et al. 2015), by affecting moisture
around seeds. Under moderate or intense fires (above ~400°C) this repellency tends to be
reduced (Cawson et al. 2016), promoting moisture accumulation and germination (Bailey
et al. 2015).

Chemical processes: nutrients, carbon and elements

Fire alters soil biogeochemical cycles (Adams et al. 2020), and nutrient balances and
functions via multiple pathways of losses and inputs (Fig. 5.1; Bowd et al. 2019). Fire can
reduce soil nutrient pools through volatilization (e.g. conversion of urea to ammonia,
which is lost from the soil), leaching (where soluble nutrients are removed from the soil
by water), extensive plant uptake as vegetation recovers, and post-fire soil erosion (Bowd
et al. 2019). Soil carbon and nutrient loss is greatest i) at the surface (Hobley et al. 2019),
ii) from labile (available or organic) pools, which are susceptible to heating (Butler et al.
2018), and iii) at sites that are frequently burnt or under greater fire intensity (Toberman
et al. 2014).

Elemental responses to fire are varied

Fire reduces elements such as Na, K, Mg, and S through volatilization and consumption of
plant tissue (Ludwig et al. 1998) but increases others such as Cu, Mn, and Zn through ash
deposition (Abraham et al. 2018). The greatest losses occur when soil organic carbon is
converted to CO, For example, 27 t ha! of carbon were lost from the top 10 cm of the soil
during the 2013 wildfire in the Warrumbungles National Park (Tulau et al. 2019). These
rates are comparable to those values lost during the 2019-20 fires. These soil organic
carbon losses may be compensated by short-term increases in ash loads, as shown by
studies in eucalypt forests in eastern Australia (1.55 t hal C loss cf. 1.67 t ha'l in ash;
Krishnaraj et al. 2016) and long-term increases through plant regeneration. However,
repeated fires are likely to reduce recovery of soil organic carbon (Hobley et al. 2019).

Fire typically reduces soil nitrogen pools when ammonia is lost to the atmosphere.
Rapid regrowth after fires also increases the demand for nitrogen as microbes take up
(immobilise) most of the nitrogen to help them break down organic matter (Chambers and
Attiwill 1994). Post-fire systems therefore tend to become nitrogen limited. However, fire
releases phosphorus, which is derived from soil parent material, and released when litter
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and plants combust and are returned as ash (Butler et al. 2018). Levels of released phospho-
rus can be an order of magnitude greater than that in long-unburnt sites (Blake et al. 2020).
With more frequent and/or intense fires, phosphorus increases, and nitrogen declines,
leading to reductions in the N:P ratio and therefore nutrient imbalance. Reductions in the
N:P ratio can have substantial effects on vegetation composition and diversity, for example,
the easing of phosphorus limitations or increasing nitrogen limitations, as well as on
microbial biomass and the abundance of some invertebrates (Butler et al. 2017).

Fire, however, can also stimulate the germination of seeds of plants such as Acacia,
Casuarina and leguminous species that fix nitrogen (Adams and Attiwill 1984), leading to
arecovery of nitrogen. The rapid recovery of Acacias after the intense Warrumbungle fires
(Gordon et al. 2017) suggests that a similar response from N-fixing plants is likely within a
few years of the 2019-20 wildfires.

Outflows: runoff and sediment

Though the impacts of fires on soil is complex, it is likely that the 2019-20 fires had a
major impact on landscape stability. Estimates of sediment removal during the 2019-20
wildfires suggest erosion rates ranging from 47 to 77 t ha'! across 5.37 million ha of burn
area in New South Wales alone (DPIE 2020), which would represent a phenomenal dis-
placement of 47 million t of soil, after accounting for background sediment movement.
The magnitude of erosion depends on terrain (slope, soil type, geology, aspect), remaining
vegetation cover, fire intensity and connectivity, and rainfall intensity (Yang et al. 2020),
but tends to be greatest on steep-sided gullies and ridgelines where fire intensity is greatest
(Nyman et al. 2014; Tulau et al. 2019; Blake et al. 2020). Apart from total erosion loads,
event-based erosivity estimated using satellite and radar following these mega fires was
estimated at ~5 t ha! month™!, which is ~30 times higher than the pre-fire erosion rates,
largely due to intense rainstorms following fire (Yang et al. 2020). Furthermore, the mag-
nitude and extent of sediment loss may also increase with the intensity of mechanical dis-
turbance after fire, which in itself creates considerable runoff (Smith et al. 2011).

These rates are similar to those from other comparable fire events across temperate
areas in eastern Australia. For example, sediment removal following wildfire in the War-

rumbungle National Park in 2013 was estimated to be ~25 t ha'l across an area of

~56 000 ha, compared with background pre-fire levels of ~1 t hal (Tulau et al. 2019;
Fig. 5.2). These estimates are consistent with those resulting from subalpine woodland and
forest fires in the Snowy Mountains (3-95 t ha'!; Smith and Dragovich 2008), the 1983
Sydney fires (28-64 t ha'l; Atkinson 2012), and 2013 Balmoral fires in Victoria (34 t ha'l;
Santin et al. 2015). Overall, erosion rates following wildfire can be three orders of magni-
tude greater than background rates (Langhans et al. 2016).

Effects on biodiversity

The impacts of fire on soils have many consequences for biodiversity, with these effects
influenced by fire severity and environmental settings. Increased run-off and deposition
of soils and ash in aquatic systems after fire leads to major impacts on the health and bio-
diversity of aquatic systems, that may extend many kilometres downstream of direct fire
impacts (Chapter 6), and in some cases to estuarine and coastal marine systems (Chapter 7).

Less well considered are the impacts on the soil biological communities, and the subse-
quent feedback effects on recovery of ecological structure, function and composition
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Fig. 5.2. Surface of the soil after the 2013 Warrumbungles fire showing the complete removal of
the surface soil layers by fire and exposure of the B horizon. (Photo: Sally Mclnnes-Clarke)

(Chapter 11). For instance, soil arthropods and microbes process organic matter and
release carbon and nitrogen. Like many faunal groups (Chapters 13-16), arthropods vary
greatly in their susceptibility to fire, and the magnitude of impacts of fire on invertebrate
communities is influenced by fire severity and fire regimes, and environmental settings.
For example, collembola may take many years to return to pre-fire levels (Driessen and
Greenslade 2004), affecting the ability of soils to process organic matter. Fire can suppress
litter processing taxa such as cockroaches (Arnold et al. 2017) and alter predator-prey
relationships among litter-dwelling invertebrates (Dawes-Gromadzki 2007).

Recovery of hydrological function and surface stability generally occurs 18-36 months
after fire, depending on vegetation regrowth, reductions in soil repellency and reduced soil
erodibility (Smith et al. 2011). However, recovery of infiltration capacity may depend on the
reinstatement of animal-created pores and burrows of ants and spiders, and even the passages
around plant roots (macropores; Holden et al. 2014), which drive hydraulic conductivity.

The effect of fire on invertebrates also varies widely among ecosystems, and with fire
severity and fire regimes. For example, few differences were found in collembolan com-
munities 12-24 years after fire in a Tasmanian buttongrass community (Driessen and
Greenslade 2004) whereas ants were more abundant in burnt sites in arid mallee wood-
lands (Kwok and Eldridge 2015), suggesting a rapid response to fire in this ecosystem. In
contrast, the impact of even a single wildfire may still be evident in some invertebrate
communities for at least 50 years (Henry et al. 2022). Though the 2019-20 occurred pre-
dominantly across forested systems, there is a real opportunity to explore the impacts of
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fires on the invertebrate communities from different vegetation types, and attempt to
understand the subsequent implications for recovery of these ecosystems.

The implications of the fires on the soil microbial community, and the implications for
recovery of systems, remain poorly understood. Though soil type, moisture content and
temperature determine the response of soil microbes to fire (Chambers and Attiwill 1994),
fire reduces soil microbial biomass and therefore soil respiration, even at low temperatures
< 120°C, and this effect is greatest close to the soil surface (DeBano et al. 1998). Soil heating
and reduced soil acidity from ash can alter competition between microbial autotrophs and
heterotrophs, thereby promoting soil nitrification (Bauhus et al. 1993). Microbial changes
may limit vascular plant recovery as fire can destroy specialist microbes that affect seed
germination (Senior et al. 2018). However, microbial biomass can recover relatively quickly
within a few years of fire (Liu et al. 2015), but not under frequent or high-intensity fires,
which can suppress soil respiration and reduce soil organic carbon pools (Liu et al. 2015).

Conclusions

In the report from the Royal Commission into the 1939 fires, Stretton wrote at length on
the serious consequences of resultant soil erosion in relation to infrastructure, water
quality and livelihoods: ‘The damage to river banks causes encroachments upon and
destruction of areas otherwise usable for agricultural and pastoral purposes. Erosion gen-
erally is a constant crippling enemy to water supply, whether for the big cities or for the
farmer who draws upon an irrigation scheme for the nourishment of his crops and
pastures.” Ecological impacts of such severe fires are also likely to be profound. Soil is the
foundation of myriad ecological processes, and hence the influence of wildfires on soils is
likely to have many long-lasting ramifications across ecosystems. However, in terms of
biodiversity and ecosystem health, knowledge of impacts, and feasible and effective pre-
and post-fire management solutions, is limited, and there is a pressing need to address
critical knowledge gaps (see ‘Recommendations’ below).

The 2019-20 wildfires will have long-lasting and substantial legacy effects on soils, and
hence on the many other environmental components influenced by or associated with
soils. Aquatic systems may take many years to recover from the high loads of sediment
deposited from burnt areas. Source areas where soil biological activity is low and where
soils are shallow will take many thousands of years to recover. This is because natural rates
of soil formation in Australia are extremely low (1 mm per century; Stockmann et al. 2014).
This recovery is likely to become increasingly tenuous with more frequent and intense
fires predicted over the next century.

Invertebrates and microbes are critical to ecosystem function, and the feedbacks
between fire, soils and ecosystem recovery remain poorly understood (see Chapters 10 and
11). It is critical to try to better understand not only the impacts and outcomes of high
severity fires such as those of 2019-20, but also the impacts of multiple fires, and com-
pounding threats such as drought. Only then perhaps can we expect to have a clear picture
of the plant and animal communities that we might expect to dominate, or persist in, our
landscape into the future.

Recommendations

Our review indicates that there will be many detrimental and diverse impacts of the 2019-20
wildfires on soils, and hence on the health, productivity and composition of environments.
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However, this review also recognises that many critical knowledge gaps constrain our ability
to evaluate the magnitude and duration of such impacts and, even more so, on how such
impacts can be managed or mitigated. Such knowledge will become increasingly important
for a future in which such megafires are likely to become more prevalent. Accordingly, our
recommendations focus mostly on the need to resolve these key knowledge gaps in order to
better understand and manage the impacts of megafires such as the 2019-20 wildfires, and
fire regimes, on structure, function and composition of future landscapes:

o Remote sensing has provided good understanding of the extent of the 2019-20 fires
(e.g. DPIE 2020, Yang et al. 2020), but we have poor understanding of the extent and
magnitude of impacts of large-scale fires on soil structure, function and composition.
Most of our understanding of ecological effects of fire is based on more localised or
lower intensity events. There is priority need to build the evidence base from the
2019-20 fires, including to identify those soil and landscape attributes that most influ-
ence the levels of erosion and sediment deposition.

o There is a priority need to better understand the responses of soils to fire regimes.
Legacy effects of previous fires are likely to drive future fire impacts on soils, but the
interactions between previous and future fires is poorly known.

o More research is needed to improve knowledge of the linkages between fire effects on
soils, and flow-on effects to other parts of the ecosystem, such as the changes in struc-
ture, function and composition of plants and animal communities in terrestrial, fresh-
water and marine systems.

o Given their importance for the recovery of ‘soil health’, more research is needed to
document and monitor the rate and characteristics of post-fire changes in soil fauna
communities.

o Relatively little is known about how we can improve the ecological resilience of soils to
cope with the eventual next wave of high-intensity wildfire. Current evidence suggests
that recovery of soil function following high-intensity wildfire will be protracted, but
techniques to mitigate the effects of fires on soils are not known. Hence, there is a
priority need to enhance the evidence base needed to underpin the design and imple-
mentation of such mitigation and management techniques.
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