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Fire and geodiversity 
Ruby O. HoylandA,* , Melinda T. McHenryA and Erin A. FosterB

ABSTRACT 

Geodiversity elements contribute significantly to local and global hydrological, biogeochemical 
and ecosystem services and as such, fire is a potentially disruptive force with long-term 
implications. from limiting karstic speleothems formation, to compounding impacts of peat- 
fire-erosion cycles. Geodiversity elements additionally possess important cultural, aesthetic, and 
environmental values, including the support of ecosystem services. Hence, assessments of 
potential fire damage should consider implications for land users, society, and culture, alongside 
the geomorphic impacts on geodiversity elements. With a view to providing a concise set of 
descriptors of the response of geodiversity elements to fire, we qualify and in places, quantify, 
how fire may degrade geosystem function. Where possible, we highlight the influence of fire 
intensity and frequency gradients, and cumulative fire, in the deterioration of geodiversity values. 
Geoconservation is integral to protected areas with implications from fire effected geodiversity 
functions and values presenting issues for management, with potential consequences extending 
through to delisting, degazetting, and resizing of protected areas. Future research in reserve 
systems should concentrate on understanding the synergistic and compounding effects of fire on 
the geophysical landscape.  

Keywords: deposition, fire management, fluvial, geoheritage, geosystem services, karst, 
landform, post-fire impacts, soil, values. 

Introduction 

The concept of geodiversity is expansive (Boothroyd and McHenry 2019). It includes the 
natural range (diversity) of geological (rocks, minerals, fossils), geomorphological (land
form, topography, physical processes), soil, and hydrological features including their 
assemblages, structures, systems, and role in landscapes (Gray et al. 2013). Geodiversity 
occurs at all scales, from the elemental to the global (Bétard and Peulvast 2019). 
Geodiversity is thus inclusive of the elements (i.e. tangible examples of geodiversity 
such as rocks and landforms), of ecosystem and geosystem functions, and their associated 
values (Fig. 1). Negative impacts upon geodiversity can have profound consequences, 
even at very localised scales of operation (Gray 2019). Potentially degrading processes 
and threats to geodiversity elements have only recently been envisaged as a collective 
(but see Kiernan 1996; Dixon et al. 1997; Shakesby and Doerr 2006). Now with rapidly 
accelerating climate change and the expansion of wildfire, it is timely to conduct a global 
synthesis and quantification of the potential impacts of fire on geodiversity. 

Fire is a geomorphic agent, whose impacts span from the local scale over hourly to 
annual interval to the global processes occurring over decades to millennia (Whitlock 
et al. 2010; Linley et al. 2022). Predicting fire behaviour and ecosystem-level response is 
complicated, with physical variables coalescing to influence ignition probability, fire 
severity and rate-of-spread (Moritz et al. 2010; Whitlock et al. 2010). The subsequent 
response of elements and values to fire is non-linear, and depending on severity and 
extent, can have cumulative and disruptive impacts on ecosystem processes and services. 
Fire intensity and fire heterogeneity influence the distribution and severity of impacts on 
geodiversity elements. Fire can modify element size, shape, appearance, function, capac
ity to support or regulate other ecosystem services and provisions. 

For full list of author affiliations and 
declarations see end of paper 

*Correspondence to: 
Ruby O. Hoyland 
School of Geography, Planning and Spatial 
Sciences, University of Tasmania, 271A 
Churchill Avenue, Sandy Bay, Tas. 7005, 
Australia 
Email: ruby.hoyland@utas.edu.au

Received: 18 August 2023 
Accepted: 19 March 2024 
Published: 5 April 2024 

Cite this: Hoyland RO et al. (2024) Fire and 
geodiversity. International Journal of 
Wildland Fire 33, WF23134.  
doi:10.1071/WF23134 

© 2024 The Author(s) (or their employer(s)). 
Published by CSIRO Publishing on behalf of 
IAWF.  
This is an open access article distributed 
under the Creative Commons Attribution- 
NonCommercial-NoDerivatives 4.0 
International License (CC BY-NC-ND) 

OPEN ACCESS  

https://www.publish.csiro.au/
https://www.publish.csiro.au/
https://doi.org/10.1071/WF23134
www.publish.csiro.au/wf
www.publish.csiro.au/wf
https://orcid.org/0009-0009-8433-7631
https://orcid.org/0000-0002-4393-8635
https://orcid.org/0000-0002-4271-1957
mailto:ruby.hoyland@utas.edu.au
https://doi.org/10.1071/WF23134
https://creativecommons.org/licenses/by-nc-nd/4.0/


(a) (b)

(c) (d)

(e) (f )

Fig. 1. Visages of geodiversity and geoheritage. (a) Rocks such as granodiorite of the Tasmanian Bay of Fires, (b) minerals 
such as crocite from the Dundas region of Tasmania, (c) fossil casts and rhizoliths such as the rhizoliths of Augusta, Western 
Australia, (d) soils, (e) landforms such as Uluru from the Northern Territory, and (f) their associated processes, such as the 
aeolian weathering of limestone in the Pinnacles, Western Australia. Image credit: Ruby Hoyland and Melinda McHenry.    
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Knowledge of the potential degradation and threats to 
geodiversity elements and values is important for protected 
areas governance and management, land and water restora
tion and for the benefit of society. Fire is both a function and 
consequence of geodiversity whereby elements and associ
ated processes such as topography, soil moisture and struc
tural landscape features influence fire intensity, severity, 
and extent. Additionally, fire is a perturbation that could 
potentially degrade geosystem processes such as volatilising 
soil carbon reservoirs, metamorphosing rocks and altering 
drainage patterns (González-Pérez et al. 2004). 

Geological elements encompass the lithological land
scape features that may be in the form of bedrock, out
crops, cliffs and exposures. Geological elements, as a 
source of soil parent material and species habitat, are the 
foundation upon which many significant natural values are 
supported. They facilitate hydrological and biochemical pro
cesses, and are highly valuable sources of scientific knowledge. 
Palaeontological features, for instance, contribute to the scien
tific value of a lithological geodiversity element via relative 
landscape or feature dating and estimates of landscape evolu
tion. Meanwhile bedrock, outcrops or exposures can possess 
scenic, spiritual or natural values associated with representa
tiveness, form, function and integrity. 

Some geodiversity elements and values are recognised as 
ecosystem services (ES) in that they offer the monetary and 
functional value to living ecosystem components, and thus 
the broader environment and humans. Ecosystem services 
are defined as the goods and services derived from the 
(natural) environment, though have been criticised 
since their conceptualisation for being highly biocentric 
(Gray 2019). Ecosystem services are divided into four 
categories: (1) provisioning; (2) supporting; (3) regulating; 
and (4) cultural services. 

Current ES frameworks omit key functions and processes 
derived from the abiotic environment; hence, there has been 
recent critiques of biocentrism (Gray 2019) and the dis
connection between the contributions of biosphere and geo
sphere (van Ree and van Beukering 2016; van Ree et al. 
2017). As a result, an emerging framework of geosystem 
services (GS), the abiotic counterpart to ES or the ‘goods and 
services derived from non-living ecosystem components’ has 
arisen to promote those aspects. Regardless of interpreta
tion, it is evident that damage to elements or values by fire 
could also affect geosystem and ecosystem service provision. 

The act of conserving or recognising the value of geodi
versity, and geoscientific values and phenomena as geoheri
tage is referred to as ‘geoconservation’ (Gordon 2019). 
Representation and valuation of geodiversity elements in 
natural systems and protected areas is chronically under
funded and poorly articulated (but see Crofts et al. 2021). To 
date, most geoconservation priorities have been considered 
at the regional scale and have paid attention predominantly 
to geomorphological and morphometric parameters and 
patterns within a landscape (Bétard and Peulvast 2019), 

yet wildfire operates at increasingly larger scales (Moritz 
et al. 2010; Pezzatti et al. 2013; Higuera 2015). 

Geoconservation is fundamental to all protected areas 
management and should be explicitly accounted for in man
agement planning (Crofts 2018; Crofts et al. 2020; Gordon 
et al. 2019). Successful management should therefore 
include tools for fire managers to make decisions on when 
best to intervene in wildfires, including pre-emptive and 
operational management plans (Semeniuk and Semeniuk 
2005). In many places, fire risk management already con
siders the exposure and sensitivity of common or charis
matic elements (e.g. peatland soils, rock monuments) to 
fire. Unfortunately, likelihood and consequence assessment 
of fire as a key threatening process to geodiversity elements 
and values is presently constrained, notably by a lack of 
coherent statements and data that could be used to inform 
threshold risk modelling. Without this information, we lack 
collective insight into the potential cumulative impacts of 
wildfire in a time where inter-fire frequency, intensity and 
fire range has increase (Linley et al. 2022), and there has 
been significant refinement and expanded application of the 
concept of geodiversity. While fire impacts to geological ele
ments and geomorphological processes have been largely con
ceptualised by Shakesby and Doerr (2006), in light of the need 
to understand value implications and consequences for pro
tected areas, we present here not only the physical changes 
and functional disruption at the localised scale, but also where 
additional values such as the educational, scientific, and tour
istic uses of geodiversity elements, are altered and diminished 
by fire occurrence. A section is given to expanding this under
standing on a larger scale through describing impacts which 
accumulate through the geo- and ecosystem. 

Impacts of fire on geodiversity 

Fire-induced changes affect all components of geodiversity, 
including the elements and the relationships between them 
and their associated values (Table 1). Human activities increas
ingly play a crucial role in shaping wildfire. From 1979 to 
2013, fire-weather seasons lengthened by an average of 18.7%, 
though this inadequately captures the risk of economically and 
ecologically destructive fire events. Historical records from the 
western USA spanning the past 3000 years reveal that fire 
activity was initially driven by temperature and drought but 
shifted towards anthropogenic influence during the 19th cen
tury as human population increased and indigenous fire prac
tices diminished (Bowman et al. 2020). Human variables, 
including ignition and suppression, are identified as significant 
predictors of fires, especially in the wildland–urban interface, 
where human-induced disturbances exceed historic variability, 
emphasising the critical role of human actions in fire regime 
changes (Hawbaker et al. 2013; Jones et al. 2022). 

Complicating matters is that anthropogenically-induced 
climate change adds great uncertainty to the identification 
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Table 1. Severe, direct impacts of fire on geodiversity elements and their values.         

Geodiversity 
element 

Functional 
attribute 

Worst-case, direct impacts of fire 

Functional value Cultural and aesthetic value Economic value Scientific and 
educational 

Intrinsic value   

Exposed rock Structure Fracturing, weathering, and 
altered mineral aggregates 
decrease structural support 
( Shakesby and Doerr 2006;   
Storey 2010;  Natural Values 
Conservation Branch 2017;   
Buckman et al. 2021). 

Indigenous rock art and 
cultural signifiers damaged or 
destroyed ( Pearson 2015;   
Allam 2020). 

Decline in geotourism. Degraded fossil deposits, 
speleothems, and slowly 
developed glacial and 
periglacial features 
( Natural Values 
Conservation Branch 2017). 

Existence of 
geoheritage, landscape 
features, topography, 
and their integrity; 
altered state of 
existence ( Gray 2005). 

Vertical fracturing, ash 
deposits, fire-blackened 
surfaces, spalling impact: 
disruption of historical and 
folklore meaning; impact on 
artistic inspiration, sense of 
place, spiritual connection 
( Gray 2005;  Shtober-Zisu 
et al. 2018). 

Loss of construction 
materials and minerals. 

Implications for 
cosmogenic isotope 
dating. 

Soil Structure Altered aggregate stability and 
increased bulk density ( Ice 
et al. 2004). 

Reduced access to sites. Reduced infrastructural 
support and reduced site 
access. 

Reduced access to sites or 
site closure ( Hilger and 
Englin 2009). 

Existence of 
geoheritage, landscape 
features, topography, 
and their integrity; 
altered state of 
existence ( Gray 2005). 

Increased exposure to 
mechanical erosion processes 
( Ice et al. 2004). 

Changes in colour and texture 
( Verma and Jayakumar 2012). 

Modification of trails and 
tourism related 
infrastructure, including the 
economic value of 
experiences ( Hilger and 
Englin 2009). 

Increased susceptibility to 
slope failure ( Li et al. 2021). 

Hydrology and 
watershed 
processes 

Desiccation ( Kennard and 
Gholz 2001). 

Altered aesthetic value. Nutrient volitisation 
reduces ecosystem service 
support ( Tulau et al. 2019). 

Disruption of system and 
properties. 

Reduced infiltration ( Ice et al. 
2004;  Moody et al. 2016). 

Altered cultural 
understandings of sites. 

Hydrophobicity ( Certini 2005). 

Overland flow and rill 
formation ( Shakesby and 
Doerr 2006). 

Mineralogy Altered mineral assemblages, 
recrystallisation of Fe and Al 
oxide ( Certini 2005;  Shakesby 
and Doerr 2006). 

Damage to sites of 
significance. 

Reduced natural capital. Reduction in undisturbed 
mineral samples. 

Reduced visual appeal. 

(Continued on next page) 
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Table 1. (Continued)        

Geodiversity 
element 

Functional 
attribute 

Worst-case, direct impacts of fire 

Functional value Cultural and aesthetic value Economic value Scientific and 
educational 

Intrinsic value   

Geochemistry Decreased total N and 
increased nitrification ( Kutiel 
and Inbar 1993). 

Damage to sites of 
significance. 

Reduced suitability and 
sustainability of agriculture, 
viticulture, horticulture 
( Caon et al. 2014). 

Reduced capacity for 
studies of undisturbed 
soils. 

Reduced rate of mineralisation 
and increased pH 
( Certini 2005). 

Decline in land value. Disruption or destruction 
of paleosols. 

Organic matter Transformation and reduction 
of organic matter, substrates, 
and residues ( DeBano 1990;   
Certini 2005;  Shakesby and 
Doerr 2006). 

Altered landscape value and 
aesthetic ( Caon et al. 2014). 

Carbon storage and 
sequestration ( Semeniuk 
and Semeniuk 2005;  Natural 
Values Conservation Branch 
2017;  Mayer et al. 2020;   
Carroll et al. 2023). 

Loss opportunity for 
studies of complex soil 
interactions. 

Altered biological assemblages 
( Shakesby and Doerr 2006). 

Loss of biological 
assemblages and altered 
ecological succession ( Marafa 
and Chau 1999;  Williams-Jara 
et al. 2022). 

Reduced primary 
productivity. 

Cryosphere Permafrost 
decline 

Melting and sublimation; 
increased albedo accelerating 
melt rate. 

Loss of permafrost 
environments and biome. 

Altered carbon storage 
capacity. 

Loss of biome. Existence of 
geoheritage, landscape, 
features, topography, 
and their integrity, 
altered state of 
existence ( Gray 2005). 

Thaw slumping ( Loranty 
et al. 2021). 

Reduced access to sites. Loss of/reduced access to 
climate proxy. 

Glacier 
formations 

Increased albedo; melt and 
sublimation (Molina et al. 2015;   
Aubry-Wake et al. 2022) 

Altered aesthetics (black 
carbon accumulation; ash 
deposition; reduced size) 
( Kang et al. 2020). 

Reduced touristic appeal. Loss of climate proxy; loss 
of landscape feature. 

Reduction in climate 
regulation capacity. 

Loss of landscape features 
(e.g. pingos, thermokarst, etc.) 
( Loranty et al. 2021). 

Depositional 
forms 

Dune structure 
and transport 
mechanisms 

Activation of dunes ( Shumack 
et al. 2017;  Fisher and 
Hesse 2019). 

Alteration of cultural 
landscapes. 

Reduced capacity to 
support ecosystem services 
in their current form. 

Interference of long 
undisturbed sites. 

Existence of 
geoheritage, landscape 
features, topography, 
and their integrity; 
altered state of 
existence ( Gray 2005). 

Increased wind erosion 
potential. 

Decreased aesthetic appeal. 

(Continued on next page) 
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Table 1. (Continued)        

Geodiversity 
element 

Functional 
attribute 

Worst-case, direct impacts of fire 

Functional value Cultural and aesthetic value Economic value Scientific and 
educational 

Intrinsic value   

Glacial deposits Spalling, fracturing. 

Increased weathering and 
erosion potential ( Shtober- 
Zisu et al. 2018). 

Fluvial 
landforms 

Fluvial processes 
and structure 

Increased debris torrents. Decreased aesthetic and 
visitation appeal. 

Altered capacity to support 
ecosystem services 
( Blackwood et al. 2021). 

Destruction of channel 
and system properties 
( Ward et al. 2022). 

Existence of 
geoheritage, landscape 
features, topography, 
and their integrity; 
altered state of 
existence ( Gray 2005). 

Increased channel erosion 
( Miller et al. 2003). 

Altered sense of place. Reduced irrigation potential. 

Altered pool complexes. Reduced landscape 
significance. 

Sedimentation ( Ward 
et al. 2022). 

Modified sediment regimes 
( Warrick et al. 2012). 

Increased likelihood of post- 
fire flood impacts ( Jong- 
Levinger et al. 2022). 

Decline in waterway 
capability. 

Channel widening ( Ielpi and 
Lapôtre 2023). 

Karst and 
Epikarst 

Drip water 
geochemistry 

Increased occurrence and 
variability of some elements 
and isotopes ( Holland 1994;   
Nagra et al. 2016). 

Altered cultural narratives of 
speleological landforms. 

Reduced access to and 
safety in karsts means 
results in decreased 
suitability for visitation. 

Incorrect speleothem 
interpretation for proxy 
records due ( McDonough 
et al. 2022). 

Existence of 
geoheritage, landscape 
features, topography, 
and their integrity; 
altered state of 
existence ( Gray 2005). Increase in some metal 

concentrations ( Coleborn 
et al. 2018). 

Discoloured channel walls 
and water lead to decreased 
aesthetic appeal 
( Holland 1994). 

Decreased tourism potential 
from reduced cave feature 
visibility. 

Reduced access to and 
safety within karsts. 

Hydrology Increased absorption of water 
into the system ( Holland 1994;   
Coleborn et al. 2018). 

Depositional 
regime 

Increased sedimentation and 
increased sediment supply 
from fire-induced spalling 
( Holland 1994;  Storey 2010).   
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of future fire behaviour and likely deems the application of 
previous fire histories as proxies for ‘acceptable’ fire regime 
tolerances, inappropriate (Gavin et al. 2007). Global climate 
models suggest fire severity and frequency will increase; 
however, at a regional and local scale, the implications of 
climate change may vary greatly, thus hindering the ability 
to generate appropriately scaled fire management planning 
strategies (Gordon et al. 2022a, 2022b). The emergence of a 
new dominant fire type, known as ‘megafires’, is already 
presenting formidable challenges for ecosystems, communi
ties, and fire management agencies. Defined as wildfires 
exceeding 100,000 acres (405 km2) in size, megafires have 
become increasingly prevalent globally in the past two 
decades, with countries including Australia, Chile, 
Portugal, Russia, and California all having experienced 
megafires in the past 5 years (Khorshidi et al. 2020;  
Pliscoff et al. 2020; Collins et al. 2021; Varga et al. 2022;  
Ramos et al. 2023). The scale of megafire events in both 
area and intensity result in profound alterations to ecosys
tems including disruption to ecological and hydrogeological 
processes on an unprecedented scale; for example, the 2019/ 
2020 Australian megafires extended to regions not antici
pated to experience burns including World Heritage listed 
Gondwanan Rainforest (Ward et al. 2020). Future climate 
projections suggest that rising global temperatures, altered 

precipitation patterns, and increased frequency of extreme 
weather events will contribute to a heightened susceptibility 
of landscapes to megafire events. Coupled with expected 
prolonged droughts and extended fire seasons, conditions 
are becoming more conducive to the ignition and rapid 
spread of large-scale wildfires (Deb et al. 2020), albeit that 
the impacts of fire can be experienced at large and small 
spatial and temporal scales (Fig. 2). 

Rock 

The structural integrity of geological elements can be com
promised by fire through mechanical alteration to the min
eralogical structure. Strong temperature changes create 
micro-fractures within individual minerals and throughout 
rock margins (Anderson 2019). Rapid, uneven heating and 
thermal expansion coupled with rapid endolithic dehydra
tion may also result in fracturing and fissures throughout the 
outer rock and inwards, while accelerated thermal diffusion 
by intense heating increases rate of gas release from rock. 
These processes, coupled with climatic conditions that are 
conducive to rapid cooling following fire, induce spalling of 
the outer surface (Shakesby and Doerr 2006). As spalling is 
the primary result of weathering on rock, fire will accelerate 
the physical exfoliation that results in lensoid-shaped 

Spatio-temporal impacts of �re on geodiversity elements

Eons

Eras

Epochs

Geodiversity element type
Cryosphere

Depositional forms

Exposed rock

Fluvial landforms

Karst

Soil

Epoch

Tens of Millenia

Millenia

Centuries

Decades

Ti
m

e

Years

Months

Weeks

Days

Hours

Minutes

Seconds

Space

Micrometres

Millim
etres

Centimetres
Metres

Tens of metres

Hundreds of metres

Kilometres

Tens of kilometres

Hundreds of kilometres
Global

Fig. 2. Spatial and temporal impacts of fire on geodiversity elements. Fire impacts geodiversity elements and values in several ways. 
Each point on the above graph indicates an impact, with its location relative to the spatial and temporal range where it occurs. Note 
to reviewers, this is an interactive image, please download the file via this link and open to hover over diamonds: https://rpubs.com/ 
RHoyland/1166910.    
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fragments up to several centimetres thick and become 
detached from the rock surface (Fig. 3). 

Spalling affects almost all rigid rock types with structural 
composition being a principal contributor to spalling poten
tial (Shakesby and Doerr 2006; Buckman et al. 2021). Rocks 
with higher quartz composition are more likely to spall due 
to the expansive potential of quartz compared to other 
minerals, such as a 3.76% increase in volume when heated 
to 570°C from ambient temperature, which is twice as much 
as hornblende and four times greater than feldspar (Winkler 
1975). Existing fractures and weathering rinds can induce 
further spalling through the alteration of surface expansion 
and contraction potential, such as in laminar structures of 
carbonate rocks (Cooper and Simmons 1977; Shtober-Zisu 
et al. 2015, 2018). Heterogeneous mineral compositions 
create variable thermal conductivity in rocks, which when 
coupled with sudden temperature differences from the initi
ation and/or the extinguishment of a fire, increase the 
likelihood of spalling (Zimmerman et al. 1994). Spalling of 
exposed lithological elements may be visible for upwards of 
6 years, as spalled sections are often a lighter colour having 
undergone less weathering than non-spalled surfaces 
(Shtober-Zisu et al. 2018). These aesthetic consequences 
have further implications for touristic appeal; for example, 
a 2022 wildfire in the Bohemian Switzerland National Park 

in the Czech Republic resulted in diminished touristic inter
est due to altered visuals of the rock forms and landscape 
(Boháč and Drápela 2023). Spalled sections of rock may also 
act to accumulate ash post-fire for 2–3 decades, impacting 
aesthetics and ecohydrology (Shtober-Zisu et al. 2018). 

Values assessment of fossil deposits, petroglyphs, and 
glacial pavements can be diminished when fire compromises 
the quality of features for cation-radio dating and reducing 
the volume of viable specimens for research and conserva
tion purposes. Further, spalled rocks may compromise the 
safety of geotourism activities including rock climbing and 
trail walking, as partially spalled fragments create unsafe 
climbing surfaces and detached debris can increase the risk 
of rock falls (Boháč and Drápela 2023). Micro-fracturing of 
minerals at the surface and sub-surface of landforms, expo
sures and clasts can reduce the structural integrity of rocks 
and decrease resistance to other weathering and erosion 
agents and processes, accelerating the deterioration of natu
ral and cultural values (Tratebas et al. 2004). 

Soil 

Fire has the potential to modify or destroy soil attributes and 
functions (Agbeshie et al. 2022). Fire-induced changes to 
soil chemistry include nutrient volatilisation and modified 

(b)(a) (c)

(d) (e) (f )

Fig. 3. Photographs of exposed lithological elements approximately 1 month after prescribed burns in Tasmania. (a) Granodiorite 
boulder with fire-induced spalled section; insert shows spalled fragment found below boulder. (b) Granodiorite boulder with 
surface cracking parallel to boulder surface. (c) Surface charring of granodiorite rock compared to natural state (0–4 cm) that was 
protected from fire by soil. (d) Siltstone rock with surface char and cracking, with small, spalled section. (e) Fossil specimen in 
siltstone charred by fire. (f) Charred and crumbling conglomerate rock after fire impact. Image credit: Ruby Hoyland.    
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elemental concentrations and nutrient availability (Kutiel 
and Inbar 1993; Kennard and Gholz 2001; Tulau 2015). 
Many soil interactions are affected synchronously due to 
the combustion of soil organic matter (DeBano 1990). For 
instance, combustion of leaf litter and organic matter in 
topsoil volatilises hydrophobic organic compounds, which 
are transported vertically along strong temperature gradi
ents (DeBano 2000b). These compounds condense at lower 
temperatures, coating soil particles, which then form hydro
phobic soil layers (DeBano 1990; Neary et al. 1999; DeBano 
2000a; Shakesby and Doerr 2006; Stavi et al. 2017; Stavi 
2019). Water that would normally permeate through the soil 
is deterred by the hydrophobic layer, increasing propensity 
for surface runoff, rill formation, and erosion susceptibility 
(DeBano 1981). 

Hydrophobicity afflicts sandy soils more than other soil 
textual classes due to the low surface area to volume ratio of 
sediments. Soil water repellence is initiated at temperatures 
between 175°C and 200°C, and the response is asymptotic 
whereby at temperatures above 280°C, hydrophobicity no 
longer occurs (DeBano 1981). The quantity of organic con
tent present in and on soils is also influential in determining 
the likelihood and extent of hydrophobic soils, which along 
with minimised soil porosity and condensing processes, has 
subsequent impacts for soil viability following fires (DeBano 
2000a; Ice et al. 2004; Olorunfemi et al. 2014). Fire-induced 
soil water repellency may reduce splash erosion by forming 
a surface crust on soils of 2.0–5.0 mm size fractions, but the 
potential for accelerated wind erosion on sandy soils has not 
yet been thoroughly quantified and may be of concern 
(Vermeire et al. 2005; Fox et al. 2007). Greater magnitudes 
of hydrophobicity and severe erosion tend to occur follow
ing high severity fires, while the removal of organic matter 
and biomass, and disruptions to nutrient and chemical 
cycling can occur at much lower temperature thresholds 
(Fox et al. 2007; Mataix-Solera et al. 2011; Vieira et al. 
2015). Consequently, management burns can remove 
organic material and volatilise organic compounds, which 
may also cement soil particles together resulting in further 

altered porosity and structural stability. This can lead to 
slumping, increased runoff and erosion, and at large scales, 
an increase in flood potential (Fig. 4). 

Organic nutrient losses from combustion of organic soil 
components of soils may occur as particulate matter and 
contribute to the composition of ash. The ratios of particu
late and non-particulate nutrient losses in low-intensity fires 
in sub-alpine Eucalyptus forests were 57%:43% in fires that 
produced black ash, and 73%:27% in fires that produced 
fine grey ash (Boerner 2006). Particulate matter may be 
exported from the system via hydrological and aeolian 
transport processes or remain in situ post-fire depending 
on weather patterns, topography, and soil conditions 
(Boerner 2006). Studies observing nutrient transport post- 
fire noted the first precipitation event was highly significant 
in dissolving ash, with upwards of 90% of nutrients in 
organic particulate matter leached (Boerner 2006). 

Whilst organic compounds containing nitrogen, phospho
rus and sulfur volatilise at low temperature thresholds 
(200°C), inorganic compounds require higher temperatures 
(Boerner 2006). At temperature thresholds greater than 
500°C, 11–17% of calcium, 9–46% of potassium, 13–17% 
of magnesium, and 10–46% of inorganic phosphorus were 
lost from various forest soils (Grier 1975; Harwood and 
Jackson 1975; Christensen 1977; Boerner 2006). Nitrogen 
volatilisation is highly dependent on the combustion of 
organic components, with an observed rate of 55 kg/ha of 
nitrogen from litter and wood, and 6 kg/ha of nitrogen from 
humus under prescribed burning scenarios in the USA 
(Hubbard et al. 2004). Exposure to high temperatures can 
also transform crystalline minerals, which regulate the sorp
tion capacity of soils for phosphorus, resulting in a lower 
phosphorus content in soils and/or reduced bioavailability 
of soil phosphorus following fires. In the study of a pre
scribed moderate-high severity burn, a loss of approximately 
7 kg/ha of phosphorus was observed in oligotrophic soil 
(Santín et al. 2018). The majority of the organic and bio
available forms of phosphorus were removed from the soil, 
with implications for vegetation recovery and capacity in 
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ecosystem support, as well as reduced resilience of soils to 
future stresses (Santín et al. 2018). 

Short-term increases in post-fire soil microorganism bio
mass result from rapid growth of fire-resistant micro
organism communities that utilise nutrients from dead 
microorganisms and labile carbon. Such occurrences are 
related to the quick recovery of soil respiration (1 month 
post-fire), yet denoted reduced biodiversity that persisted 
2–6 months post-burn (Barreiro and Díaz-Raviña 2021). 
Long-term trends for microorganism recovery in soils post- 
fire events showed inconsistent results for biomass, nutrient 
cycling, and community diversity, with recorded recovery 
rates between 1 month and 50 years (Barreiro and Díaz- 
Raviña 2021). 

The reduction or removal of soil biota can occur even at 
low to moderate temperatures (especially in soils rich in 
organic matter) causing immediate disruptions to the cyclic 
efficiency and structural integrity of these soils (Certini 
2005; Shakesby and Doerr 2006). Microorganisms involved 
in the carbon cycle are highly sensitive to thermal changes 
and more likely to expire at lower temperatures compared to 
bacteria and fungi involved in nitrogen cycling (Barreiro 
and Díaz-Raviña 2021). Fires that heat soils in excess of 
120°C result in the death of fungi and bacteria, whereas 
low temperature fires (<50°C) impede growth and activity, 
particularly of fungi, but may not necessarily result in 
broadscale microbial community extinction. Such changes 
have drastic impacts on bio-geo-hydrological interactions 
and can lead to the permanent loss of sensitive ecosystems 
include peat and wetlands (Semeniuk and Semeniuk 2005;  
Natural Values Conservation Branch 2017; Mayer et al. 
2020). For example, an Alaskan fire in 2007 was estimated 
to have contributed to ~2 Tg of carbon, with 60% attributed 
to soil organic matter, an amount comparable with the 
average annual net sink for carbon in the Arctic tundra in 
the past 250 years (Mack et al. 2011 in Adams 2013). Such 
occurrences undermine both the economic value of these 
sites as carbon stores and as sequestration environments, as 
well as diminishing their intrinsic value (Belyea and Clymo 
2001; Gao et al. 2022). 

The burning of soils and organic materials can produce 
pyrogenic carbon. A positive change to soils, pyrogenic 
carbon has a longer mean residence time compared to 
other forms and may persist in the environment for multiple 
centuries under favourable conditions (Abney et al. 2017). 
Pyrogenic carbon is particularly important for peatlands as a 
relatively intractable form, and contributes to soil dynamics 
in other landscapes through carbon storage (Gao et al. 
2022). Nevertheless, pyrogenic carbon is highly erodible 
due to properties of hydrophobicity and low-density 
(compared with other carbon forms), as well as being 
concentrated in the upper soil horizons, where it can be 
lost in post-fire erosive processes (Cotrufo et al. 2016). For 
instance, pyrogenic carbon was found in much higher 
concentrations in depositional landscapes versus erosional 

landscapes 1- year post-fire in California USA (160 and 
84 g/kg, respectively) (Abney et al. 2017). The erosion 
and transport of pyrogenic carbon into locations with unfa
vourable conditions for preservation can result in shorter 
environmental persistence with implications for terrestrial 
carbon storage capacity. 

Cumulative impacts of fires on soils include fire-induced 
erosion, which is largely attributed to and further exacer
bated by the loss of protective vegetation cover which leaves 
soils exposed to mechanical erosion processes (frost-heave, 
wind, and water erosion) and thereafter frequently forms 
gullies and rills (Ice et al. 2004; Shakesby 2011). Rates of 
ongoing degradation are inversely correlated with regener
ation of protective vegetation and re-regulation of hydrolog
ical processes within soil and at the soil surface. Coleborn 
et al. (2016) documented soil recovery via CO2 concentra
tion and concluded it took 5–10 years post-fire event in an 
Australian southern temperate woodland for soil to recover, 
with rate of recovery largely dependent on vegetation 
revival. Similarly, fires that removed organic materials, 
volatilised essential nutrients, and destroyed seed stores 
had longer recovery time estimates due to exacerbated veg
etation recovery time in the temperate Tasmanian wilder
ness woodlands forests and peatlands (Natural Values 
Conservation Branch 2017; Shumack et al. 2017). 

Soil type and characteristics strongly influence their 
response to fire and subsequent recovery (Wall et al. 2012;  
Vacchiano et al. 2014). In the same fire, soils with higher 
soil moisture sustained lower overall in-fire temperatures 
than soils with low soil moisture prior to the fire (Busse et al. 
2005). Based on the nature of their sensitivity to distur
bances, soils with lower rates or prospects of regeneration 
following fire include calcareous/karstic soils and organic 
soils, based on their slow formation rate and high flamma
bility, respectively (Liu et al. 2020). Recalcitrant soils with 
persisting low organic content (due to high severity fires 
causing slow vegetation regeneration or high rates of ero
sion) negatively impact microorganism recovery rates, with 
recorded effects on biomass lasting 5–10 years. In fact, in 
some scenarios the destruction was irreversible and soil 
recovery did not occur (Barreiro and Díaz-Raviña 2021). 

Post-fire land management also alters the likelihood of 
cumulative degradative impacts and the recovery rate of 
soils. Practices that result in soil compaction or increased 
erosion further degrade soils, while practices including 
mulching have been shown to be beneficial in increasing 
microorganism biomass and reducing overland flow and soil 
erosion but have limitations in terms of which localities, and 
ecosystems, they are applicable in Pereira et al. (2018),  
Barreiro and Díaz-Raviña (2021). Land use practices that 
involve livestock have been related to an increased amount 
of mineral material dislodgment from soils and increased 
soil erodibility in recently burnt grasslands (Stavi 2019). 
Post-fire soil management needs to mitigate cumulative 
degradative impacts while enhancing soil recovery, 
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highlighting the need for greater research in this sphere to 
inform context-specific strategies. 

Fluvial systems 

Existing hydrological regimes, geomorphic form and pro
cesses of catchments influence the type and severity of fire 
(Storey and Betts 2011). Fires create conditions favourable 
for erosion and transport of sediments to fluvial systems 
because post-fire soils are largely water-repellent or 
exhausted and therefore, post-fire rains runoff into fluvial 
channels in a higher volume and greater velocity (Shakesby 
and Doerr 2006). The removal of riparian vegetation 
through fire or management action increases the volume 
of precipitation contacting bare soil. For example, Pettit 
and Naiman (2007) note the non-linear relationship 
between fire in the riparian zone and flood events is char
acterised by changes to riparian vegetation and upstream 
infiltration regimes. The occurrence of concentrated water 
flow pathways was not modified by fire incidence, though 
the velocity of channels was observed to increase in burnt 
scenarios (Pierson et al. 2009). Pierson et al. (2009) also 
found that in burnt landscapes runoff occurred sooner and 
with an increased average runoff rate of 40% when com
pared to unburnt plots under simulated rainfall conditions. 
A separate study found that fire-accelerated erosion rates 
contributed 8 and 6%, respectively, to long-term sediments 
yields in two lakes in the north-west USA (Swanson 1981). 
Similarly, in a simulated example, the compound impacts of 
wildfire and rainfall was shown to increase peak flows by up 
to six times when compared with events where wildfire was 
not present (Bowman and Williamson 2021). 

Modifications to the volume of water and sediments and 
their velocity can induce morphological changes in fluvial 
systems. Channel widening increased 130% following fire 
events in North America (Ielpi and Lapôtre 2023). Increased 
sediment yield also has implications for bedloads of streams 
and rivers. For example, the varve thickness of lake sedi
ments increased in the 15 years following fire events by 35% 
and 25% where fire recurrence was 60 years and 80 years, 
respectively (Swanson 1981). Further, stream-bound logs 
and woody debris influence downstream flow by collecting 
and depositing sediments and partially or fully restricting 
flow at multiple stream points (Praskievicz and Sigdel 
2021). At the watershed-scale, this can impact the 
redistribution of sediments and depositional landforms, par
ticularly where hydro-geomorphological processes have 
been altered, albeit there can be micro-topographical vari
ance on finer scales where impacts to localised dependencies 
are equally important to understanding and accounting for 
shifts in fluvial environments. Furthermore, destabilisation 
of the riparian zone following fire events can be exacerbated 
by the resulting changes to stream flow processes, as stream 
channel affects velocity and therefore the scour potential of 
water (Swanson 1981). 

Wildfires produce ash and sediment that can transport 
undesired elements and compounds to the fluvial environ
ment. The accumulation of post-fire metal contaminants has 
severe ecotoxicological impacts on pelagic and benthic 
aquatic species in fluvial systems, contributing to mutations, 
mortality, and bioaccumulation. For instance, water and 
sediment samples from a burnt region of a river and a 
stream contained zinc, nickel, and copper concentrations 
that were seven-times, eight-times, and 1.5-times greater, 
respectively, than those taken outside the burnt zone. Water 
samples from the burnt river region also had a higher total 
suspended solids count with a higher percentage of fine 
particles and a greater organic content load compared to 
the unburnt river region (Ré et al. 2021). Conversely, fires 
can sometimes increase the availability of inorganic nutri
ents in the environment. For example, sub-alpine lake sedi
ments revealing a relationship between high severity fire 
events and increased levels of rock-derived nutrients over a 
6200-year period (Leys et al. 2016). Such changes in nutri
ents may have implications for the succession of biotic 
communities through potentially favouring certain species. 

Cryosphere 

The cryosphere encompasses the frozen aspects of geodiver
sity, including glaciers, ice caps and sheets, permafrost, and 
sea ice, and is critical in regulating global climate patterns 
and ecosystems. The cryosphere is directly impacted by fires 
producing black carbon, which results from the imperfect 
combustion of organic matter (Kang et al. 2020). Black 
carbon reduces albedo of surfaces when it accumulates, 
accelerating thawing and sublimation as the higher solar 
radiation absorption is converted to heat (Molina et al. 
2015; Kang et al. 2020; Aubry-Wake et al. 2022). For 
instance, on the Tibetan Plateau, black carbon concentra
tions in snow and ice were attributed to a 20% decrease in 
albedo during the melt season (Kang et al. 2020). 
Additionally, black carbon is insoluble in water and accu
mulates on the surface of snow and ice as it melts or subli
mates, compounding the effect. 

Fires in the Arctic are particularly impactful as fires have 
the capacity to melt permafrost and generate thermokarst, 
which increase near-surface temperatures by up to 10°C 
through altering the localised albedo (Loranty et al. 2021).  
Jones et al. (2015) followed the progression of thermokarst 
formation in the 7 years following a burn in the Arctic, 
revealing both retrogressive thaw slumps and active layer 
detachment slides that occurred because of the fire, causing 
a 340% increase in microtopography. Similarly, Loranty 
et al. (2021) found a reduction in shade provided by vege
tation in a Siberian forest fire in low and high density 
stands. There was a correlation between low-density tree 
cover and warmer soil temperatures, which could exacer
bate future permafrost thawing. Permafrost thawing may 
also be coupled with slope failure as structural changes 
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occur, further exposing features to increased erodibility 
(Li et al. 2021). Implications of these consequences extend 
to diminished opportunities for cultural connection through 
leisure activities and tourism due to reduced accessibility of 
sites. 

Depositional landscapes 

Post-fire erosion can occur within systems comprising all 
inorganic sediment types including sands, talus and allu
vium. Frequency and intensity of changes to these systems 
following fire are influenced by climatic and geo
morphological factors that determine the type and extent 
of sediment and debris mobilisation. The removal of protec
tive vegetation increases the shear stress of wind on the 
boundary layer of deposits in aeolian environments, result
ing in decreased surface stability and therefore increased 
weathering and erosion potential (Roehner et al. 2020). 
A study observing dune crest activity in the Simpson 
Desert, Australia identified dune activation only occurring 
at sites that had experienced a burn and where non- 
photosynthetic vegetation cover remained below 16% for 
4 years (Fisher and Hesse 2019). Depending on land use, 
dune activation can be a negative or positive outcome for 

land management (e.g. foundation stability) and geoconser
vation (e.g. ‘process in action’). 

Though direct impacts of fire on dune system stability are 
not yet comprehensively documented, it is likely that the 
cumulative effects of gravity-driven or water-driven erosion 
may impact larger debris that is exposed or deconsolidated 
following fire. The availability of colluvium and weathered 
material and the frequency and magnitude of post-fire rain
fall events are important controls on the likelihood of sig
nificant mass-movement events such as dry ravel and rock 
falls (Swanson 1981; Florsheim et al. 2016). Destabilisation 
of dunes has implications for the redistribution of fine 
through coarse sediments in arid environments with conse
quences for the aesthetic and cultural values associated with 
landscape change, and opportunistic desert plant nutrition. 

Karsts 

Despite the relative protection of karsts resulting from their 
largely subterranean positioning, karstic geodiversity ele
ments can still be affected by fire through surface changes. 
Modifications to epikarst biogeochemistry and hydrology 
are often immediately associated with changes to soils but 
also by means of altered components of input channels and 
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Fig. 5. Impacts of fire on karst systems and processes. (a) Before a fire, Water seeping through soil 
and epikarst delivers chemical constituents that deposit at the base of speleothems, contributing to 
their growth. (b) Following a burn, altered dripwater geochemistry from impacted soils and lack of 
vegetation result in changed colour and growth rate of speleothems. Schematic credit: Ruby 
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areas of karst-surface interface. Epikarst soil conditions have 
a strong influence on hydrology and subsequently drive 
dripwater geochemistry, speleothem formation and karst 
morphology (Bian et al. 2019). The primary control on 
speleothem formation is soil CO2 concentrations that drive 
the rate of CaCO3 dissolution downward through the vadose 
zone. Abundance of CaCO3-bearing compounds within 
established soils is relative to the level of biochemical disso
lution and subsequent transport of products via leaching. 
Speleothem growth is therefore strongly influenced by this 
dissolution and transport regime, which is disrupted by fire 
through reduction or complete elimination of soil biomass 
high in the soil profile resulting from soil desiccation (Bian 
et al. 2019) (Fig. 5). In the 2 months following a low- 
intensity prescribed burn, isotopic composition of dripwater 
was observed to be altered due to soil water evaporation, 
with elements including boron, silicon, and lead increasing 
in concentration (Coleborn et al. 2018). 

Cumulative impacts of fires are evident even in karstic 
environments. For example, within 15 months of a fire 
event, the accumulation of charcoal and ash, and the pres
ence of soot stains in caves reduced the aesthetic appeal of 
karst tourism (Heap 1999). The safety and accessibility of 
caves was reduced by altered structural stability and 
increased risk of inundation following fire events, further 
contributing to the reduction of site economic potential. 
Further, coal and hydrogen stores in karst systems may be 
combusted during fire events, eliminating their viability as 
future economic and fuel sources, as well as diminishing 
opportunity to view such features in situ for educational and 
scientific purposes. 

Karst depth has a significant influence on impact inten
sity with shallower caves more affected than deeper ones 
(Coleborn et al. 2018). Though fire damage in the pedo
sphere may be evident immediately, the cumulative impacts 
of modified nutrient and water chemistry and availability 
may not be evident for some time given cave depth. Much 
of the resultant impact on karst geodiversity integrity and 
value is therefore deferred and predicting such effects 
requires knowledge of the variable sensitivity of elements 
and their exposure to change. Additional factors to 
consider in the management of karst post-fire include 
weather conditions, which shape the intensity and lon
gevity of impacts, and changes to the vegetation assem
blage overlying karst, that can alter the hydrology by 
increasing infiltration over a relatively short time 
(McDonough et al. 2022). 

Implications for ecosystem and geosystem 
services 

The preservation of ES is a key function of protected areas, 
with the safeguarding of system-wide functions and pro
cesses of relevance for sustainable land management and 

in ensuring the provision of future avenues for landscape- 
scale evolution (Gordon and Barron 2012; Stolton et al. 
2015). Values and processes associated with geodiversity 
underpin ES (Gray 2005). Thus, impacts from fire on geodi
versity values have cascading impacts on the functionality of 
ecosystems (Fig. 6). Importantly, there are also services 
provided by geodiversity elements that are not directly 
valued because of their more charismatic and emblemic 
biotic dependencies. Examples include culturally- and 
touristically-significant unique landforms, stratigraphic 
units that provide geological history and landform knowl
edge, and the occurrence of fossil-bearing stone building 
materials (Gray 2011). 

Fire events that degrade or diminish geodiversity ele
ments with such values can directly and indirectly reduce 
the capacity for geosystem services provision. As the synthe
sis of even basic direct worst-case effects of fire on geodi
versity elements is complex, it is too difficult to provide 
specifics for all possible fire trajectories on these elements. 
Nonetheless, geosystem services are indeed important to the 
ecosystem and therefore, it should be considered a priority 
to understand how these affect service provision to humans 
and the environment. 

It should be noted that there is current debate surround
ing the delineation of living and non-living ecosystem com
ponents, including confusion over whether water and ice 
should be accounted for in ES or GS. There is also delibera
tion in which framework certain biotic-abiotic interactions, 
such as soils with their high biodiversity but (often) abiotic 
parent-material, should be included. The divide between ES 
and GS is often given a spatial limit at the pedosphere, the 
layer of soil where organic activity begins to drastically 
decrease towards the lithosphere. The pedosphere is largely 
regarded as a combination zone where services, particularly 
‘supporting’ services, are highly interrelated between the 
biotic and abiotic components of both systems. van Ree 
and van Beukering (2016) include organisms important for 
functional subsurface processes, such as stygofauna and 
bacteria, in GS. Hereafter, we use the geosystem services 
model to describe landscape-scale effects of fire on geodi
versity as it is more inclusive of subterranean and pedo
spheric processes. 

Regulating services are provided by processes in the 
ecosystem and geosystem that maintain hydrological, geo
logical and geomorphic cycles (Gray 2011). Fires affect 
regulating services, for example, via reduced soil moisture 
and soil cover following fires. This reduction has been linked 
to enhanced dust emissions, which influence atmospheric 
processes including cloud formation, as dust particles serve 
as cloud condensing nuclei. Atmospheric dust also influ
ences the global radiation budget through altering the 
absorption and scattering of light entering the atmosphere 
and has consequences for human health due to reduced air 
quality and the transmission of combustion residuals 
(Yu and Ginoux 2022). 
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Terrestrial processes like the rock cycle are also influ
enced by the occurrence of fire, as spalling creates sediment 
and increases the surface area of rock faces to future weath
ering potential. This allows the cycle of rock breakdown to 
(sedimentary) rock formation to occur. Further, altered 
overland flow mechanics also related to fire events (like 
hydrophobicity) enhance erosion susceptibility, allowing 
increased sediment movement that carries the nutrients 
derived from terrestrial areas to fluvial and aquatic systems. 
This alters the concentrations of organic and inorganic nutrient 
levels in these ecosystems, thereby affecting nutrient cycles in 
source and depositional areas (Miller et al. 2003; Leys et al. 
2016; Natural Values Conservation Branch 2017). 

Geomorphological processes are similarly impacted by 
fire events as the reduction in the stability of riverbanks 
and altered stream channels impede flow control, including 
reduced capacity for flood mitigation. For example, Seibert 
et al. (2010) found a mean post-fire increase in peak flows of 
120% with both simulated and observed runoff changes 
persisting for half a decade following the wildfire compared 
to pre-fire parameters. Similarly, Mahat et al. (2016) 
observed peak stream flow variability was dramatically 
altered by post-fire events, with higher mean annual water 
yield up to twice as high in burnt catchments compared to 
those left unburned. Other natural hazards may be indirectly 
initiated by fire events, including debris flows; hence 
reduced infiltration resulting from fire can increase the 

likelihood of such events (McGuire and Youberg 2019). 
The results of these changes to flow regimes include higher 
propensity for flash flooding, lower runoff tolerance thresh
olds and ongoing changes to stream sediment budget (Storey 
and Betts 2011; Moody et al. 2016). 

Furthermore, the regulation of water quality by the geo
system involves natural physical filtration. This service may 
be diminished by thermally induced fracturing of rock mate
rials that increases porosity and thereby decreases capacity 
for impurities from water to be trapped in porous spaces of 
rocks (Brotóns et al. 2013). Additionally, the cascading 
impact of increased turbidity of waterways due to reduced 
aggregate stability and increased sediment movement fol
lowing fire events consequently reduces the capacity to 
obtain freshwater from the ecosystem (White et al. 2006;  
Warrick et al. 2012). This has implications for the capture 
and treatment of drinking water where, for example, water 
sources may become contaminated with volatile organic 
compounds and high sediment loads, which pose a threat 
to human health (Solomon et al. 2021). 

Supporting services refer to the platform where geodi
versity provides for other systems and services to exist, includ
ing the occurrence of soils, their processes, and utilitarian uses 
(Gray 2011, 2019). Fire directly impacts the capacity of soils to 
support life through altered physiochemical properties, poten
tially reducing the suitability of fire-effected areas for certain 
species. Such changes may facilitate the settlement of new or 
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opportunistic species to an area with further implications for 
local ecology (Williams-Jara et al. 2022). Where fertility and 
water retention capacity of soils have decreased following 
fires, repeated events preferentially facilitate the growth and 
proliferation of fire-tolerant soil microbial species, altering the 
organic component and nutrient cycles of soils (Muñoz-Rojas 
et al. 2016; Lombao et al. 2020; Sulaeman et al. 2021). 
Profound soil microbial change can equal plant community 
change. 

Geodiversity also provides a supporting service through 
the provision of habitat. Fire events are part of the forma
tion of inselbergs in inland and arid regions due to fire- 
induced rock spalling of exposed outcrops. These formations 
increase the availability of sediments, simultaneously gen
erating important ecological niches and thus provisioning 
habitat (Buckman et al. 2021). Conversely, fire events can 
also degrade habitats, through a deterioration of water 
quality (Ré et al. 2021). Carbon capture and storage is an 
additional supporting service provided by the geosystem, 
and as noted earlier, is directly impacted through the 
destruction of geodiversity elements like peatlands, as well 
as through the combustion of coal, oil, and gas reservoirs. 

Cultural services are intangible benefits humans garner 
from ecosystems and include aesthetic, educational, touristic 
and knowledge values (Millennium Ecosystem Assessment 
Program 2005). Landscape character shapes the connection 
that people feel towards places that provides spiritual and 
cultural benefit. Therefore, alterations to or loss of elements 
or features of landscapes are detrimental to the provision of 
cultural services. For example, a 1997 wildfire in Indonesia, 
which indirectly caused the death of the Mentawai Island 
coral reef ecosystem, disrupted the local narrative and con
nection to the reef landscape (Abram et al. 2003). Abram 
et al. (2003) proposed the smoke produced by the Indonesian 
wildfire led to atmospheric fallout of dust over the reef, 
which aided in the growth of a red algae bloom and subse
quently asphyxiated the reef. This impact to the environmen
tal quality of the local landscape had implications for the 
recreational, leisure and touristic opportunities available in 
the Mentawai Island region as well as cascading negative 
impacts for habitat, biodiversity, and natural wave barrier 
protection. 

Similarly, the indirect impact of fires on vegetation recov
ery through altered soil properties may result in ecological 
succession in landscapes that is dissimilar to previous states 
(Marafa and Chau 1999). For example, fire events have been 
identified as responsible for shifts between mature ecosystems 
of conifer forests to shrublands in Mediterranean ecosystems, 
as these systems have lower requirements for soil nutrients 
(Caon et al. 2014). Such changes impact the aesthetics of a 
landscape and can therefore alter the sense of place felt, which 
may be particularly detrimental when the prior landscape has 
significant spiritual value. 

Geotourism is also directly and indirectly affected by fire 
events; for example, the integrity of rock-climbing routes may 

be damaged due to spalling rock surfaces, thereby creating 
hazardous climbing conditions (Yeste-Lizán et al. 2023). 

Provisioning services are goods and services obtained 
from ecosystems and geosystem, including critical services 
like food, fresh and mineral water, and utilitarian goods 
such as fuel and fibre (Millennium Ecosystem Assessment 
Program 2005; Gray 2011). Provisioning geosystem services 
are more utilitarian than the former categories, though 
nonetheless provide several critical services for the environ
ment, such as processes involved in nutrient and water 
provision. Fire modifies water provision through changes 
to turbidity and chemical and nutrient concentrations; how
ever, fuel, construction materials (stone, gravel, sand), and 
industrial minerals (metals) that are provisioned through 
geosystem services are largely unaffected by fires due to 
their non-flammable nature. Instead, the occurrence of 
fires may impact the infrastructure required to utilise 
these services or their availability. For instance, wildfires 
may cause the shutdown of production plants or roads. 

As part of geosystem services only, knowledge services 
encompass the information and knowledge provided by 
geodiversity which contributes to science, education, and 
understanding (Gray 2011). Ice cores are valuable archives 
offering insights into historical climate patterns, atmo
spheric composition, and anthropogenic influences, as 
well as provide information about past fire occurrence 
and severity (Mayewski et al. 2017; Sierra-Hernández 
et al. 2022). Fires contribute to the degradation of ice 
zones through the release of black carbon and aerosols, 
which along with direct heat transfer, accelerate the melt
ing of ice zones including glaciers and permafrost regions. 
Furthermore, the accelerated melting of glaciers hinders 
efforts to precisely reconstruct past glacial dynamics which 
consequences for the scientific understanding of geo
morphological processes. 

Fires that alter the physical and chemical properties of 
geodiversity elements may degrade their scientific integrity. 
For example, thermal alterations to sediments and rocks can 
compromise the reliability of dating methods including ther
moluminescence and radiocarbon dating, which has impli
cations for accurately understanding the ages of formations 
and processes (Brown 2020). Further, the increased fre
quency and intensity of fire events, and the emerging occur
rence of megafires, is disruptive to our understanding of past 
climates and their applicability to current and future scenar
ios. As a case in point, a 2010 study of paleontological 
evidence in Alaska’s tundra revealed no fire events in the 
5000-year period leading up to an unprecedented wildfire in 
2007 (Hu et al. 2010). The reliability of knowledge gained 
from geological records is being compromised by accelerat
ing and intensifying fires, with implications extending to our 
understanding of fire-climate interactions and ability to 
produce accurate models. Hence, the knowledge services 
provided by geosystems may be undermined by the occur
rence of fire. 
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Implications for management 

A constraint for current fire managers is the inability to 
anticipate and plan for when fire will be impactful at scale 
or will cause ongoing disruption to functions and values 
through time. Fire is a key agent in the (re)structuring of 
natural terrestrial systems and results in transformations 
that occur across a complex spatio-temporal distribution, 
including beyond the scales of contemporary geoconserva
tion (Moritz et al. 2010; Whitlock et al. 2010; Pezzatti et al. 
2013; Higuera 2015). Managing geodiversity requires a 
valuation of geodiversity elements, recognition of potential 
and actual threats, and effective action to mitigate and 
manage degradative pressures (Brilha et al. 2018). Fire has 
the potential to damage geodiversity elements, with the 
likelihood of fire occurrence, fire severity, geodiversity ele
ment vulnerability and sensitivity, and post-fire processes 
all influential in determining the occurrence of a negative 
impact. 

Severe or total loss of values can present management 
implications for geoheritage, as it may undermine the justi
fication for the protection of the geodiversity element or 
process. Where geodiversity elements impacted by fire have 
lost significant, important, or unique values and functions, 
recovery is paramount, particularly for geoheritage sites 
that may require the recovery of values in order to retain 
certain statutory protections (e.g. World Heritage Areas, loss 
of outstanding universal values associated with criterion 
VIII Earths History, could jeopardise the listing). 

The escalating threat of wildfires with climate changes 
poses a significant risk to the integrity of protected areas, 
potentially leading to downgrading, downsizing or even 
degazetting of these critical conservation zones. The inten
sity and scale of megafires in particular can undermine the 
capacity of protected areas to sustain their management 
objectives and ecological functions. The destruction of hab
itats, alteration of vegetation dynamics and soil degradation 
resulting from intense fires can compromise their integrity 
as geoheritage. Moreover, the increasing frequency and 
severity of wildfires may necessitate a re-evaluation of the 
boundaries and management strategies of protected areas. 
This may involve resizing protected areas to better align 
with the changing ecological conditions, modifying manage
ment plans to incorporate new fire regimes, or in extreme 
cases, considering the degazetting of certain areas no longer 
viable for conservation. 

The International Union for the Conservation of Nature 
(IUCN) guidelines for applying protected area management 
categories explicitly consider among the objectives common 
to all protected areas the need to: (1) maintain diversity of 
landscape or habitat; (2) conserve significant landscape 
features, geomorphology and geology; and (3) conserve 
natural and scenic areas of national and international sig
nificance for cultural, spiritual and scientific purposes 
(IUCN 2008). To date, the authors are unaware of an 

instance in which fire, wild or otherwise, has led to the 
delisting or loss of protected area status because of a total 
loss of geodiversity elements and/or their associated listing 
values. This does not mean that such a scenario could not 
happen. For example, high-value peatlands and their 
organic soils can be completely lost to fire (e.g. Turetsky 
et al. 2015; Davies et al. 2016; Kiely et al. 2021). As fire 
increases in severity and frequency globally, curators and 
managers of geoheritage and geodiversity may find them
selves reflecting on how to exclude fire to maintain integrity 
and value of elements in protected areas. For now, the 
learning framework offered by adaptive management 
enables land managers to consider deleterious changes in 
condition and make decisions on when it may be more 
appropriate to direct resources to fire exclusion, instead of 
post-fire recovery efforts. 

Conclusion 

Ultimately, fire has the potential to disrupt functions and 
values associated with geodiversity, resulting in cumulative 
impacts on vast spatial and temporal scales. Geodiversity is 
valuable in its contribution to natural systems including the 
provisioning of ecosystem and geosystem services, and it 
holds associated socio-cultural, economic, and educational 
values, which benefit protected areas. Where fire events 
devalue geodiversity elements, the protection of the element 
may be threatened, thereby presenting management impli
cations for the recovery of function and value. Our ability to 
preserve, protect, and recover values diminished by fire 
events is limited by our understanding of the extent of 
impacts, owing to limited research on the geosystem-wide 
implications of fire and cumulative impacts over extended 
periods. Therefore, effective, adaptive management prac
tices are required to conserve functions and values of geo
diversity in the face of degradative fire events. 
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