
https://doi.org/10.1007/s40725-021-00147-6

ECOLOGICAL FUNCTION (J BAUHUS, SECTION EDITOR)

Materiality Assessment of Natural Capital Risks in Australian Forestry

Greg S. Smith1  · Francisco Ascui2,3  · Anthony P. O’Grady1 · Elizabeth Pinkard1

Accepted: 22 September 2021 
© Crown 2021

Abstract
Purpose of Review Natural capital is a term for the stocks of natural assets (e.g. natural resources and ecosystems) that 
yield flows of ecosystem services that benefit the economy and human well-being. Forestry is one of the industries with 
the greatest dependencies on natural capital, as well as having the potential for substantial positive or negative impacts on 
natural capital. These dependencies and impacts create direct risks to a forestry enterprise’s ongoing financial viability, 
which translate into indirect risks for investors and society. There are growing demands from a variety of stakeholders for 
more reliable information to assess such risks, but at present, these risks are not always well understood, assessed or com-
municated in a consistent and comparable way. This paper addresses this problem by applying a standardized methodology 
to develop the first systematic, evidence-based review and financial materiality assessment of natural capital risks for the 
Australian forestry sector.
Recent Findings The vast potential scope of forestry impacts and dependencies on natural capital can be reduced to twenty 
key areas of relevance to Australian forestry, of which only seven to nine have been assessed as highly financially material 
for each of the sub-sectors of softwood plantations, hardwood plantations and native forestry. The majority of risks assessed 
as highly financially material are related to dependencies on natural capital. This is in part due to the fact that current regu-
lations and certification schemes focus on managing impacts, but tend to overlook dependencies. Nearly all of the natural 
capital risks rated as highly material are likely to be exacerbated by climate change.
Summary An improved understanding of natural capital risks is an important input to better decision-making by forestry 
enterprises, as well as their lenders and investors, forestry regulators and other relevant stakeholders. This paper contributes 
to the preparedness of the forestry industry and its stakeholders to address questions about vulnerability to future changes 
and declining trends in natural capital.

Keywords Natural capital · Risk assessment · Materiality · Dependency · Impact · Forestry

Introduction

Businesses are increasingly affected by the consequences 
of depletion and degradation of the natural environment: 
directly through reduced availability of resources and ser-
vices provided by the environment to their business, and 
indirectly via regulation and social concern about business 
impacts on the environment. This relationship between 
businesses and the environment is now commonly viewed 
through the lens of ‘natural capital’ [1–3]. The natural 
capital approach extends the economic notion of capital 
(resources which enable economic production) to the natu-
ral environment, which is conceptualized as stocks of natu-
ral capital (e.g. soil, minerals and ecosystems) supporting 
flows of environmental goods and ecosystem services (e.g. 
food production, crop pollination and flood mitigation). This 
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approach goes beyond conventional environmental manage-
ment thinking insofar as it encourages businesses to consider 
their dependencies on the environment, in addition to their 
impacts. There are growing demands from lenders, investors, 
policymakers, and other stakeholders for more reliable infor-
mation to help them assess business impacts and dependen-
cies on natural capital and to understand how this translates 
into business opportunities and risks [4, 5•].

Forestry is one of the industries with the greatest depend-
encies on natural capital [6•]: the health and productivity of 
forests are underpinned by ecosystem services provided by 
natural capital such as fertile soil, adequate water and suit-
able climate. Changes in the availability of natural capital 
can threaten the productivity of forests, and thus the ongo-
ing financial viability of forestry enterprises. At the same 
time, forestry operations and activities have the potential to 
impact (positively or negatively) on natural capital. This can 
also affect the financial position of a forestry enterprise, for 
example when society responds to natural capital impacts 
through regulation (such as fines) or changes in consumer 
acceptance (such as restricted access to certain markets in 
the absence of sustainability certification). Dependencies 
and impacts on natural capital can therefore create a variety 
of direct operational and financial risks for forestry enter-
prises, which translate into indirect risks for private or public 
sector investors in those enterprises, as well as further indi-
rect risks for society. In this paper we describe these risks 
as natural capital risks.

Many of these natural capital risks (for example, water 
availability, bushfire, pests and diseases) are well-known to 
forest growers and may already be considered in forest man-
agement and planning. Nevertheless, assessing these risks 
in a structured and consistent way offers forestry enterprises 
additional opportunities to integrate natural capital risk man-
agement into their decision-making and risk reporting. It 
also offers opportunities for standardized, consistent and 
comparable communication with stakeholders [4, 7]. At pre-
sent, forestry natural capital risks are not well understood 
by all relevant stakeholders (for example, lenders, investors, 
regulators, policymakers and others), due to a lack of shared 
knowledge, inconsistencies in terminology and conceptual 
framing of the issues, and the fact that natural capital risks 
are often highly context-specific, leading to a lack of agree-
ment about which risks are material for particular industries 
and locations. This paper addresses this problem by draw-
ing on a standardized methodology for natural capital risk 
assessment [8], originally developed for agriculture, and 
extending it to forestry, in order to develop the first sys-
tematic, evidence-based financial materiality assessment of 
natural capital risks for the Australian forestry sector.

This paper identifies the casual pathways that link forestry 
activities and natural capital. For each pathway we review 
the evidence and use that review to systematically assess the 

financial materiality of each natural capital risk for the three 
main types of forestry in Australia: native forests, hardwood 
plantations and softwood plantations. The value perspec-
tive taken [2, 8] is that of a lender or investor, primarily 
focussed on the risk of adverse financial impacts on a for-
estry enterprise – as opposed to a broader social perspec-
tive [9]. For this assessment, risk mitigation activities were 
only considered if they were standard industry practices, in 
which case they were assumed to moderate the underlying 
risk according to typical outcomes from those practices. Our 
assessment presents the financial materiality of natural capi-
tal risks at a broad industry scale. It is likely that material-
ity assessments for individual forestry enterprises will vary 
depending on geographical location, management activities 
and the full suite of current and future mitigation strategies. 
The value of an industry-scale assessment is to provide a 
starting point for finer-scale assessments, as well as a sense 
of industry-scale risks for portfolio investors.

The paper is structured as follows. In the next section, 
we discuss key concepts in natural capital risk assessment, 
such as impact and dependency pathways and materiality. 
We then set out our methodology for conducting our mate-
riality assessment of natural capital risks for Australian for-
estry, followed by our results and discussion of our findings 
and conclusions in the final section.

Key Concepts in Natural Capital Risk

Natural capital risk assessment is a relatively new concept, 
and consistency in approaches has only recently begun to 
emerge. The Natural Capital Protocol [2] provides a generic 
approach to undertaking any type of natural capital assess-
ment, including risk assessment, although it does not pro-
vide specific guidance on how to do this. A supplement to 
the Protocol, tailored to the forest products sector, is also 
available [10]. More specific guidance, based on the Natural 
Capital Protocol, has been developed by the Natural Capital 
Finance Alliance (NCFA) for portfolio risk assessment [6, 
11] and individual asset-level risk assessment in agriculture 
[12•]. Here, we build on the existing approaches (in particu-
lar [12•]) to undertake a materiality assessment of natural 
capital risks for Australian forestry. Materiality assessment 
is a common step in any type of assessment which requires 
some narrowing down of scope to that which is most rele-
vant according to the assessment’s objectives [2]. For exam-
ple, it can help identify the risks that should be prioritized 
for further analysis or management response.

The concept of materiality has been adopted from the 
field of accounting [13, 14]. Broadly, something is ‘mate-
rial’ if it has reasonable potential to significantly alter the 
decisions being taken by a user of the information being 
reported. In a financial accounting context, a materiality 
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assessment is used to determine whether or not an item 
should be included in a financial report. Even within the 
context of financial reporting, however, the scope of issues 
that are considered to be material is broadening beyond 
financial matters to include environmental and social fac-
tors, and the timeframes over which materiality is assessed 
are changing to incorporate previously unaccounted medium 
and long-term issues (e.g. climate change) [7]. The concept 
of materiality is also a key feature in a variety of sustainabil-
ity assessment and reporting frameworks, such as the Global 
Reporting Initiative (GRI) framework [15] and the recom-
mendations of the Task Force on Climate-related Financial 
Disclosures (TCFD) [16]. There are three distinct interpre-
tations of materiality now in use that are relevant to corpo-
rate accounting and reporting: the narrowly defined purely 
financial scope, a broader scope of sustainability issues that 
are financially material for enterprise value creation, and a 
still broader scope of issues that are material from a social 
perspective [17]. We adopt the second of these interpreta-
tions, which is in keeping with the value perspective of a 
typical lender or investor.

Any assessment of materiality is to some degree subjec-
tive and context-dependent [13]. Unless a risk is already 
well understood – which is not the case for most natural 
capital risks – assessing the materiality of a risk essentially 
requires undertaking a preliminary or high-level risk assess-
ment. This requires, firstly, an understanding of the causal 
pathways that link specific business activities and natural 
capital, known as impact and dependency pathways [2], and 
secondly, assessing the likelihood and magnitude of pos-
sible changes in these pathways that may lead to adverse 
financial outcomes for the enterprise. The concept of impact 
pathways is well developed [2, 18]: it involves identifying 
impact drivers (which may be inputs to the business, such as 
water use, or outputs, such as emissions), the environmental 
outcomes or changes in natural capital that result from the 
impact driver (e.g. an increase in levels of a pollutant), and 

the resulting societal impacts (e.g. health problems). In order 
to link changes in natural capital or societal impacts back 
to adverse financial outcomes for the enterprise, however, 
we must consider the possibility of either a direct feedback 
to ecosystem services that the company relies on (the ‘eco-
system response’ pathway in Fig. 1) or a societal response 
such as regulation, either of which can affect the company’s 
financial position. The concept of dependency pathways is 
somewhat less well developed, but we can likewise identify 
pathways that lead from various threats of environmental or 
social change (e.g. a build-up in chemicals which are harm-
ful to pollinating insects) to changes in natural capital (e.g. 
fewer pollinating insects), which in turn affects the avail-
ability of ecosystem services (e.g. pollination) on which a 
business depends.

We take a broad view of ecosystem services including 
provisioning (e.g. production of timber), regulating (e.g. 
water regulation), cultural (e.g. recreation) and supporting 
(e.g. soil formation) services [3]. In some cases, the relevant 
‘service’ might be the absence of conditions that would oth-
erwise be unfavourable (such as extreme weather). Like-
wise, some aspects of nature may have negative effects on 
a business (such as pests and diseases) and can therefore be 
considered to provide ‘ecosystem dis-services’ [19]. These 
are also important to consider from a risk perspective.

Assessing the materiality of a potential risk is different to 
assessing the materiality of a dependency (as per [6•]) or an 
impact (as per [18]), because it requires not only an under-
standing of causal pathways, but also an assessment of the 
likelihood and magnitude of consequences that could result 
from changes in those pathways. However, in the case of an 
industry-level risk materiality assessment, it is not necessary 
to evaluate in detail the likelihood of a risk occurring: it is 
sufficient to consider whether the occurrence of a risk is 
plausible within the selected industry and geography, over 
a relevant time-scale. We considered a risk to be plausible if 
it has occurred in the past or in similar situations elsewhere, 

Fig. 1  Dependency and impact pathways. Source: [8]
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or if it is projected to occur in future, which we defined as 
approximately the next 30 years. If the likely future occur-
rence of a risk is scientifically highly uncertain, we erred on 
the side of caution and considered it plausible. This inter-
pretation of likelihood allows us to focus our assessment 
on business outcomes, which we define as adverse finan-
cial impacts on a typical forestry enterprise resulting from a 
change to an ecosystem service on which such an enterprise 
depends, or a change to an impact driver that such an enter-
prise causes.

Methodology: A Combined Evidence‑Based 
and Expert‑Review Assessment of Financial 
Materiality

Our approach was iterative and open to either including new 
impacts or dependencies, or rejecting initial assumptions as 
further evidence was gathered. For each potentially mate-
rial direct impact driver and ecosystem service we mapped 
out the impact or dependency pathway using the approach 
illustrated in Fig. 1. A major challenge facing any evidence-
based assessment of natural capital risks is the general pau-
city of evidence that explicitly links impact or dependency 
pathways to the financial performance of forestry enter-
prises. To rectify this, our evidence collation was conducted 
in stages. We initially searched in both peer-reviewed and 
grey literature for each potentially material dependency or 
impact. Initial keyword searches (searched via Web of Sci-
ence and Google Scholar for peer-reviewed and via Google 
for grey literature) were then supplemented by ‘snowballing’ 
from the reference lists of identified papers and reports. The 
outcomes of the initial evidence search were then reviewed 
through detailed discussions with approximately 15 for-
estry industry experts and representatives from forestry 
enterprises. This process allowed us to validate the initial 
evidence, identify any gaps and identify additional evidence 
which was subsequently reviewed and incorporated into the 
analysis. The evidence gathered was either focused specifi-
cally on Australian forestry or had broader applicability, 
including for Australian forestry.

Our assessment of financial materiality followed a stand-
ardized approach based on the totality of the evidence 
reviewed. For both impact and dependency pathways, the 
link between natural capital and financial risks for enter-
prises can be broken down into just two components, which 
are then combined. For dependency risks, we assessed (1) 
the degree of dependency of a forestry enterprise on the rel-
evant stock of natural capital or flow of ecosystem services 
and (2) the severity of threats (both the current threats and 
any future changes, for example from climate change) to the 
same. For impact risks, we assessed (1) the degree of impact 
of forestry operations on the relevant stock of natural capital 

or flow of ecosystem services and (2) the severity of conse-
quences of the impact (both the current and potential future 
changes to the financial viability of the forestry enterprise).

The degree of dependency was assessed by considering 
to what extent the enterprise could continue to be finan-
cially viable without the relevant ecosystem services (high/
medium/low: disruption of the ecosystem services could 
result in severe/moderate/limited financial loss). This is 
broadly comparable to, but simpler than, the approach used 
by the NCFA for portfolio risk assessment [6•]. The sever-
ity of threat was assessed by considering the probability and 
magnitude of current threats and plausible changes for the 
future availability of the relevant ecosystem services. Again, 
this is broadly comparable to, but simpler than, the NCFA 
approach which involves combining separate assessments 
of the importance of natural capital assets to ecosystem ser-
vices, and the influence of drivers of environmental change 
on natural capital [6•]. However, the NCFA approach does 
not consider probability. Factors such as the sensitivity of 
the natural capital asset to changes and the reversibility of 
such changes [6•] were taken into account in considering 
the magnitude of the threat. These elements have been com-
bined as shown in Fig. 2, based on a simple rule whereby a 
high (low) severity rating increases (decreases) the degree of 
impact/dependency rating, while a moderate severity rating 
leaves the degree of impact/dependency rating unchanged.

The degree of impact was assessed by considering to 
what extent the relevant stock of natural capital or flow of 
ecosystem services could continue to function after a plau-
sible impact. A high/moderate/low degree of impact would 
indicate the natural capital or ecosystem service is likely to 
be severely/moderately/minimally damaged. The severity 
of consequences was assessed based on how significantly 
the enterprise could be affected by societal responses (such 
as regulation or social concern) to any changes in natural 
capital or ecosystem services, and also by any ecosystem 

Fig. 2  Method used to combine the degree of impact/dependency and 
the severity of consequences/threats to determine financial materiality
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response which affects natural capital and ecosystem ser-
vices that the business relies on, using the same financial 
loss criteria as used to assess degree of dependency.

Risk mitigation options for both impact and dependency 
risks were taken into account only if they were standard 
industry practices, in which case they were assumed to mod-
erate the underlying risk according to typical outcomes from 
those practices. The rationale for this is that only standard 
industry practices can be assumed to be widely practiced and 
therefore applicable at the scale of this assessment.

We assessed the financial materiality associated with each 
pathway separately for softwood plantations, hardwood plan-
tations and native forests, due to the different management 
systems used.

Finally, we evaluated the level of confidence (quantity, 
quality and consensus) in the evidence, following the four-
box model adopted from IPBES [20] (Fig. 3). The four terms 
used to summarize the level of confidence are: well estab-
lished, which represents robust evidence with high levels 
of agreement; unresolved, which represents robust evidence 
but with low agreement or contrasting conclusions; estab-
lished but incomplete, which represents limited evidence, 
with high levels of agreement; and inconclusive, which rep-
resents limited or no evidence and little agreement. This 
qualitative assessment of the level of confidence in the evi-
dence provides additional information to help users prior-
itize which risks are most important to assess, and where 
further research could be of most value (e.g. topics where 
the risks are highly material but the level of confidence in 
the evidence is low).

Results

Through the literature and expert review, we identified ten 
dependency and ten impact pathways associated with poten-
tially financially material risks for Australian forestry. The 
review identified dependency pathways where natural capital 
provides services that contribute positively to forestry pro-
duction processes (for example, water availability, suitable 
growing temperature or soil quality); in addition to depend-
ency pathways where the service is the absence of negative 
effects (for example, bushfire, pests and diseases or weeds). 
The review also identified impact pathways from forestry 
activities that lead to changes in natural capital and eco-
system services, most of which are relevant due to societal 
responses to these impacts, such as regulation (for exam-
ple, downstream water quality and quantity, or biodiversity) 
but some of which can directly affect the forestry business 
(for example, through on-site changes in soil quality). The 
risk definitions along with their associated dependency or 
impact pathways are summarized in Tables 1 and 2. The final 
column of each table shows the links to other risk topics, 
recognizing that there are often many interlinkages between 
causal pathways in complex systems (for further detail on 
the interlinkages between natural capital risk topics see: 
[21]).

The evidence used to assess the financial materiality of 
each dependency and impact risk is summarized in Tables 3 
and 4. In accordance with our framework for financial mate-
riality assessment, each table separates the evidence into that 
which addresses the degree of dependency/impact a typical 

Fig. 3  Level of confidence 
based on the four-box model 
in IPBES [20]. The level of 
confidence increases towards 
the top-right corner as shown 
by the increased strength of the 
shading
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Table 3  Evidence for the financial materiality of natural capital dependencies for Australian forestry
For so�wood 
planta�ons

,  hardwood 
planta�ons

,  and na�ve 
forest

Risk Topic Evidence for degree of the dependency Confidence Evidence for severity of threat Confidence

Water 

availability 

(dependency)

Water availability is a critical determinant of tree growth [22-25], 

survival [26, 27], and wood quality [28]. There is strong correlation

between leaf area index and annual precipitation [22] (and long-

term rainfall [23, 25, 29]), which is in turn correlated with net 

primary productivity. 

Episodic reduced water availability (drought) is a threat to forest 

productivity and mortality [30-32].

New plantations may be unable to obtain or afford water allocations 

in water-stressed areas [33].

Well 

established

Rainfall is already declining in some plantation areas in Australia, leading 

to increased water stress [34]. Future projections are subject to uncertainty, 

but reductions in rainfall are projected for much of southern Australia [35]. 

Droughts are projected to increase in both intensity and frequency [36]. 

Groundwater availability also faces threats from reduced recharge due to 

the combined effects of increasing temperature and reduced precipitation 

[37, 38].

The long rotations for softwood and native forests (compared to Eucalyptus 

hardwood plantations) mean they are more exposed to both change in 

average rainfall and drought [39-42].

Well 

established

Temperature 

(dependency)

Common plantation tree species are grown at and tolerant of broad 

temperature ranges [43, 44]. However, mean temperatures do

influence where plantations can be grown economically [45-47]. 

Productivity, survival and wood properties are all affected by 

heatwaves and hot days (although there is uncertainty in species-

specific responses) [31, 42, 48-50]. In addition, cold temperature 

extremes (frost) can also affect tree growth and survival [51]. 

Well 

established

There is very high confidence that temperatures will increase in the future. 

Damaging heatwaves are likely to become more frequent and severe, with 

increases in very hot days [35]. 

Increases in dry summers and heatwaves may exacerbate heat stress in 

trees [52-54]. For cold temperature extremes, fewer frosts are projected. 

However, there is also evidence that warmer winter temperatures can 

reduce frost hardening in trees [51], and increasing atmospheric CO2 may 

also increase frost sensitivity in eucalypts [55]. 

Well 

established

Bushfires 

(dependency)

Bushfires are one of the most frequent natural hazards in Australia 

[56]. Bushfires can affect wood volume, quality and saleability due 

to fire damage [57]. 

The type of forest and severity of bushfires determines the recovery 

or regeneration actions, and their associated cost [58]. In general, 

plantations damaged by fire must be cleared completely in order to 

be re-planted (thus incurring both clearing and re-planting costs).

Well 

established

High fire risk days have increased and are projected to increase further in 

the future [35, 60, 61]. There has been a lengthening of the fire season, 

particularly in southern and eastern regions, and this is projected to 

lengthen further [62-66].

Fire regime changes from climate change could also interact with 

biodiversity affecting forest functioning. Transitions to alternative 

Well 

established

Native fire-tolerant forests can usually regenerate naturally [59] but 

in higher intensity fires even fire-tolerant species may die [58]. 

vegetation states/structures could also result in a positive flammability 

feedback [67-69].

Storms and 

floods 

(dependency)

Storms and floods are a major cause of forest loss around the world

[70]. They lead to reduced productivity and cause damage and tree 

mortality. The susceptibility of trees is determined not just by 

weather conditions but also the forest structure, tree characteristics, 

and landscape characteristics [71-73].

For native forestry, the wind risk under clearfelling regimes is 

generally lower, however, this risk is increasing as aggregated 

variable retention regimes become more common [72, 74].

Well 

established

There is considerable uncertainty around future frequency, severity and 

duration of storms and floods and how this will impact forestry. Risks are 

likely to vary regionally, and also by storm type [75]. 

There is some evidence that an increasing proportion of rainfall is coming 

from heavy-rainfall events, with an increase in short-duration extreme 

rainfall and flash flooding [35]. 

Historical average wind speeds have shown evidence of a reduction over 

land since the 1980s (a process known as stilling [76, 77]), however, recent 

evidence suggests this trend may have reversed [78]. Increased 

productivity under climate change may lead to increases in wind damage 

[79, 80] since increased tree height:diameter ratios are associated with 

increased vulnerability to wind damage [81, 82].

Unresolved

Soil quality 

(dependency)

Soil underpins all forest productivity. It is involved in the supply of 

water and nutrients required for forest growth, and soil biodiversity 

plays an important role in mediating soil nutrient and carbon cycles

[83-86].

Well 

established

Forest operations are an important factor in soil quality [87, 88] and soil 

quality changes can either be magnified or mitigated by management 

activities [84, 85]. 

Climate change may also affect soil quality, for example, through the 

interaction between soil organic carbon and temperature [89-93].  

Soil quality is also linked to indirect effects including pest and disease 

outbreaks, fire, vegetation growth and species composition [94]. Future 

changes to soil quality are likely to be location specific and occur over 

various timescales. 

Unresolved

Fertiliser use 

(dependency)

Fertiliser is generally not used in native forests [95], but is 

important for some plantations (particularly hardwood) to promote 

productivity [96] and can increase profits when applied at mid-to-

late rotation [95]. Fertiliser use depends on biophysical factors 

(nutritional deficiencies in the soil) and economic factors [97]. 

Established 

but 

incomplete

Changes in fertiliser prices can affect business profitability, as well as 

affecting fertiliser application decisions, and thus productivity. Plantation 

forestry is vulnerable to fertiliser price shocks. However, the timing of 

some mid-rotation applications can be flexible, providing more resilience 

to price shocks compared to agriculture [95].

Inconclusive

While fertiliser increases the volume of wood there are concerns 

that the faster tree growth rate can reduce wood quality [98, 99].

Typical application rates are low and generally fertiliser costs are 

only a small percentage of total forestry costs [95]. 

The price of fertiliser may be more relevant to economic margins in 

pulpwood plantations, and less significant in plantations grown for higher 

value products [95].

The materiality scores are given by the icons highlighted in red (high), orange (moderate) and green (low). 
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forestry enterprise has on natural capital or ecosystem ser-
vices, and that which addresses the severity of threats/conse-
quences currently and in the future (as per the method shown 
in Fig. 2). Separate financial materiality assessments were 
developed for softwood plantations, hardwood plantations 
and native forest and are represented in the tables with the 
coloured icons.

Discussion

At a global level, forestry is known to have highly significant 
impacts and dependencies on natural capital, which can cre-
ate direct risks for forestry enterprises and indirect risks for 
their investors, as well as for society more generally. There 

Table 3  (continued)

Biodiversity 

(dependency)

Biodiversity contributes to forestry productivity in a number of 

ways but there is uncertainty in isolating and quantifying specific 

effects. Natural enemies of pests are important for controlling pest 

populations. While effective insecticides are available it is an 

additional business cost and the use of such insecticides is 

discouraged under FSC certification and can be toxic to aquatic 

fauna and socially unacceptable [100-104].

Soil biota contribute to nutrient cycling and plant health [105-107]

and mycorrhizae (symbiotic fungus-root associations) are associated 

with strong growth gains - improving nutrient and water uptake

[108-110].

Pollinators play an essential role in wild seed production for native 

forestry and seed orchards for hardwood plantations (although 

manual pollination is now widely practised for E. globulus) [111].

Established 

but 

incomplete

The uncertainty regarding the future impacts of climate change on 

biodiversity services makes this a moderate risk. For example, the rate of 

decomposition could slow in warmer and drier conditions [105] and the 

effectiveness of natural enemies in controlling pests could decrease if pest 

distributions shift into regions outside the distributions of their natural 

enemies [43]. Changes in regulation or insecticide resistance could also 

increase reliance on populations of natural enemies of pests. 

Climate change is affecting both the timing of phenology and the spatial 

distribution of many species. This could potentially reduce access to 

quality seed [112], alter mycorrhizal associations or affect the landcover 

and vegetation composition in native forests.

Unresolved

Weeds 

(dependency)

The presence of weeds can increase the costs of plantation 

establishment and management [113], and affect the abundance and 

diversity of native vegetation [114]. Weeds compete for light, water 

and nutrients, and reduce forestry production [115]. In plantations, 

controlling competition from weeds during early establishment has 

been shown to significantly improve growth and yield [116-119].

Weed management is often largely undertaken prior to tree planting 

and can be chemical (herbicides) or non-chemical (cultivation, 

slashing, burning and grazing). The techniques for weed 

management are well understood and costs are only a small 

proportion of total expenditure. 

Well 

established

Climate change may affect the distribution of weeds, with some expected 

to expand while others will retract, depending on individual species’ 

responses to climatic factors [120]. In southern Australia, the projected 

increase in temperature and decrease in rainfall will potentially allow for 

the expansion of weed species currently restricted to the tropical north 

[121, 122]. Changes in the frequency of extreme events, such as fires, 

droughts or storms, can also provide the opportunity for weeds to invade 

and establish [122].

Herbicide resistance and reduced herbicide efficacy are additional threats

to future plantation productivity [123].

Unresolved

Pests and 

diseases 

(dependency)

Pest and disease damage on growth and survival of native and non-

native forestry species is well documented, and the financial losses 

can be substantial [124-128]. 

Pathogen infestations can result in tree mortality as well as lost 

production. For example, the fungal pathogen Myrtle rust is now 

widespread across Australia [129].

Plantations can be more vulnerable to pests and diseases due to the

low genetic diversity of clones and hybrids typically used [130].

Insects and fungi that are generally found in low numbers in native 

forests may become pests in eucalypt plantations [131, 132]. 

Additionally, the strong expectation of financial returns from 

plantations may lead to a lower tolerance to losses caused by pests 

and diseases. 

Well 

established

Future changes in temperature, precipitation, and relative humidity may 

affect pest and pathogen abundance and distribution, either directly [133]

or indirectly through physiological changes in the host, changes in natural 

enemies, competitors, and stress factors (e.g. drought) [134, 135]. There is 

uncertainty in the specific effects but generally, warmer annual mean 

temperatures are expected to increase the number of pest generations per 

year and the length of the damage season, as well as reducing winter 

mortality [136, 137]. Increasing winter temperatures are expected to 

facilitate range expansions of pests to higher altitudes and latitudes [138].

More frequent and severe droughts are also expected to increase pest and 

disease damage [139-141]. However, extreme high temperatures may also 

reduce survival and growth of insect and fungal species if their thermal 

limits are exceeded [138].
The risk from exotic pests is seen to be increasing, despite international 

regulations and biosecurity programs [142, 143].

Unresolved

Energy 

(dependency)

Forestry operations depend on fuel and energy use and this can be a 

substantial expense associated with harvesting [144] as well as log 

haulage. Diesel is the biggest energy input to forestry operations 

[145].

Well 

established

Poor energy efficiency relative to competitors could mean some forestry 

enterprises are unable to compete or are less attractive to investors looking 

for social and environmental impacts [146]. Fluctuating energy prices can 

affect business costs and profitability. However, there appears to be little 

correlation between fuel prices and the price of wood fibre, with studies 

showing that the price of wood products is dominated by supply and 

demand of the products rather than fuel price [147].

Inconclusive
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Table 4  Evidence for the financial materiality of natural capital impacts for Australian forestry

The materiality scores are given by the icons highlighted in red (high), orange (moderate) and green (low). For softwood

plantations,  

, hardwood

plantations

and native forest 

Risk Topic Evidence for degree of impact Confidence Evidence for severity of consequences to the business Confidence

Water use 

(impact)

All forests use water during growth. This water is then not 

available for groundwater recharge and/or surface water flows, and 

therefore diverted from other ecosystem uses and downstream 

users [148]. 

Afforestation can affect catchment water availability [149-153]. A

global systematic review found that in 80% of the studies the

impact of afforestation on water yield was negative [153]. Impacts 

are more significant in water-stressed catchments or catchments 

where water is already highly allocated [154]. Afforestation in 

upper catchments can also provide benefits downstream through 

reduced peak flows and flooding frequency [153].

Well 

established

In some locations, new or expanded plantations might be unable to obtain 

regulatory approval to proceed, or face higher costs in the form of water 

rights, however, it is only likely to apply in water-stressed catchments 

[155, 156]. Climate change impacts on rainfall and increased demand from 

other water users may increase water stress and the likelihood of increased 

regulation or social concern [157-159]. 

Established 

but 

incomplete

Water quality 

(impact)

Forestry activities (preparation, harvesting, burning and the 

construction of roads, landings, bridges, culverts, and stream 

crossings) can lead to increases in turbidity and suspended solids in 

watercourses [160, 161]. The magnitude of any potential impact is 

dependent on a number of factors such as the slope and soil texture, 

as well as the type and techniques used in construction of roads etc.

[162, 163]. 

Chemicals (fertilisers, herbicides and pesticides) can leach and leak

into watercourses. There is a general consensus that this is 

associated with only short term increases in concentrations and that 

longer-term risks to water quality are considered small [161, 164]. 

Well 

established

Current regulations promote the protection of water quality by minimising

the disturbance to watercourses and riparian zones [165]. Nevertheless, 

there are some ongoing community concerns with regard to forestry’s 

impact on water quality [162]. Substantial changes to regulation are 

currently considered unlikely, meaning the regulatory compliance costs are 

known and it reduces the risk of any future increases. 

Well 

established

Bushfires (impact) Any forestry burning operation runs the risk of escaping control. 

The likelihood of fire escaping and severity of any fire will depend 

on fuel properties of the unburnt forest (including its size and age), 

its proximity to the burn boundary, the weather conditions and any 

response to suppress the fire [166]. 

Machinery-started fires are a moderate risk for plantations due to 

the year-round operations, including in the summer months. 

Well 

established

Liability has been legally established for fires deliberately lit and then 

allowed to escape, regardless of the purpose for which the fire was lit

[169]. Therefore, forest landowners and managers may face the risk of 

having to financially compensate neighbours for escaped fire from 

activities such as prescribed burning or land clearing, however, there is 

uncertainty about the extent of liability [170]. Liability for failing to reduce 

fuel loads, and so possibly contributing to fire spreading from one property 

Unresolved

Prescribed burning is not used in established plantations but there 

may be some use of fire during site preparation or following 

harvesting to burn slash. Fire plays an important role in native 

forest management. It is used to create a favourable seedbed 

following logging, to achieve biodiversity outcomes and as part of 

fuel reduction burns [167, 168]. The more frequent and extensive 

use of fire in native forests means the risks of escape are higher.

to another, is theoretically possible, but would be legally difficult to 

establish and is not something that has precedent [169].

There is evidence of community concern regarding forestry estates and the 

perception of increased fire risk, particularly close to urban areas, which 

may lead to restrictions on the timing of forestry activities [171]. Financial 

consequences from escaped burns are uncertain but potentially very large. 

However, fire and fuel management practices and regulation, as well as the 

existence of public liability insurance, mitigates this risk.

Soil quality 

(impact)

Forestry operations can have significant impacts on soil quality. 

Forestry activities cause physical disruption or compaction of 

forest soil (e.g. establishment of roads and use of heavy harvesting 

machinery) [84]. This can lead to ponding, waterlogging and 

erosion [85]. Forestry operations can also increase soil erosion by 

loosening the soil and by removing groundcover, which exposes 

the soil. 

Management activities can affect soil carbon and nitrogen [172, 

173], site residues management post-harvest or pre-establishment 

can have significant impacts [86, 174]. Chemicals used to control 

weeds and pests can accumulate in the soil, influencing soil biota 

such as earthworm populations [175]. 

Well 

established

The consequences of soil quality degradation can be directly felt by 

forestry enterprises through impacts on tree growth and productivity, or 

indirectly through regulation or social concern. Soil management practices 

to minimise impacts (or repair damage) are well known and embedded in 

existing regulations and certification frameworks [165, 176].  

It is possible that more restrictive or costly regulation or voluntary 

certification schemes could be imposed in the future. However, the 

availability of well-understood mitigation options reduces the potential 

financial consequences of this risk. 

Well 

established

Contamination 

and waste 

(impact)

Overall, there is little evidence of significant land contamination. A 

study found that three bio-lubricants commonly used in forestry 

posed little risk to the environment [177]. Some evidence exists 

that shows that the leakage of oils used in chainsaws could alter 

soil physical properties by decreasing air-filled porosity and 

increasing water repellence of the soil [178]. 

Established 

but 

incomplete

Australian forestry enterprises have legal obligations to manage 

contamination that is either pre-existing or caused through their activities.

Voluntary certification standards also require forest managers to ensure 

that waste materials are disposed of in an environmentally appropriate 

manner and to demonstrate that chemicals and waste are not discharged to 

soil [176]. The costs of meeting these obligations are known and unlikely 

to change substantially in the future. 

Well  

established

Biodiversity 

(impact)

Native forestry can alter forest age structure by increasing the 

abundance of younger forest and hence reducing the abundance of 

mature habitat that is important for species that require nesting 

hollows, feed on flowers and fruits, or forage on bark [179-184]. 

Clearfelling regimes have been shown to impact species 

Well 

established

Community perceptions of forest management and issues around social 

licence to operate are complex and multifaceted, and can change over time 

[191-193]. There exists considerable community concern regarding native 

forestry activities and community pressure could further restrict forestry 

activities. There is also concern regarding the impacts of plantation 

Well 

established

293Current Forestry Reports  (2021) 7:282–304



is a need for improved understanding of natural capital risks 
to enable better decision-making by forestry enterprises, 
as well as their lenders and investors, regulators and other 
stakeholders. Assessing natural capital risks offers a range of 
benefits to enterprises, from improved risk management 
to the ability to access new financial opportunities [4], 

but one of the biggest opportunities is the ability to com-
municate risk information in a consistent and comparable 
way to stakeholders. Reporting nature-related risks is not 
yet mandatory in most jurisdictions, but there are grow-
ing expectations that this will become mainstream prac-
tice in future [223], following the recommendations of 

Table 4  (continued)
composition and abundance [185] with studies showing that 

aggregated retention silviculture sustained greater numbers of 

mature forest bird communities and beetle populations [183, 184].

Plantation harvesting practices also remove habitat and can affect 

landscape connectivity, while site preparation can damage soil 

structure, organic matter and soil biota [186]. However, most 

plantations in Australia are established on ex-agricultural or 

existing plantation land, which minimises some of the negative 

impacts [186-188]. Plantation forests can also play a role in 

protecting forest remnants in agricultural landscapes from 

biodiversity declines triggered by edge-effects [189] and contribute 

to catchment-level tree cover needed to maintain healthy aquatic 

ecosystems [190].

harvesting on biodiversity [191, 193]. There is the potential for this to 

increase as awareness of the biodiversity present grows and as certain 

species become more reliant on the habitat provided by plantations, due to 

other land use changes or climate change effects.

Special regulatory prescriptions can be activated where threatened species 

or communities are found to be present in forests, which may prohibit or 

restrict forestry activities in certain areas [194]. 

Weeds (impact) Forestry operations can cause weed spread and establishment 

through wildlings associated with softwood plantations [195, 196]

and to a lesser extent hardwood species [197]. Hardwood species 

can also contribute to genetic pollution of adjacent native stands 

[198].

Forestry management also contributes to weed spread through 

accidental dispersal of weeds by humans, vehicles and equipment 

[199, 200]. Soil disturbance associated with roading, site 

establishment and harvesting activities also provides conditions for 

weeds to propagate [201].

Well 

established

Concerns exist about weed infestations and much attention in Australia has 

focused on movement of weeds into national parks, conservation areas and 

agricultural land [202, 203]. Community concerns about weed incursions 

into neighbouring forested areas and waterways also exist and the resulting 

impact to biodiversity [204]. Such concern has the potential to lead to 

further regulatory restrictions or to affect social licence to operate. 

However, the consequences for businesses are unlikely to increase 

significantly, as weed management techniques are well developed and 

costs known.  

Well 

established

Pests and diseases 

(impact)

Forestry operations can influence the incidence of pests and 

diseases in adjacent forests through dispersion (the movement of 

vehicles, machinery and people between sites). This has been 

linked to the spread of soil-borne pathogens such as Phytophthora 
cinnamomi [205]. Plantations of exotic species can also facilitate

the introduction of non-native pests such as insects [206]. 

Forest disturbance can artificially elevate the abundance or 

distribution of pests or pathogens, such as Myrtle wilt [207]. 

Monoculture plantations can also increase pest and disease 

populations by providing a uniform source of food and optimal 

conditions [208].

Well 

established

Pests and diseases can be a concern for adjacent landowners and 

communities, who might be concerned that infestations may develop in 

high value conservation areas or on private land in urban areas [205, 209]. 

There is the potential for expanded regulation or further certification 

requirements to protect adjacent areas. This would have financial 

consequences for forestry businesses, but the probability of substantial 

change is considered to be low.

Established 

but 

incomplete

Greenhouse gas 

emissions 

(impact)

Forestry operations contribute to greenhouse gases through land 

use change, site preparation and establishment, management, and 

harvesting activities. Log haulage and harvesting are typically the 

greatest contributors to emissions per unit wood production in 

plantations and native forestry [210]. Management activities such 

(e.g. fertiliser) [95, 211] and fire can also contribute to emissions 

[210, 212, 213]. 

Direct operational emissions for Australian softwood production 

are low compared with native forestry and international 

comparisons [210], and almost two-thirds of production goes 

towards longer-lived wood products. For hardwoods in Australia, 

most production currently goes towards short-lived fibre products. 

Forest loss and degradation is recognised as a major source of 

emissions. However, conversion of native forests to plantations is 

now rare in Australia.

Well 

established

There is currently no direct carbon pricing applied to forestry operational 

emissions in Australia, with the exception of projects receiving funding for 

net emission reductions/removals from the Commonwealth Emissions 

Reduction Fund, which must deduct any operational emissions from 

calculated net emission reductions/removals. However, there is a risk that 

greenhouse gas emissions could be further regulated or priced in the future. 

This risk is offset by the potential for income generation through carbon 

sequestration schemes.  

Unresolved

Other air 

emissions 

(impact)

Fire is routinely used in native forests in Australia to reduce fire 

hazard, and for preparation of seedbeds, it is also sometimes used 

to remove harvest residue [168, 214]. In addition, both plantations 

and native forests are exposed to uncontrolled bushfires. The 

smoke from both controlled and uncontrolled burns can be a public 

health concern, particularly when burns are close to populated 

areas [215, 216].

Forests can also contribute to the formation of ozone (a problem in 

metropolitan areas) through emissions of volatile organic 

compounds (VOCs) [217-219].

Well 

established

Considerable community concern about smoke exists [220, 221] and the 

impacts of burning practices in regions where fire is routinely used as a 

management tool [222]. Currently, there are regulatory restrictions on the 

timing and type of burning to minimise the impact on surrounding areas, 

however, the business costs of these restrictions are relatively small and 

unlikely to increase substantially in the future. 

There is a risk of restrictions being tightened in future. The consequences 

for businesses are likely to be negative, but the magnitude of these 

consequences is currently uncertain. 

Established 

but 

incomplete

294 Current Forestry Reports  (2021) 7:282–304



the TCFD to encourage the disclosure of climate-related 
risks [16] and the recent establishment of an interna-
tional Taskforce on Nature-Related Risk Disclosure 
(TFND) [224].

A first step towards detailed understanding of natural cap-
ital risks at individual estate level is to conduct a materiality 
assessment at a broader scale, in order to identify key risk 
areas of likely relevance, as the potential scope of natural 
capital dependencies and impacts for any industry is vast, 
with hundreds of different ecosystem services being identi-
fied in international classifications [225]. The financial mate-
riality assessment presented here narrows down the potential 
scope to twenty key risk areas of relevance to Australian 
forestry, of which only seven to nine have been assessed 
as highly material for each industry sub-sector. This means 
that forestry enterprises, investors and other stakeholders can 
focus their available resources on more cost-effective assess-
ment and management of a small set of highly material risks, 
which can be gradually expanded over time, if necessary and 
practicable, to include lower materiality risks.

The most financially material risks for Australian for-
estry were associated with water availability, temperature, 
bushfire, storms and floods, soil quality and pests and dis-
eases (for all sub-sectors), and biodiversity (for native for-
ests). All of these highly material risks arise from natural 
capital dependencies, apart from biodiversity, which was 
an impact risk for native forests only, and bushfire and soil 
quality, which were highly material in terms of both impact 
and dependency risks (noting that bushfire impact is only 
assessed as highly material for native forests) (Tables 3 and 
4, with overall materiality scores illustrated in Fig. 4). For 
nearly all of these, there was high confidence in the assess-
ments based on well-established principles and processes 
described in the literature, for both the degree of the depend-
ency/impact and the severity of threats/consequences (with 
the exception of the severity of the threat for storms and 
floods, soil quality and pests and diseases and the sever-
ity of consequences for bushfire impact, which were all 
assessed as unresolved and thus are suitable targets for fur-
ther research). Overall, there was relatively high confidence 
in the evidence for degree of dependency/impact (80%/90% 
well established) and lower confidence in the evidence for 
severity of threat/consequences (30%/50% well established). 
The lower confidence for the severity of threats relates to the 
uncertainty about the future threats from climate change and 
for the severity of the consequences relates to there being 
limited evidence to link to specific financial consequences 
for forestry enterprises.

There is a reasonably high level of overall consistency 
in the materiality scores between the different sub-sectors 
in Australian forestry. However, there are a few important 

differences (Fig. 4). The main differences can be observed 
by comparing native forestry with plantations. For example, 
biodiversity is assessed as a more material impact risk from 
native forestry (high) compared to plantations (moderate) 
due to the potentially significant impact of clearfelling har-
vesting regimes in native forestry and the considerable com-
munity concern regarding impacts on threatened species. 
While plantations can also affect biodiversity, many planta-
tion forests are now established on ex-agricultural or exist-
ing plantation land in Australia, and so the industry-level 
materiality of the risk is lower. Bushfire impacts are also 
assessed as a more material risk for native forestry (high) 
compared to plantations (moderate) due to prescribed burn-
ing being more common for native eucalyptus forests, and 
the use of fire for preparing seed beds in native forestry. 
Similarly, other air emissions are assessed as more material 
for native forests (moderate) due to the greater use of pre-
scribed burning. Finally, water use is assessed as a lower risk 
for native forestry (low) compared to plantations (moderate) 
due to native forestry generally being a seen as a continu-
ation of existing land use, and so not substantially altering 
the available water for users downstream.

Softwood and hardwood plantations have broadly similar 
risks. Greenhouse gas emissions are assessed as a higher 
materiality risk for hardwood plantations (moderate) due 
to the higher proportion of wood that goes towards short-
lived fibre products. Fertilizer as a dependency risk is also 
assessed as higher risk for hardwood plantations (moderate) 
due to the greater use and reliance on fertilizer.

The limitations of this assessment include the fact that 
the results presented here apply only to the whole of indus-
try level in Australia, at the current time. Location-specific 
assessments may differ by geographic location both within 
Australia and globally. At the forestry estate level, it could 
also be the case that assessments may differ within the 
individual estate due to the large geographical extent of 
many forest estates. The methodology used here seeks to 
assess each topic separately, however, we acknowledge 
that risks rarely occur in isolation and understanding the 
interactions and interlinkages will be important in fur-
ther detailed analyses. It is also important to note that the 
financial materiality assessment presented here does not 
take into account the application of risk mitigation actions 
beyond standard industry practices (for example, those 
stipulated in industry codes of practice). Options for fur-
ther mitigation are identified in [21], and can potentially 
be used to modify the materiality assessments at enterprise 
scale. As such the results presented here relate to natural 
capital risks that are potentially financially material for 
forestry enterprises and should not be interpreted as esti-
mates of the actual risk.
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Fig. 4  Financial materiality 
assessment scores for depend-
ency and impact risks for 
Australian forestry – softwood 
plantations (a), hardwood 
plantations (b) and native 
forestry (c). The size of the bars 
(and corresponding colour) 
represents the materiality score 
associated with each risk cat-
egory, such that low materiality 
is represented with a short bar 
(close to the centre) and high 
materiality is represented by a 
long bar (which extends to the 
edge of the figure)
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Conclusions

Two key lessons emerge from our review: first, the most 
financially material risks for Australian forestry are 
largely associated with natural capital dependencies; and 
second, nearly all of the most material risks are likely 
to be exacerbated by climate change. In Australia, the 
management of forestry natural capital impacts is already 
highly regulated, with mitigation strategies in place. 
Dependency risks, on the other hand, are less well rec-
ognized, and more difficult to manage than impact risks. 
Greater awareness of these dependency risks is a first 
step towards taking more targeted action to mitigate and 
manage these risks. Climate change is identified as an 
underlying driver of environmental change affecting the 
most material dependencies, such as water availability, 
temperature, bushfires, storms and floods, soil quality 
and pests and diseases. Understanding how dependency 
risks will change in the future under a changing climate 
and how to mitigate those risks is a key challenge for the 
forestry industry.

Our framework and industry-level financial material-
ity assessment provides a guide to future assessments 
for individual forest estates. The use of frameworks and 
guidelines like this can (a) increase the comparability and 
credibility of assessments, (b) provide a systematic way 
for enterprises to identify what it is important to report 
against, and to manage in their operations, and (c) put 
the industry in a better position to disclose natural capital 
risks to markets and potential investors. Further research 
that builds on this paper will be required to enable indi-
vidual businesses to undertake natural capital risk assess-
ments. A key next step is to identify suitable data and 
indicators to address the most material risks. Those indi-
cators and data sources should adequately represent each 
risk and need to be feasible and cost-effective to measure 
and collate. Ideally, they should be harmonized across the 
industry and meet the needs of all relevant stakeholders. 
Further research to identify data sources and indicators 
would help reduce transaction costs for businesses and 
promote trust in the reliability, consistency and compara-
bility of reported information.

Acknowledgements The authors thank Tim Wardlaw for valuable 
insights and discussions during this work.

Funding All authors received funding from the National Institute for 
Forestry Product Innovation (NIFPI) (Launceston) under the grant 
NT011, NIFPI is supported by the Australian and Tasmanian State 
Governments. This research was also co-funded by CSIRO, Forest 
Practices Authority (FPA), Forico, National Australia Bank (NAB), 
Reliance Forest Fibre, Sustainable Timber Tasmania, PFT - Tree 
Alliance.

Declarations 

Conflict of Interest Greg Smith, Francisco Ascui, Anthony O’Grady 
and Libby Pinkard declare they have no conflict of interest.

Human and Animal Rights All reported studies/experiments with 
human or animal subjects performed by the authors have been pre-
viously published and complied with all applicable ethical standards 
(including the Helsinki declaration and its amendments, institutional/
national research committee standards, and international/national/insti-
tutional guidelines).

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http:// creat iveco mmons. 
org/ licen ses/ by/4. 0/.

References

Papers of particular interest, published recently, have 
been highlighted as:  
• Of importance 

 1. Pearce D. Economics, equity and sustainable development. 
Futures. 1988;20(6):598–605. https:// doi. org/ 10. 1016/ 0016- 
3287(88) 90002-X.

 2. Natural Capital Coalition. Natural Capital Protocol. London: 
Natural Capital Coalition; 2016.

 3. Millennium Ecosystem Assessment. Ecosystems and human 
well-being: synthesis. Washington: Island Press; 2005.

 4. Smith GS, Ascui F, O'Grady AP, Pinkard L. Opportunities for 
Natural Capital Financing in the Forestry Sector. Launceston, 
Australia: Prepared for National Institute for Forest Products 
Innovation (Launceston): NIF076–1819 [NT011]; 2021.

 5.• Ascui F, Cojoianu TF. Implementing natural capital credit 
risk assessment in agricultural lending. Bus Strateg Environ. 
2019;28:1234–49. https:// doi. org/ 10. 1002/ bse. 2313 This paper 
develops a natural capital credit risk assessment framework 
associated with natural capital impacts and dependencies for 
Australian beef production.

 6. • NCFA and UN Environment World Conservation Monitor-
ing Centre. Exploring natural capital opportunities, risks and 
exposure: A practical guide for financial institutions: Natural 
Capital Finance Alliance and UN Environment World Con-
servation Monitoring Centre; 2018. This document outlines 
the key concepts linking environmental change to business 
impacts.

 7. KPMG, FFI, and ACCA, Identifying natural capital risk and 
materiality. 2014.

 8. Ascui F, Cojoianu TF. Natural capital credit risk assess-
ment. In: Ma J, Caldecott B, Volz U, editors. Case Studies of 

297Current Forestry Reports  (2021) 7:282–304

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0016-3287(88)90002-X
https://doi.org/10.1016/0016-3287(88)90002-X
https://doi.org/10.1002/bse.2313


Environmental Risk Analysis Methodologies. Paris: Network 
of Central Banks and Supervisors for Greening the Financial 
System; 2020. p. 121–44.

 9. Mace GM, Hails RS, Cryle P, Harlow J, Clarke SJ. REVIEW: 
towards a risk register for natural capital. J Appl Ecol. 
2015;52(3):641–53. https:// doi. org/ 10. 1111/ 1365- 2664. 12431.

 10. Natural Capital Coalition. Natural capital protocol – Forest 
products sector guide. London: Natural Capital Coalition; 
2018.

 11. NCFA and PwC. Integrating Natural Capital in Risk Assess-
ments: A Step by Step Guide for Banks. Oxford: Natural Capital 
Finance Alliance and PricewaterhouseCoopers; 2018.

 12. • Ascui F, Cojoianu TF. Natural capital credit risk assessment 
in agricultural lending: an approach based on the natural capi-
tal protocol. Oxford: Natural Capital Finance Alliance; 2019. 
This report develops a natural capital credit risk assessment 
framework based on the business focused Natural Capital 
Protocol - a decision-making framework that enables organi-
sations to identify, measure and value their direct and indi-
rect impacts and dependencies on natural capital.

 13. Whitehead J. Prioritizing sustainability indicators: using mate-
riality analysis to guide sustainability assessment and strategy. 
Bus Strateg Environ. 2017;26(3):399–412. https:// doi. org/ 10. 
1002/ bse. 1928.

 14. Edgley C, Jones MJ, Atkins J. The adoption of the materiality 
concept in social and environmental reporting assurance: a field 
study approach. Br Account Rev. 2015;47(1):1–18. https:// doi. 
org/ 10. 1016/j. bar. 2014. 11. 001.

 15. GRI. GRI 103: Management Approach 2016: GRI Standards; 2016.
 16. Task Force on Climate-Related Financial Disclosures (TCFD), 

Recommendations of the Task Force on Climate-related Finan-
cial Disclosures. 2017.

 17. CDP, CDSB, GRI, IIRC, and SASB, Statement of Intent to Work 
Together Towards Comprehensive Corporate Reporting. 2020, 
Summary of alignment discussions among leading sustainabil-
ity and integrated reporting organisations CDP, CDSB, GRI, 
IIRC and SASB. Facilitated by the Impact Management Project, 
World Economic Forum and Deloitte.

 18. PwC. Valuing corporate environmental impacts: PwC methodol-
ogy document: PricewaterhouseCoopers; 2015.

 19. von Döhren P, Haase D. Ecosystem disservices research: a 
review of the state of the art with a focus on cities. Ecol Indic. 
2015;52:490–7.

 20. IPBES. The Assessment Report of the Intergovernmental Sci-
ence-Policy Platform on Biodiversity and Ecosystem Services on 
Pollinators, Pollination and Food Production. Bonn: Secretariat 
of the Intergovernmental Science-Policy Platform on Biodiver-
sity and Ecosystem Services; 2016.

 21. Smith GS, Ascui F, O'Grady AP, Pinkard E. Natural Capital 
Risk Assessment – Australian Forestry. Launceston: Prepared for 
National Institute for Forest Products Innovation (Launceston): 
NIF076–1819 [NT011]; 2021.

 22. Ellis TW, Hatton TJ. Relating leaf area index of natural euca-
lypt vegetation to climate variables in southern Australia. Agric 
Water Manag. 2008;95(6):743–7. https:// doi. org/ 10. 1016/j. 
agwat. 2008. 02. 007.

 23. Myers BJ, Theiveyanathan S, OBrien ND, Bond WJ. Growth and 
water use of Eucalyptus grandis and Pinus radiata plantations 
irrigated with effluent. Tree Physiol. 1996;16(1–2):211–9.

 24. Jovanovic T, Arnold R, Booth T. Determining the climatic 
suitability of Eucalyptus dunnii for plantations in Aus-
tralia, China and central and South America. New Forest. 
2000;19(3):215–26.

 25. Battaglia M, Cher ry ML, Beadle CL, Sands PJ, 
Hingston A. Prediction of leaf area index in eucalypt 

plantations: effects of water stress and temperature. Tree 
Physiol. 1998;18(8–9):521–8.

 26. Anderegg WRL, Kane JM, Anderegg LDL. Consequences of 
widespread tree mortality triggered by drought and temperature 
stress. Nat Clim Chang. 2013;3(1):30–6. https:// doi. org/ 10. 1038/ 
nclim ate16 35.

 27. Matusick G, Ruthrof KX, Brouwers NC, Dell B, Hardy GS. Sud-
den forest canopy collapse corresponding with extreme drought 
and heat in a mediterranean-type eucalypt forest in southwestern 
Australia. Eur J Forest Res. 2013;132(3):497–510. https:// doi. 
org/ 10. 1007/ s10342- 013- 0690-5.

 28. Drew DM, Downes GM, O'Grady AP, Read J, Worledge D. High 
resolution temporal variation in wood properties in irrigated and 
non-irrigated Eucalyptus globulus. Ann Forest Sci. 2009;66(4). 
https:// doi. org/ 10. 1051/ forest/ 20090 17.

 29. Medlyn BE, Zeppel M, Brouwers NC, Howard K, O’Gara E, 
Hardy G, et al. Biophysical impacts of climate change on Aus-
tralia's forests. Contribution of Work Package 2 to the Forest 
Vulnerability Assessment. Gold Coast: National Climate Change 
Adaptation Research Facility; 2011.

 30. Mummery D, Battaglia M. Significance of rainfall distribution in 
predicting eucalypt plantation growth, management options, and 
risk assessment using the process-based model CABALA. For-
est Ecol Manag. 2004;193(1):283–96. https:// doi. org/ 10. 1016/j. 
foreco. 2004. 01. 034.

 31. Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell 
N, Vennetier M, et al. A global overview of drought and heat-
induced tree mortality reveals emerging climate change risks for 
forests. Forest Ecol Manag. 2010;259(4):660–84. https:// doi. org/ 
10. 1016/j. foreco. 2009. 09. 001.

 32. Mitchell PJ, O'Grady AP, Hayes KR, Pinkard EA. Exposure 
of trees to drought- induced die- off is defined by a common 
climatic threshold across different vegetation types. Ecol 
Evol. 2014;4(7):1088–101. https:// doi. org/ 10. 1002/ ece3. 
1008.

 33. Harvey D. Accounting for plantation forest groundwater impacts 
in the lower South East of South Australia: Department of Water, 
Land and Biodiversity Conservation (Government of South Aus-
tralia); 2007.

 34. Steffen W, Hughes L. The critical decade: Western Australian 
climate change impacts. Canberra: Climate Commission Secre-
tariat; 2011.

 35. CSIRO and Bureau of Meteorology, State of the Climate 2018. 
2018.

 36. Dai A. Drought under global warming: a review. Wiley Interdis-
cip Rev Clim Chang. 2011;2(1):45–65.

 37. Earman S, Dettinger M. Potential impacts of climate change on 
groundwater resources–a global review. J Water Clim Chang. 
2011;2(4):213–29. https:// doi. org/ 10. 2166/ wcc. 2011. 034.

 38. Crosbie RS, McCallum JL, Walker GR, Chiew FHS. Episodic 
recharge and climate change in the Murray-Darling basin, Aus-
tralia. Hydrogeol J. 2012;20(2):245–61. https:// doi. org/ 10. 1007/ 
s10040- 011- 0804-4.

 39. Pinkard E, Bruce J, Battaglia M, Matthews S, Drew DM, 
Downes GM. Climate change and Australia's plantations. Mel-
bourne: Forest & Wood Products Australia; 2014.

 40. Pinkard E, Bruce J. Climate change and South Australia’s planta-
tions: impacts, risks and options for adaptation. Hobart: CSIRO; 
2011.

 41. Stephens M, Pinkard E, Keenan R. Plantation Forest industry 
climate change adaptation handbook: Australian Forest Products 
Association; 2012.

 42. Battaglia M, Bruce J, Brack C, Baker T. Climate change and 
Australia’s plantation estate: analysis of vulnerability and pre-
liminary investigation of adaptation options. Melbourne: Report 
to Forest and Wood Products Australia; 2009.

298 Current Forestry Reports  (2021) 7:282–304

https://doi.org/10.1111/1365-2664.12431
https://doi.org/10.1002/bse.1928
https://doi.org/10.1002/bse.1928
https://doi.org/10.1016/j.bar.2014.11.001
https://doi.org/10.1016/j.bar.2014.11.001
https://doi.org/10.1016/j.agwat.2008.02.007
https://doi.org/10.1016/j.agwat.2008.02.007
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1007/s10342-013-0690-5
https://doi.org/10.1007/s10342-013-0690-5
https://doi.org/10.1051/forest/2009017
https://doi.org/10.1016/j.foreco.2004.01.034
https://doi.org/10.1016/j.foreco.2004.01.034
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1002/ece3.1008
https://doi.org/10.1002/ece3.1008
https://doi.org/10.2166/wcc.2011.034
https://doi.org/10.1007/s10040-011-0804-4
https://doi.org/10.1007/s10040-011-0804-4


 43. Booth, T.H., L.M. Broadhurst, E. Pinkard, S.M. Prober, S.K. 
Dillon, D. Bush, ... A.G. Young, Native forests and climate 
change: Lessons from eucalypts. Forest Ecol Manag. 2015. 347: 
p. 18–29. https:// doi. org/ 10. 1016/j. foreco. 2015. 03. 002.

 44. Booth TH. Eucalypt plantations and climate change. Forest Ecol 
Manag. 2013;301:28–34. https:// doi. org/ 10. 1016/j. foreco. 2012. 
04. 004.

 45. Battaglia M, Bruce J. Direct climate change impacts on growth 
and drought risk in blue gum (Eucalyptus globulus) plantations 
in Australia. Aust For. 2017;80(4):216–27. https:// doi. org/ 10. 
1080/ 00049 158. 2017. 13654 03.

 46. Kirschbaum MUF. Forest growth and species distribution in a 
changing climate. Tree Physiol. 2000;20(5–6):309–22.

 47. Kirschbaum MUF, Watt MS, Tait A, Ausseil A-GE. Future wood 
productivity of Pinus radiata in New Zealand under expected 
climatic changes. Glob Chang Biol. 2012;18(4):1342–56. https:// 
doi. org/ 10. 1111/j. 1365- 2486. 2011. 02625.x.

 48. Teskey R, Wertin T, Bauweraerts I, Ameye M, McGuire MA, 
Steppe K. Responses of tree species to heat waves and extreme 
heat events. Plant Cell Environ. 2015;38(9):1699–712. https:// 
doi. org/ 10. 1111/ pce. 12417.

 49. O'Sullivan, O.S., M.A. Heskel, P.B. Reich, M.G. Tjoelker, L.K. 
Weerasinghe, A. Penillard, ... O.K. Atkin, Thermal limits of leaf 
metabolism across biomes. Glob Chang Biol. 2017. 23(1): p. 
209–223. https:// doi. org/ 10. 1111/ gcb. 13477.

 50. Drew DM, Bruce J, Downes GM. Future wood properties in Aus-
tralian forests: effects of temperature, rainfall and elevated CO2. 
Aust For. 2017;80(4):242–54. https:// doi. org/ 10. 1080/ 00049 158. 
2017. 13629 37.

 51. Woldendorp G, Hill MJ, Doran R, Ball MC. Frost in a future cli-
mate: modelling interactive effects of warmer temperatures and 
rising atmospheric [CO2] on the incidence and severity of frost 
damage in a temperate evergreen (Eucalyptus pauciflora). Glob 
Chang Biol. 2008;14(2):294–308. https:// doi. org/ 10. 1111/j. 
1365- 2486. 2007. 01499.x.

 52. CSIRO and Bureau of Meteorology. Climate change in Aus-
tralia information for Australia’s natural resource management 
regions: technical report. Australia: CSIRO and Bureau of Mete-
orology; 2015.

 53. Steffen W. Climate change 2009: Faster Change & More Serious 
Risks. Canberra, Australia: Australian Government: Department 
of Climate Change; 2009.

 54. Steffen W. Quantifying the impact of climate change on extreme 
heat in Australia. Climate Council of Australia Limited: Aus-
tralia; 2015.

 55. Barker DH, Loveys BR, Egerton JJG, Gorton H, Williams WE, 
Ball MC. CO2 enrichment predisposes foliage of a eucalypt to 
freezing injury and reduces spring growth. Plant Cell Environ. 
2005;28(12):1506–15. https:// doi. org/ 10. 1111/j. 1365- 3040. 
2005. 01387.x.

 56. Boer MM, Resco V. de Dios, and R.a. Bradstock, unprecedented 
burn area of Australian mega forest fires. Nat Clim Chang. 
2020;10(3):171–2. https:// doi. org/ 10. 1038/ s41558- 020- 0716-1.

 57. Sharples, J.J., G.J. Cary, P. Fox-Hughes, S. Mooney, J.P. Evans, 
M.S. Fletcher, ... P. Baker, Natural hazards in Australia: extreme 
bushfire. Clim Chang. 2016. 139(1): p. 85–99. https:// doi. org/ 
10. 1007/ s10584- 016- 1811-1.

 58. IFA. Bushfire recovery harvesting operations: The Institute of 
Foresters of Australia/Australian Forest Growers; 2020.

 59. Bartlett AG. Fire management strategies for Pinus radiata planta-
tions near urban areas. Aust For. 2012;75(1):43–53. https:// doi. 
org/ 10. 1080/ 00049 158. 2012. 10676 384.

 60. Clarke HG, Smith PL, Pitman AJ. Regional signatures of future 
fire weather over eastern Australia from global climate models. 

Int J Wildland Fire. 2011;20(4):550–62. https:// doi. org/ 10. 1071/ 
WF100 70.

 61. Clarke H, Pitman AJ, Kala J, Carouge C, Haverd V, Evans JP. 
An investigation of future fuel load and fire weather in Australia. 
Clim Chang. 2016;139(3–4):607–7. https:// doi. org/ 10. 1007/ 
s10584- 016- 1823-x.

 62. Clarke H, Lucas C, Smith P. Changes in Australian fire weather 
between 1973 and 2010. Int J Climatol. 2013;33(4):931–44. 
https:// doi. org/ 10. 1002/ joc. 3480.

 63. Matthews S, Sullivan AL, Watson P, Williams RJ. Climate 
change, fuel and fire behaviour in a eucalypt forest. Glob Chang 
Biol. 2012;18(10):3212–23. https:// doi. org/ 10. 1111/j. 1365- 
2486. 2012. 02768.x.

 64. Ximenes, F., M. Stephens, M. Brown, B. Law, M. Mylek, J. 
Schirmer, ... T. McGuffog, Mechanical fuel load reduction in 
Australia: a potential tool for bushfire mitigation. Aust Forest. 
2017. 80(2): p. 88–98. https:// doi. org/ 10. 1080/ 00049 158. 2017. 
13112 00.

 65. Bradstock R, Penman T, Boer M, Price O, Clarke H. Divergent 
responses of fire to recent warming and drying across South-
Eastern Australia. Glob Chang Biol. 2014;20(5):1412–28. 
https:// doi. org/ 10. 1111/ gcb. 12449.

 66. Harris RMB, Remenyi T, Fox-Hughes P, Love P, Bindoff NL. 
Exploring the future of fuel loads in Tasmania, Australia: shifts 
in vegetation in response to changing fire weather, productivity, 
and fire frequency. Forests. 2018;9(4). https:// doi. org/ 10. 3390/ 
f9040 210.

 67. Coppoletta M, Merriam KE, Collins BM. Post-fire vegetation 
and fuel development influences fire severity patterns in reburns. 
Ecol Appl. 2016;26(3):686–99.

 68. Tepley, A.J., E. Thomann, T.T. Veblen, G.L. Perry, A. Holz, 
J. Paritsis, ... K. Anderson-Teixeira, Influences of fire–vegeta-
tion feedbacks and post-fire recovery rates on forest landscape 
vulnerability to altered fire regimes. J Ecol. 2018. 106(5): p. 
1925–1940. https:// doi. org/ 10. 1111/ 1365- 2745. 12950.

 69. Burton J, Cawson J, Noske P, Sheridan G. Shifting states, 
altered fates: divergent fuel moisture responses after high fre-
quency wildfire in an obligate seeder eucalypt Forest. Forests. 
2019;10(5):436. https:// doi. org/ 10. 3390/ f1005 0436.

 70. Schelhaas M-J, Nabuurs G-J, Schuck A. Natural disturbances in 
the European forests in the 19th and 20th centuries. Glob Chang 
Biol. 2003;9(11):1620–33. https:// doi. org/ 10. 1046/j. 1365- 2486. 
2003. 00684.x.

 71. Cremer K. Nature and impact of damage by wind, hail and snow 
in Australia's pine plantations. Aust Forest. 1984;47(1):28–38.

 72. Wood MJ, Scott R, Volker PW, Mannes DJ. Windthrow in Tas-
mania, Australia: monitoring, prediction and management. For-
est Int J Forest Res. 2008;81(3):415–27. https:// doi. org/ 10. 1093/ 
fores try/ cpn005.

 73. Locatelli, T. B. Gardiner, S. Tarantola, B. Nicoll, J.M. Bon-
nefond, D. Garrigou, ... G. Patenaude, Modelling wind risk to 
Eucalyptus globulus (Labill.) stands. Forest Ecol Manag. 2016. 
365: p. 159–173. https:// doi. org/ 10. 1016/j. foreco. 2015. 12. 035.

 74. Private Forests Tasmania. Forests and wind risk in Tasmania: 
a guide for foresters, landowners and planners: Private Forests 
Tasmania; 2016.

 75. Walsh, K., C.J. White, K. McInnes, J. Holmes, S. Schuster, H. 
Richter, ... R.A. Warren, Natural hazards in Australia: storms, 
wind and hail. Clim Chang. 2016. 139(1): p. 55–67. https:// doi. 
org/ 10. 1007/ s10584- 016- 1737-7.

 76. McVicar, T.R., M.L. Roderick, R.J. Donohue, L.T. Li, T.G. Van 
Niel, A. Thomas, ... Y. Dinpashoh, Global review and synthesis 
of trends in observed terrestrial near-surface wind speeds: Impli-
cations for evaporation. J Hydrol. 2012. 416: p. 182–205. https:// 
doi. org/ 10. 1016/j. jhydr ol. 2011. 10. 024.

299Current Forestry Reports  (2021) 7:282–304

https://doi.org/10.1016/j.foreco.2015.03.002
https://doi.org/10.1016/j.foreco.2012.04.004
https://doi.org/10.1016/j.foreco.2012.04.004
https://doi.org/10.1080/00049158.2017.1365403
https://doi.org/10.1080/00049158.2017.1365403
https://doi.org/10.1111/j.1365-2486.2011.02625.x
https://doi.org/10.1111/j.1365-2486.2011.02625.x
https://doi.org/10.1111/pce.12417
https://doi.org/10.1111/pce.12417
https://doi.org/10.1111/gcb.13477
https://doi.org/10.1080/00049158.2017.1362937
https://doi.org/10.1080/00049158.2017.1362937
https://doi.org/10.1111/j.1365-2486.2007.01499.x
https://doi.org/10.1111/j.1365-2486.2007.01499.x
https://doi.org/10.1111/j.1365-3040.2005.01387.x
https://doi.org/10.1111/j.1365-3040.2005.01387.x
https://doi.org/10.1038/s41558-020-0716-1
https://doi.org/10.1007/s10584-016-1811-1
https://doi.org/10.1007/s10584-016-1811-1
https://doi.org/10.1080/00049158.2012.10676384
https://doi.org/10.1080/00049158.2012.10676384
https://doi.org/10.1071/WF10070
https://doi.org/10.1071/WF10070
https://doi.org/10.1007/s10584-016-1823-x
https://doi.org/10.1007/s10584-016-1823-x
https://doi.org/10.1002/joc.3480
https://doi.org/10.1111/j.1365-2486.2012.02768.x
https://doi.org/10.1111/j.1365-2486.2012.02768.x
https://doi.org/10.1080/00049158.2017.1311200
https://doi.org/10.1080/00049158.2017.1311200
https://doi.org/10.1111/gcb.12449
https://doi.org/10.3390/f9040210
https://doi.org/10.3390/f9040210
https://doi.org/10.1111/1365-2745.12950
https://doi.org/10.3390/f10050436
https://doi.org/10.1046/j.1365-2486.2003.00684.x
https://doi.org/10.1046/j.1365-2486.2003.00684.x
https://doi.org/10.1093/forestry/cpn005
https://doi.org/10.1093/forestry/cpn005
https://doi.org/10.1016/j.foreco.2015.12.035
https://doi.org/10.1007/s10584-016-1737-7
https://doi.org/10.1007/s10584-016-1737-7
https://doi.org/10.1016/j.jhydrol.2011.10.024
https://doi.org/10.1016/j.jhydrol.2011.10.024


 77. McVicar TR, Van Niel TG, Li LT, Roderick ML, Rayner DP, 
Ricciardulli L, Donohue RJ. Wind speed climatology and trends 
for Australia, 1975-2006: capturing the stilling phenomenon and 
comparison with near-surface reanalysis output. Geophys Res 
Lett. 2008;35(20). https:// doi. org/ 10. 1029/ 2008g l0356 27.

 78. Zeng, Z.Z., A.D. Ziegler, T. Searchinger, L. Yang, A.P. Chen, 
K.L. Ju, ... E.F. Wood, A reversal in global terrestrial stilling 
and its implications for wind energy production. Nat Clim 
Chang. 2019. 9(12): p. 979−985. https:// doi. org/ 10. 1038/ 
s41558- 019- 0622-6.

 79. Blennow K, Andersson M, Sallnas O, Olofsson E. Climate 
change and the probability of wind damage in two Swedish for-
ests. Forest Ecol Manag. 2010;259(4):818–30. https:// doi. org/ 
10. 1016/j. foreco. 2009. 07. 004.

 80. Blennow K, Andersson M, Bergh J, Sallnas O, Olofsson E. 
Potential climate change impacts on the probability of wind 
damage in a south Swedish forest. Clim Chang. 2010;99(1–
2):261–78. https:// doi. org/ 10. 1007/ s10584- 009- 9698-8.

 81. Reyer, C.P.O., S. Bathgate, K. Blennow, J.G. Borges, H. Bug-
mann, S. Delzon, ... M. Hanewinkel, Are forest disturbances 
amplifying or canceling out climate change-induced productiv-
ity changes in European forests? Environ Res Lett. 2017. 12(3). 
https:// doi. org/ 10. 1088/ 1748- 9326/ aa5ef1.

 82. Moore JR, Watt MS. Modelling the influence of predicted future 
climate change on the risk of wind damage within New Zealand's 
planted forests. Glob Chang Biol. 2015;21(8):3021–35. https:// 
doi. org/ 10. 1111/ gcb. 12900.

 83. Neilson WA. Plantation handbook. Hobart: Forestry Commis-
sion of Tasmania; 1990.

 84. Elliot WJ, Page-Dumroese D, Robichaud PR. The effects of 
Forest management on Erosion and soil productivity. In: Lal R, 
editor. Soil quality and soil erosion: CRC Press; 1998. p. 195.

 85. Grigal DF. Effects of extensive forest management on soil pro-
ductivity. Forest Ecol Manag. 2000;138(1–3):167–85.

 86. O’Hehir JF, Nambiar EKS. Productivity of three successive rota-
tions of P. radiata plantations in South Australia over a century. 
Forest Ecol Manag. 2010;259(10):1857–69. https:// doi. org/ 10. 
1016/j. foreco. 2009. 12. 004.

 87. Worrell R, Hampson A. The influence of some forest opera-
tions on the sustainable management of forest soils—a review. 
Forestry Int J Forest Res. 1997;70(1):61–85.

 88. Mendham DS, White DA, Battaglia M, McGrath JF, Short 
TM, Ogden GN, Kinal J. Soil water depletion and replenish-
ment during first- and early second-rotation Eucalyptus globu-
lus plantations with deep soil profiles. Agric Forest Meteorol. 
2011;151(12):1568–79. https:// doi. org/ 10. 1016/j. agrfo rmet. 
2011. 06. 014.

 89. Kirschbaum MUF. The temperature dependence of organic-mat-
ter decomposition—still a topic of debate. Soil Biol Biochem. 
2006;38(9):2510–8.

 90. Carvalhais, N., M. Forkel, M. Khomik, J. Bellarby, M. Jung, M. 
Migliavacca, ... U. Weber, Global covariation of carbon turno-
ver times with climate in terrestrial ecosystems. Nature, 2014. 
514(7521): p. 213–217.

 91. Hobley, E., B. Wilson, A. Wilkie, J. Gray, and T. Koen, Drivers 
of soil organic carbon storage and vertical distribution in Eastern 
Australia. Plant Soil 2015. 390(1): p. 111–127. https:// doi. org/ 
10. 1007/ s11104- 015- 2380-1.

 92. Davidson, E.A. and I.A. Janssens, Temperature sensitivity of soil 
carbon decomposition and feedbacks to climate change. Nature 
2006. 440(7081): p. 165–173.

 93. von Lützow M, Kögel-Knabner I. Temperature sensitivity of soil 
organic matter decomposition—what do we know? Biol Fertil 
Soils. 2009;46(1):1–15.

 94. Raison RJ, Khanna PK. Possible impacts of climate change on 
Forest soil health. In: Singh BP, Cowie AL, Chan KY, editors. 

Soil health and climate change. Berlin: Springer; 2011. p. 
257–85.

 95. May B, Smethurst P, Carlyle C, Mendham D, Bruce J, Baillie C. 
Review of fertiliser use in Australian forestry: Forest & Wood 
Products Australia: PRC072–0708; 2009.

 96. Smethurst P, Baillie C, Cherry M, Holz G. Fertilizer effects on 
LAI and growth of four Eucalyptus nitens plantations. Forest 
Ecol Manag. 2003;176(1–3):531–42.

 97. Forrester DI, Collopy JJ, Beadle CL, Baker TG. Effect of thin-
ning, pruning and nitrogen fertiliser application on light inter-
ception and light-use efficiency in a young Eucalyptus nitens 
plantation. Forest Ecol Manag. 2013;288:21–30. https:// doi. org/ 
10. 1016/j. foreco. 2011. 11. 024.

 98. Downes G, Harwood C, Washusen R, Ebdon N, Evans R, White 
D, Dumbrell I. Wood properties of Eucalyptus globulus at three 
sites in Western Australia: effects of fertiliser and plantation 
stocking. Aust Forest. 2014;77(3–4):179–88. https:// doi. org/ 10. 
1080/ 00049 158. 2014. 970742.

 99. Raymond CA, Muneri A. Effect of fertilizer on wood proper-
ties of Eucalyptus globulus. Can J For Res. 2000;30(1):136–44. 
https:// doi. org/ 10. 1139/ x99- 186.

 100. Elliott HJ, Bashford R, Greener A, Candy SG. Integrated pest 
management of the Tasmanian Eucalyptus leaf beetle, Chrysoph-
tharta bimaculata (Olivier)(Coleoptera: Chrysomelidae). Forest 
Ecol Manag. 1992;53(1–4):29–38.

 101. Elek J, Allen GR, Matsuki M. Effects of spraying with Dominex 
and Success on target and non-target species and rate of recolo-
nisation after spraying in Eucalyptus nitens plantations in Tas-
mania. Australia: Technical Report No TR133. Cooperative 
Research Centre for Sustainable Production Forestry; 2004.

 102. Elek J, Wardlaw T. Options for managing chrysomelid leaf bee-
tles in Australian eucalypt plantations: reducing the chemical 
footprint. Agric Forest Entomol. 2013;15(4):351–65.

 103. Steinbauer MJ, Short MW, Schmidt S. The influence of archi-
tectural and vegetational complexity in eucalypt plantations 
on communities of native wasp parasitoids: towards silvicul-
ture for sustainable pest management. Forest Ecol Manag. 
2006;233(1):153–64.

 104. Boesing AL, Nichols E, Metzger JP. Effects of landscape struc-
ture on avian-mediated insect pest control services: a review. 
Landsc Ecol. 2017;32(5):931–44.

 105. Shammas K, O'Connell AM, Grove TS, McMurtrie R, Damon 
P, Rance SJ. Contribution of decomposing harvest residues 
to nutrient cycling in a second rotation Eucalyptus globu-
lus plantation in South-Western Australia. Biol Fertil Soils. 
2003;38(4):228–35.

 106. Carlyle JC, Bligh MW, Nambiar EKS. Woody residue manage-
ment to reduce nitrogen and phosphorus leaching from sandy 
soil after clear-felling Pinus radiata plantations. Can J For Res. 
1998;28(8):1222–32.

 107. Achat DL, Deleuze C, Landmann G, Pousse N, Ranger J, 
Augusto L. Quantifying consequences of removing harvesting 
residues on forest soils and tree growth – a meta-analysis. Forest 
Ecol Manag. 2015;348:124–41. https:// doi. org/ 10. 1016/j. foreco. 
2015. 03. 042.

 108. Horton BM, Glen M, Davidson NJ, Ratkowsky D, Close DC, 
Wardlaw TJ, Mohammed C. Temperate eucalypt forest decline 
is linked to altered ectomycorrhizal communities mediated by 
soil chemistry. Forest Ecol Manag. 2013;302:329–37.

 109. Ishaq L, Barber PA, Hardy GESJ, Calver M, Dell B. Seed-
ling mycorrhizal type and soil chemistry are related to can-
opy condition of Eucalyptus gomphocephala. Mycorrhiza. 
2013;23(5):359–71.

 110. Warcup JH. The fungi forming mycorrhizas on eucalypt 
seedlings in regeneration coupes in Tasmania. Mycol Res. 
1991;95(3):329–32.

300 Current Forestry Reports  (2021) 7:282–304

https://doi.org/10.1029/2008gl035627
https://doi.org/10.1038/s41558-019-0622-6
https://doi.org/10.1038/s41558-019-0622-6
https://doi.org/10.1016/j.foreco.2009.07.004
https://doi.org/10.1016/j.foreco.2009.07.004
https://doi.org/10.1007/s10584-009-9698-8
https://doi.org/10.1088/1748-9326/aa5ef1
https://doi.org/10.1111/gcb.12900
https://doi.org/10.1111/gcb.12900
https://doi.org/10.1016/j.foreco.2009.12.004
https://doi.org/10.1016/j.foreco.2009.12.004
https://doi.org/10.1016/j.agrformet.2011.06.014
https://doi.org/10.1016/j.agrformet.2011.06.014
https://doi.org/10.1007/s11104-015-2380-1
https://doi.org/10.1007/s11104-015-2380-1
https://doi.org/10.1016/j.foreco.2011.11.024
https://doi.org/10.1016/j.foreco.2011.11.024
https://doi.org/10.1080/00049158.2014.970742
https://doi.org/10.1080/00049158.2014.970742
https://doi.org/10.1139/x99-186
https://doi.org/10.1016/j.foreco.2015.03.042
https://doi.org/10.1016/j.foreco.2015.03.042


 111. Potts BM, McGowen MH, Williams DR, Suitor S, Jones TH, 
Gore PL, Vaillancourt RE. Advances in reproductive biology and 
seed production systems of Eucalyptus: the case of Eucalyptus 
globulus. South Forest J Forest Sci. 2008;70(2):145–54. https:// 
doi. org/ 10. 2989/ SOUTH. FOR. 2008. 70.2. 10. 538.

 112. Ooi MKJ. Seed bank persistence and climate change. Seed Sci 
Res. 2012;22(S1):S53–60.

 113. Williams MC, Wardle GM. Pinus radiata invasion in Australia: 
identifying key knowledge gaps and research directions. Aust 
Ecol. 2007;32(7):721–39. https:// doi. org/ 10. 1111/j. 1442- 9993. 
2007. 01760.x.

 114. Grice AC. The impacts of invasive plant species on the biodiver-
sity of Australian rangelands. Rangel J. 2006;28(1):27–35.

 115. Vasic V, Konstantinovic B, Orlovic S. Weeds in forestry and 
possibilities of their control: INTECH Open Access Publisher; 
2012.

 116. Eyles A, Worledge D, Sands P, Ottenschlaeger ML, Paterson 
SC, Mendham D, O'Grady AP. Ecophysiological responses of a 
young blue gum (Eucalyptus globulus) plantation to weed con-
trol. Tree Physiol. 2012;32(8):1008–20. https:// doi. org/ 10. 1093/ 
treep hys/ tps058.

 117. Little KM, Rolando CA, Morris CD. An integrated analysis of 
33 Eucalyptus trials linking the onset of competition-induced 
tree growth suppression with management, physiographic and 
climatic factors. Ann Forest Sci. 2007;64(6):585–91.

 118. Adams P, Beadle C, Mendham N, Smethurst P. The impact 
of timing and duration of grass control on growth of a 
young Eucalyptus globulus Labill. Plantation. New Forest. 
2003;26(2):147–65.

 119. Wagner RG, Mohammed GH, Noland TL. Critical period of 
interspecific competition for northern conifers associated with 
herbaceous vegetation. Can J For Res. 1999;29(7):890–7.

 120. Boulter S. An assessment of the vulnerability of Australian for-
ests to the impacts of climate change: synthesis: contribution 
of work package 5 to the Forest vulnerability assessment. Gold 
Coast: National Climate Change Adaptation Research Facility; 
2012.

 121. Kriticos DJ, Watt MS, Potter KJB, Manning LK, Alexander 
NS, Tallent-Halsell N. Managing invasive weeds under climate 
change: considering the current and potential future distribution 
of Buddleja davidii. Weed Res. 2011;51(1):85–96. https:// doi. 
org/ 10. 1111/j. 1365- 3180. 2010. 00827.x.

 122. Scott JK, Batchelor KL, Ota N, Yeoh PB. Modelling climate 
change impacts on sleeper and alert weeds. Wembley: CSIRO; 
2008.

 123. Matzrafi M, Seiwert B, Reemtsma T, Rubin B, Peleg Z. Climate 
change increases the risk of herbicide-resistant weeds due to 
enhanced detoxification. Planta. 2016;244(6):1217–27. https:// 
doi. org/ 10. 1007/ s00425- 016- 2577-4.

 124. Carnegie, A.J. and R. Bashford, Sirex woodwasp in Australia: 
current management strategies, research and emerging issues. In: 
The Sirex Woodwasp and its Fungal Symbiont:. 2012, Springer. 
p. 175–201.

 125. Carnegie AJ, Ades PK. Mycosphaerella leaf disease reduces 
growth of plantation-grown Eucalyptus globulus. Aust Forest. 
2003;66(2):113–9. https:// doi. org/ 10. 1080/ 00049 158. 2003. 
10674 900.

 126. Loch AD, Matsuki M. Effects of defoliation by Eucalyptus wee-
vil, Gonipterus scutellatus, and chrysomelid beetles on growth 
of Eucalyptus globulus in southwestern Australia. Forest Ecol 
Manag. 2010;260(8):1324–32. https:// doi. org/ 10. 1016/j. foreco. 
2010. 07. 025.

 127. May BM, Carlyle JC. Effect of defoliation associated with Essi-
gella californica on growth of mid-rotation Pinus radiata. For-
est Ecol Manag. 2003;183(1):297–312. https:// doi. org/ 10. 1016/ 
S0378- 1127(03) 00111-7.

 128. Smith AH, Wardlaw TJ, Pinkard EA, Ratkowsky D, Mohammed 
CL. Impacts of Teratosphaeria leaf disease on plantation Euca-
lyptus globulus productivity. Forest Pathol. 2017;47(2):e12310. 
https:// doi. org/ 10. 1111/ efp. 12310.

 129. Carnegie AJ, Kathuria A, Pegg GS, Entwistle P, Nagel M, 
Giblin FR. Impact of the invasive rust Puccinia psidii (myrtle 
rust) on native Myrtaceae in natural ecosystems in Australia. 
Biol Invasions. 2016;18(1):127–44. https:// doi. org/ 10. 1007/ 
s10530- 015- 0996-y.

 130. Andjic, V., A.J. Carnegie, G.S. Pegg, G.E.S.J. Hardy, A. Max-
well, P.W. Crous, ... T.I. Burgess, 23 years of research on Ter-
atosphaeria leaf blight of Eucalyptus. Forest Ecol Manag. 2019. 
443: p. 19–27.

 131. Loch AD, Floyd RB. Insect pests of Tasmanian blue gum, 
Eucalyptus globulus globulus, in South-Western Australia: 
history, current perspectives and future prospects. Aust Ecol. 
2001;26(5):458–66. https:// doi. org/ 10. 1046/j. 1442- 9993. 2001. 
01145.x.

 132. Carnegie AJ, Keane PJ, Ades PK, Smith IW. Variation in suscep-
tibility of Eucalyptus-Globulus provenances to Mycosphaerella 
leaf disease. Can J For Res. 1994;24(9):1751–7. https:// doi. org/ 
10. 1139/ x94- 226.

 133. Sutherst RW, Baker RHA, Coakley SM, Harrington R, Kriticos 
DJ, Scherm H. Pests under global change – meeting your future 
landlords? In: Canadell JG, Pataki DE, Pitelka LF, editors. Ter-
restrial ecosystems in a changing world. Berlin: Springer; 2007. 
p. 211–26.

 134. Ayres MP, Lombardero MJ. Assessing the consequences of 
global change for forest disturbance from herbivores and patho-
gens. Sci Total Environ. 2000;262(3):263–86. https:// doi. org/ 10. 
1016/ S0048- 9697(00) 00528-3.

 135. Pinkard, E., J. Bruce, M. Battaglia, S. Matthews, D.M. Drew, 
G.M. Downes, ... M. Ottenschlaeger, Adaptation strategies to 
manage risk in Australia’s plantations. 2014, Forest & Wood 
Products Australia: PNC228–1011: Melbourne.

 136. Old KM, Stone C. Vulnerability of Australian forest carbon sinks 
to pests and pathogens in a changing climate. Canberra: Report 
to the Australian Greenhouse Office; 2005.

 137. Pinkard E, Herr A, Mohammed C, Glen M, Wardlaw T, Grove 
S. Predicting NPP of temperate forest systems: uncertainty 
associated with climate change and pest attack. Australia: Cli-
ent Report No. 167, CSIRO; 2009.

 138. Burdon JJ, Thrall PH, Ericson L. The current and future dynam-
ics of disease in plant communities. Annu Rev Phytopathol. 
2006;44:19–39. https:// doi. org/ 10. 1146/ annur ev. phyto. 43. 
040204. 140238.

 139. Seaton S, Matusick G, Ruthrof KX, Hardy GESJ. Out-
break of Phoracantha semipunctata in response to severe 
drought in a Mediterranean Eucalyptus forest. Forests. 
2015;6(11):3868–81.

 140. Keith H, van Gorsel E, Jacobsen KL, Cleugh HA. Dynamics of 
carbon exchange in a Eucalyptus forest in response to interact-
ing disturbance factors. Agric Forest Meteorol. 2012;153:67–81. 
https:// doi. org/ 10. 1016/j. agrfo rmet. 2011. 07. 019.

 141. Wills AJ, Farr JD. Gumleaf skeletoniser Uraba lugens (Lepidop-
tera: Nolidae) larval outbreaks occur in high rainfall Western 
Australian jarrah (Eucalyptus marginata) forest after drought. 
Aust Entomol. 2017;56(4):424–32. https:// doi. org/ 10. 1111/ aen. 
12255.

 142. Lawson SA, Carnegie AJ, Cameron N, Wardlaw T, Venn TJ. 
Risk of exotic pests to the Australian forest industry. Aust Forest. 
2018;81(1):3–13. https:// doi. org/ 10. 1080/ 00049 158. 2018. 14331 
19.

 143. Wardlaw T. An investment plan for research, development 
and extension to minimise threats from forest damage agents. 

301Current Forestry Reports  (2021) 7:282–304

https://doi.org/10.2989/SOUTH.FOR.2008.70.2.10.538
https://doi.org/10.2989/SOUTH.FOR.2008.70.2.10.538
https://doi.org/10.1111/j.1442-9993.2007.01760.x
https://doi.org/10.1111/j.1442-9993.2007.01760.x
https://doi.org/10.1093/treephys/tps058
https://doi.org/10.1093/treephys/tps058
https://doi.org/10.1111/j.1365-3180.2010.00827.x
https://doi.org/10.1111/j.1365-3180.2010.00827.x
https://doi.org/10.1007/s00425-016-2577-4
https://doi.org/10.1007/s00425-016-2577-4
https://doi.org/10.1080/00049158.2003.10674900
https://doi.org/10.1080/00049158.2003.10674900
https://doi.org/10.1016/j.foreco.2010.07.025
https://doi.org/10.1016/j.foreco.2010.07.025
https://doi.org/10.1016/S0378-1127(03)00111-7
https://doi.org/10.1016/S0378-1127(03)00111-7
https://doi.org/10.1111/efp.12310
https://doi.org/10.1007/s10530-015-0996-y
https://doi.org/10.1007/s10530-015-0996-y
https://doi.org/10.1046/j.1442-9993.2001.01145.x
https://doi.org/10.1046/j.1442-9993.2001.01145.x
https://doi.org/10.1139/x94-226
https://doi.org/10.1139/x94-226
https://doi.org/10.1016/S0048-9697(00)00528-3
https://doi.org/10.1016/S0048-9697(00)00528-3
https://doi.org/10.1146/annurev.phyto.43.040204.140238
https://doi.org/10.1146/annurev.phyto.43.040204.140238
https://doi.org/10.1016/j.agrformet.2011.07.019
https://doi.org/10.1111/aen.12255
https://doi.org/10.1111/aen.12255
https://doi.org/10.1080/00049158.2018.1433119
https://doi.org/10.1080/00049158.2018.1433119


Melbourne: GRC061–1819, Forest and Wood Products Aus-
tralia; 2019.

 144. Independent Pricing and Regulatory Tribunal. Review of 
forestry corporation of NSW’s native timber harvesting and 
haulage costs. New South Wales: Independent Pricing and 
Regulatory Tribunal (IPART); 2017.

 145. May B, England JR, Raison RJ, Paul KI. Cradle-to-gate inven-
tory of wood production from Australian softwood plantations 
and native hardwood forests: embodied energy, water use and 
other inputs. Forest Ecol Manag. 2012;264:37–50. https:// doi. 
org/ 10. 1016/j. foreco. 2011. 09. 016.

 146. Global Impact Investing Network. Roadmap for the future 
of impact investing: reshaping financial markets. New York: 
Global Impact Investing Network (GIIN); 2018.

 147. Coutu P. Oil Price volatility: does it impact delivered log 
costs? Forest2Market; 2019.

 148. Crosbie R, Jolly I, Leaney F, Petheram C, Wohling D. Review 
of Australian groundwater recharge studies: CSIRO: Water for 
a Healthy Country National Research Flagship; 2010.

 149. Zhang L, Dawes WR, Walker GR. Response of mean annual 
evapotranspiration to vegetation changes at catchment scale. 
Water Resour Res. 2001;37(3):701–8. https:// doi. org/ 10. 1029/ 
2000w r9003 25.

 150. Calder IR. Water use by forests, limits and controls. Tree 
Physiol. 1998;18(8–9):625–31. https:// doi. org/ 10. 1093/ treep 
hys/ 18.8- 9. 625.

 151. Benyon RG, Theiveyanathan S, Doody TM. Impacts of tree 
plantations on groundwater in South-Eastern Australia. Aust 
J Bot. 2006;54(2):181–92.

 152. Polglase P, Benyon RG. The impacts of plantations and native 
forests on water security: review and scientific assessment of 
regional issues and research needs: Forest & Wood Products 
Australia; 2009.

 153. Filoso S, Bezerra MO, Weiss KCB, Palmer MA. Impacts of 
forest restoration on water yield: a systematic review. PLoS 
One. 2017;12(8). https:// doi. org/ 10. 1371/ journ al. pone. 01832 
10.

 154. Prosser IP, Walker GR. A review of plantations as a water inter-
cepting land use in South Australia: CSIRO: Water for a Healthy 
Country National Research Flagship; 2009.

 155. Government of Western Australia: Department of Water. Plan-
tation forestry and water management guideline. Western Aus-
tralia: Australian Government: Water for the Future; 2009.

 156. Government of South Australia, Managing the water resource 
impacts of plantation forests: a statewide policy framework. 
2009.

 157. Stewart HTL, Race DH, Curtis AL. New forests in chang-
ing landscapes in south-East Australia. Int Forest Rev. 
2011;13(1):67–79.

 158. Gonçalves JLM, Alvares CA, Rocha JHT, Brandani CB, Hakam-
ada R. Eucalypt plantation management in regions with water 
stress. South Forest J Forest Sci. 2017;79(3):169–83.

 159. Kröger M. The political economy of global tree plantation 
expansion: a review. J Peasant Stud. 2014;41(2):235–61. https:// 
doi. org/ 10. 1080/ 03066 150. 2014. 890596.

 160. Forsyth AR, Bubb KA, Cox ME. Runoff, sediment loss and water 
quality from forest roads in a Southeast Queensland coastal plain 
Pinus plantation. Forest Ecol Manag. 2006;221(1):194–206. 
https:// doi. org/ 10. 1016/j. foreco. 2005. 09. 018.

 161. Baillie BR, Neary DG. Water quality in New Zealand’s planted 
forests: a review. N Z J Forest Sci. 2015;45(1):7. https:// doi. org/ 
10. 1186/ s40490- 015- 0040-0.

 162. Boston K. The potential effects of Forest roads on the envi-
ronment and mitigating their impacts. Curr Forest Rep. 
2016;2(4):215–22. https:// doi. org/ 10. 1007/ s40725- 016- 0044-x.

 163. Lane PNJ, Sheridan GJ. Impact of an unsealed forest road stream 
crossing: water quality and sediment sources. Hydrol Process. 
2002;16(13):2599–612. https:// doi. org/ 10. 1002/ hyp. 1050.

 164. Neary DG, Bush PB, Michael JL. Fate, dissipation and envi-
ronmental effects of pesticides in southern forests: a review 
of a decade of research progress. Environ Toxicol Chem. 
1993;12(3):411–28. https:// doi. org/ 10. 1002/ etc. 56201 20304.

 165. Forest Practices Authority. The Forest practices code 2015. 
Hobart, Tasmania: Forest Practices Authority; 2015.

 166. Slijepcevic A, Tolhurst KG, Saunder G, Whight S, Mars-
den-Smedley JB. A prescribed burning risk assessment tool 
(BRAT). In proceedings Bushfire Cooperative Research Centre 
and Australasian fire authorities council annual conference. 
Hobart, Tasmania; 2007.

 167. Fernandes PM, Botelho HS. A review of prescribed burning 
effectiveness in fire hazard reduction. Int J Wildland Fire. 
2003;12(2):117–28.

 168. McCaw WL. Managing forest fuels using prescribed fire – 
a perspective from southern Australia. Forest Ecol Manag. 
2013;294:217–24. https:// doi. org/ 10. 1016/j. foreco. 2012. 09. 
012.

 169. Eburn, M. and G. Cary. You own the fuel, but who owns the 
fire? In: Hazards CRC & AFAC conference. 2016. Brisbane, 
30 August – 1 September 2016.

 170. IFA. Submission to the AFAC review into the 2018/19 Tasma-
nian bushfires: Institute of Foresters of Australia; 2019.

 171. Clarke H, Tran B, Boer MM, Price O, Kenny B, Bradstock 
R. Climate change effects on the frequency, seasonality and 
interannual variability of suitable prescribed burning weather 
conditions in South-Eastern Australia. Agric Forest Meteorol. 
2019;271:148–57. https:// doi. org/ 10. 1016/j. agrfo rmet. 2019. 
03. 005.

 172. Jandl, R., M. Lindner, L. Vesterdal, B. Bauwens, R. Baritz, F. 
Hagedorn, ... K.A. Byrne, How strongly can forest manage-
ment influence soil carbon sequestration? Geoderma. 2007. 
137(3): p. 253–268. https:// doi. org/ 10. 1016/j. geode rma. 2006. 
09. 003.

 173. England J, Roxburgh S, Polglase P. Review of long-term trends 
in soil carbon stocks under harvested native forests in Australia. 
Australia: Report prepared for Department of the Environment, 
CSIRO Sustainable Agriculture Flagship; 2014.

 174. Smethurst PJ, Nambiar EKS. Effects of slash and litter manage-
ment on fluxes of nitrogen and tree growth in a young Pinusra-
diata plantation. Can J For Res. 1990;20(9):1498–507. https:// 
doi. org/ 10. 1139/ x90- 198.

 175. Yasmin S, D'Souza D. Effects of pesticides on the growth and 
reproduction of earthworm: a review. Appl Environ Soil Sci. 
2010;2010.

 176. FSC Australia. The FSC National Forest Stewardship Standardof 
Australia: Forest Stewardship Council: FSC-STD-AUS-01-2018 
EN; 2018.

 177. Cecutti C, Agius D. Ecotoxicity and biodegradability in soil and 
aqueous media of lubricants used in forestry applications. Biore-
sour Technol. 2008;99(17):8492–6. https:// doi. org/ 10. 1016/j. 
biort ech. 2008. 03. 050.

 178. Klamerus-Iwan A, Blonska E, Lasota J, Kalandyk A, Waligor-
ski P. Influence of oil contamination on physical and biological 
properties of Forest soil after chainsaw use. Water Air Soil Pol-
lut. 2015;226(11):9. https:// doi. org/ 10. 1007/ s11270- 015- 2649-2.

 179. Koch AJ, Chuter A, Munks SA. A review of forestry impacts 
on biodiversity and the effectiveness of ‘off-reserve’ manage-
ment actions in areas covered by the Tasmanian forest practices 
system. Hobart: Forest Practices Authority; 2012.

 180. Balmer, J., Floristic response to landscape context in vascular 
plant communities in Eucalyptus obliqua and Eucalyptus reg-
nans wet forest, southern Tasmania. 2016.

302 Current Forestry Reports  (2021) 7:282–304

https://doi.org/10.1016/j.foreco.2011.09.016
https://doi.org/10.1016/j.foreco.2011.09.016
https://doi.org/10.1029/2000wr900325
https://doi.org/10.1029/2000wr900325
https://doi.org/10.1093/treephys/18.8-9.625
https://doi.org/10.1093/treephys/18.8-9.625
https://doi.org/10.1371/journal.pone.0183210
https://doi.org/10.1371/journal.pone.0183210
https://doi.org/10.1080/03066150.2014.890596
https://doi.org/10.1080/03066150.2014.890596
https://doi.org/10.1016/j.foreco.2005.09.018
https://doi.org/10.1186/s40490-015-0040-0
https://doi.org/10.1186/s40490-015-0040-0
https://doi.org/10.1007/s40725-016-0044-x
https://doi.org/10.1002/hyp.1050
https://doi.org/10.1002/etc.5620120304
https://doi.org/10.1016/j.foreco.2012.09.012
https://doi.org/10.1016/j.foreco.2012.09.012
https://doi.org/10.1016/j.agrformet.2019.03.005
https://doi.org/10.1016/j.agrformet.2019.03.005
https://doi.org/10.1016/j.geoderma.2006.09.003
https://doi.org/10.1016/j.geoderma.2006.09.003
https://doi.org/10.1139/x90-198
https://doi.org/10.1139/x90-198
https://doi.org/10.1016/j.biortech.2008.03.050
https://doi.org/10.1016/j.biortech.2008.03.050
https://doi.org/10.1007/s11270-015-2649-2


 181. Brown MJ. Benign neglect and active management in Tasmania's 
forests: a dynamic balance or ecological collapse? Forest Ecol 
Manag. 1996;85(1–3):279–89.

 182. Hingston AB, Grove S. From clearfell coupe to old-growth for-
est: succession of bird assemblages in Tasmanian lowland wet 
eucalypt forests. Forest Ecol Manag. 2010;259(3):459–68.

 183. Baker SC, Grove SJ, Forster L, Bonham KJ, Bashford D. Short-
term responses of ground-active beetles to alternative silvicul-
tural systems in the Warra Silvicultural systems trial, Tasmania, 
Australia. Forest Ecol Manag. 2009;258(4):444–59.

 184. Lefort P, Grove S. Early responses of birds to clearfelling and 
its alternatives in lowland wet eucalypt forest in Tasmania, Aus-
tralia. Forest Ecol Manag. 2009;258(4):460–71.

 185. Fedrowitz, K., J. Koricheva, S.C. Baker, D.B. Lindenmayer, B. 
Palik, R. Rosenvald, ... L. Gustafsson, Review: Can retention for-
estry help conserve biodiversity? A meta-analysis. J Appl Ecol. 
2014. 51(6): p. 1669–1679. https:// doi. org/ 10. 1111/ 1365- 2664. 
12289.

 186. Brockerhoff EG, Jactel H, Parrotta JA, Quine CP, Sayer J. Plan-
tation forests and biodiversity: oxymoron or opportunity? Bio-
divers Conserv. 2008;17(5):925–51. https:// doi. org/ 10. 1007/ 
s10531- 008- 9380-x.

 187. Brockerhoff EG, Jactel H, Parrotta JA, Ferraz SFB. Role of euca-
lypt and other planted forests in biodiversity conservation and 
the provision of biodiversity-related ecosystem services. Forest 
Ecol Manag. 2013;301:43–50.

 188. Kanowski J, Catterall CP, Wardell-Johnson GW. Consequences 
of broadscale timber plantations for biodiversity in cleared rain-
forest landscapes of tropical and subtropical Australia. Forest 
Ecol Manag. 2005;208(1):359–72. https:// doi. org/ 10. 1016/j. 
foreco. 2005. 01. 018.

 189. MacHunter J, Wright W, Loyn R, Rayment P. Bird declines over 
22 years in forest remnants in southeastern Australia: evidence 
of faunal relaxation? Can J For Res. 2006;36(11):2756–68.

 190. Magierowski RH, Davies PE, Read SM, Horrigan N. Impacts of 
land use on the structure of river macroinvertebrate communities 
across Tasmania, Australia: spatial scales and thresholds. Mar 
Freshw Res. 2012;63(9):762–76.

 191. Ford RM, Williams KJH. How can social acceptability research 
in Australian forests inform social licence to operate? Forestry 
Int J Forest Res. 2016;89(5):512–24. https:// doi. org/ 10. 1093/ 
fores try/ cpv051.

 192. Kiley HM, Ainsworth GB, van Dongen WFD, Weston MA. 
Variation in public perceptions and attitudes towards terrestrial 
ecosystems. Sci Total Environ. 2017;590:440–51.

 193. Williams KJH. Public acceptance of plantation forestry: implica-
tions for policy and practice in Australian rural landscape. Land 
Use Policy. 2014;38:346–54.

 194. Tasmanian Government: Department of State Growth. Tasmania’s 
Forest management system: an overview (2017). Hobart; 2017.

 195. Virtue JG, Melland RL. The environmental weed risk of reveg-
etation and forestry plants: Department of Water, Land and Bio-
diversity Conservation, South Australia; 2003.

 196. Lindenmayer DB, McCarthy MA. The spatial distribution of 
non-native plant invaders in a pine–eucalypt landscape mosaic 
in South-Eastern Australia. Biol Conserv. 2001;102(1):77–87. 
https:// doi. org/ 10. 1016/ S0006- 3207(01) 00089-1.

 197. Calviño-Cancela M, van Etten EJB. Invasive potential of Euca-
lyptus globulus and Pinus radiata into native eucalypt forests 
in Western Australia. Forest Ecol Manag. 2018;424:246–58. 
https:// doi. org/ 10. 1016/j. foreco. 2018. 05. 001.

 198. Potts BM, Barbour RC, Hingston AB, Vaillancourt RE. Genetic 
pollution of native eucalypt gene pools-identifying the risks. 
Aust J Bot. 2003;51(1):1–25.

 199. Ansong M, Pickering C. Are weeds hitchhiking a ride on your 
car? A systematic review of seed dispersal on cars. PLoS One. 

2013;8(11):e80275–5. https:// doi. org/ 10. 1371/ journ al. pone. 
00802 75.

 200. van der Meulen AW, Sindel BM. Identifying and exploring 
pathways of weed spread within Australia: a literature review, 
in UNE61 – pathway risk analysis for weed spread within Aus-
tralia: University of New England; 2008.

 201. Ducket T. Managing Tasmaniaís pampas grass problem: a strat-
egy for control: Tasforests; 1989.

 202. Williams JA, West CJ. Environmental weeds in Australia and 
New Zealand: issues and approaches to management. Aust Ecol. 
2000;25(5):425–44. https:// doi. org/ 10. 1046/j. 1442- 9993. 2000. 
01081.x.

 203. Virtue, J.G., S.J. Bennett, and R.P. Randall. Plant introductions 
in Australia: how can we resolve ‘weedy’conflicts of interest. In: 
Proceedings of the 14th Australian Weeds Conference. 2004.

 204. Gawith D, Greenaway A, Samarasinghe O, Bayne K, 
Velarde S, Kravchenko A. Socio-ecological mapping gener-
ates public understanding of wilding conifer incursion. Biol 
Invasions. 2020;22(10):3031–49. https:// doi. org/ 10. 1007/ 
s10530- 020- 02309-2.

 205. Shearer BL, Smith IW. Diseases of eucalypts caused by soilborne 
species of Phytophthora and Pythium. In: Keane PJ, editor. Dis-
eases and pathogens of eucalypts. Melbourne: CSIRO Publish-
ing; 2000. p. 259–91.

 206. Grimbacher P, Matsuki M, Collett N, Elek J, Wardlaw T. Are 
insect herbivores in Eucalyptus globulus/nitens plantations a 
worsening problem? A multi-region spatio-temporal review of 
southern Australia. Hobart, Tasmania: Technical Report 216, 
Cooperative Research Centre for Forestry; 2011.

 207. Elliott HJ, Hickey JE, Jennings SM. Effects of selective log-
ging and regeneration treatments on mortality of retained 
trees in Tasmanian cool temperate rainforest. Aust Forest. 
2005;68(4):274–80.

 208. O'Reilly-Wapstra JM, Potts BM, McArthur C, Davies NW. 
Effects of nutrient variability on the genetic-based resistance 
of Eucalyptus globulus to a mammalian herbivore and on plant 
defensive chemistry. Oecologia. 2005;142(4):597–605. https:// 
doi. org/ 10. 1007/ s00442- 004- 1769-y.

 209. Carnegie A, Lawson S, Cameron N, Wardlaw T, Venn T. Evalu-
ating the costs and benefits of managing new and existing biose-
curity threats to Australia’s plantation industry. Melbourne: Pre-
pared for the Forest & Wood Products Australia PNC362–1415; 
2017.

 210. England JR, May B, Raison RJ, Paul KI. Cradle-to-gate inven-
tory of wood production from Australian softwood plantations 
and native hardwood forests: carbon sequestration and green-
house gas emissions. Forest Ecol Manag. 2013;302:295–307. 
https:// doi. org/ 10. 1016/j. foreco. 2013. 03. 010.

 211. May BM, Carlyle CJ. Nitrogen volatilisation from urea fertiliser 
in mid-rotation Pinus radiata plantations in South-Eastern Aus-
tralia. Aust Forest. 2005;68(1):20–6.

 212. Narayan C, Fernandes PM, van Brusselen J, Schuck A. Poten-
tial for CO2 emissions mitigation in Europe through prescribed 
burning in the context of the Kyoto protocol. Forest Ecol Manag. 
2007;251(3):164–73.

 213. Bradstock RA, Boer MM, Cary GJ, Price OF, Williams RJ, Bar-
rett D, et al. Modelling the potential for prescribed burning to 
mitigate carbon emissions from wildfires in fire-prone forests of 
Australia. Int J Wildland Fire. 2012;21(6):629–39. https:// doi. 
org/ 10. 1071/ Wf110 23.

 214. Scott RE, Neyland MG, McElwee DJ, Baker SC. Burning out-
comes following aggregated retention harvesting in old-growth 
wet eucalypt forests. Forest Ecol Manag. 2012;276:165–73. 
https:// doi. org/ 10. 1016/j. foreco. 2012. 03. 026.

 215. Johnston F, Hanigan I, Henderson S, Morgan G, Bowman D. 
Extreme air pollution events from bushfires and dust storms and 

303Current Forestry Reports  (2021) 7:282–304

https://doi.org/10.1111/1365-2664.12289
https://doi.org/10.1111/1365-2664.12289
https://doi.org/10.1007/s10531-008-9380-x
https://doi.org/10.1007/s10531-008-9380-x
https://doi.org/10.1016/j.foreco.2005.01.018
https://doi.org/10.1016/j.foreco.2005.01.018
https://doi.org/10.1093/forestry/cpv051
https://doi.org/10.1093/forestry/cpv051
https://doi.org/10.1016/S0006-3207(01)00089-1
https://doi.org/10.1016/j.foreco.2018.05.001
https://doi.org/10.1371/journal.pone.0080275
https://doi.org/10.1371/journal.pone.0080275
https://doi.org/10.1046/j.1442-9993.2000.01081.x
https://doi.org/10.1046/j.1442-9993.2000.01081.x
https://doi.org/10.1007/s10530-020-02309-2
https://doi.org/10.1007/s10530-020-02309-2
https://doi.org/10.1007/s00442-004-1769-y
https://doi.org/10.1007/s00442-004-1769-y
https://doi.org/10.1016/j.foreco.2013.03.010
https://doi.org/10.1071/Wf11023
https://doi.org/10.1071/Wf11023
https://doi.org/10.1016/j.foreco.2012.03.026


their association with mortality in Sydney, Australia 1994–2007. 
Environ Res. 2011;111(6):811–6.

 216. Johnston, F.H., S.B. Henderson, Y. Chen, J.T. Randerson, M. 
Marlier, R.S. DeFries, ... M. Brauer, Estimated global mortal-
ity attributable to smoke from landscape fires. Environ Health 
Perspect. 2012. 120(5): p. 695–701.

 217. Nguyen Duc H, Chang LTC, Trieu T, Salter D, Scorgie Y. Source 
contributions to ozone formation in the New South Wales greater 
metropolitan region, Australia. Atmosphere. 2018;9(11):443.

 218. Emmerson, K.M., I.E. Galbally, A.B. Guenther, C. Paton-Walsh, 
E.A. Guerette, M.E. Cope, ... S.D. Maleknia, Current estimates 
of biogenic emissions from eucalypts uncertain for southeast 
Australia. Atmos Chem Phys. 2016. 16(11): p. 6997–7011. 
https:// doi. org/ 10. 5194/ acp- 16- 6997- 2016.

 219. Owen, S.M., C.N. Hewitt, and C.S. Rowland, Scaling emissions 
from agroforestry plantations and urban habitats. In: Biology, 
controls and models of tree volatile organic compound emis-
sions. 2013, Springer. p. 415–450.

 220. AFAC and FFMG. Overview of prescribed burning in Australa-
sia: report for National Burning Project: sub-project 1: Australa-
sian Fire and Emergency Service Authorities Council (AFAC) 
and Forest Fire Management Group (FFMG); 2015.

 221. Johnston F, Bowman D. Bushfire smoke: an exemplar of cou-
pled human and natural systems. Geogr Res. 2014;52(1):45–54. 
https:// doi. org/ 10. 1111/ 1745- 5871. 12028.

 222. Bell T, Oliveras I. Perceptions of prescribed burning in a local 
forest community in Victoria, Australia. Environ Manag. 
2006;38(5):867–78.

 223. CDP, IGCC, and PRI. Confusion to clarity: A plan for mandatory 
TCFD-aligned disclosure in Australia: CDP, IGCC, PRI; 2021.

 224. Task Force on Nature-Related Financial Disclosures (TNFD). 
Bringing Together a Task Force on Nature-related Financial Dis-
closures. 2020 [cited 2020 12/11/2020]; Available from: https:// 
tnfd. info/.

 225. Haines-Young, R. and M.B. Potschin, Common international 
classification ofEcosystem services (CICES) V5.1 and guidance 
on the application of the revised structure. 2017.

 226. CDSB, CDSB Framework for reporting environmental & climate 
change information: Advancing and aligning disclosure of envi-
ronmental information in mainstream reports. 2019.

 227. AASB and AUASB. Climate-related and other emerging risks 
disclosures: assessing financial statement materiality using 
AASB/IASB Practice Statement 2. Australia: Australian Gov-
ernment: Australian Accounting Standards Board and Australian 
Government: Auditing and Assurance Standards Board; 2019.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

304 Current Forestry Reports  (2021) 7:282–304

https://doi.org/10.5194/acp-16-6997-2016
https://doi.org/10.1111/1745-5871.12028
https://tnfd.info/
https://tnfd.info/

	Materiality Assessment of Natural Capital Risks in Australian Forestry
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Key Concepts in Natural Capital Risk
	Methodology: A Combined Evidence-Based and Expert-Review Assessment of Financial Materiality
	Results
	Discussion
	Conclusions
	Acknowledgements 
	References


