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Old growth is a critical growth stage in many forest types globally. It has many key ecological roles including biodiversity conservation, carbon storage and the provision of services such as water production. The extent of old growth forest has been declining in many ecosystems around the world, with major ecological and ecosystem service consequences. Important insights about such declines, as well as the structure, function and conservation of old growth forest, can be gained from detailed cross-sectional and longitudinal studies of different age cohorts within a given forest ecosystem. In this review article, we outline key insights into the characteristics of, and threats to old growth forests, using the Mountain Ash (Eucalyptus regnans) forests of the Central Highlands of Victoria, south-eastern Australia as a detailed case study. These forests are dominated by the tallest flowering plants on earth and have been subject to several decades of intense study. These studies show that old growth Mountain Ash forests are characterized by (among other features): giant trees (approaching 100 m tall and sometimes exceeding 20 m in circumference), numerous trees with hollows, an understorey of Acacia and rainforest trees, a range of plant and animal species that are rare or absent in younger aged stands, and moist, nutrient-rich soils. The area of old growth Mountain Ash forest has declined to 1.16% of the ∼141,000 ha area occupied by ash-type forests in the Central Highlands region. This is up to 60 times less than it was at the time of European colonization ∼220 years ago. The loss of old growth has major implications for bird, mammal and other biodiversity, as well as for carbon storage and water production for human consumption. The main drivers of old growth decline are recurrent wildfire, widespread clearcutting, and a logging-fire interaction in which cut and then regenerated forests become more flammable and are at significantly elevated risk of burning at high (stand replacing) severity. Climate change is also a driver of old growth decline both through elevating the mortality of large old living trees and underpinning an increase in the frequency of high severity wildfire. These interacting drivers mean that restoring old growth Mountain Ash forest will be an ecological and policy challenge. We argue that a first step must be to cease all commercial logging in the Mountain Ash ecosystem to allow new cohorts of old growth forest to be recruited and thereby expand the extent of the old growth estate. In addition, the Government of Victoria should revert to a past definition of old growth that made it easier for forest to qualify for protection. Given there are high risks of recurrent high-severity wildfire in the existing Mountain Ash forest estate which is dominated by highly flammable young regrowth forest, new technologies (such as the use of drones and satellites) are needed to rapidly detect and then suppress ignitions before fires become large and difficult to control. Mountain Ash forests have provided an important natural laboratory for understanding the dynamics, management and conservation of old growth forest. They have also helped generate some valuable general perspectives likely to be relevant to other forest ecosystems globally. These include: (1) the critical value of multi-facetted cross-sectional and longitudinal studies in quantifying attributes of, and threats to, old growth forest, (2) the need for a carefully crafted definition of old growth that will typically be ecosystem-specific and based on the time required to develop key ecosystem attributes (e.g., large old trees), (3) the importance of rigorous protection measures because poor decisions that result in the loss of old growth now will take prolonged periods to rectify, and (4) setting protection levels that are relative to the existing spatial coverage of remaining old growth and the extent and impacts of stressors driving old growth decline.
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INTRODUCTION

Old growth forest has long been recognized as an important growth stage of many forest types globally (Franklin et al., 1981; Ambrose, 1982; Shao and Zhao, 1998; Sillett et al., 2000; Aakala et al., 2008; Colangelo et al., 2021). This is because of the many ecological and ecosystem service values of old growth forest, including as habitat for biodiversity (Bart and Forsman, 1992; Lindenmayer and Franklin, 2002; Betts et al., 2017; Phalan et al., 2019; Jones et al., 2021), for long-term carbon storage (Luyssaert et al., 2008; Keith et al., 2009; Moomaw et al., 2019), and the provision of clean air and water (Vertessy et al., 2001; Watson et al., 2018).

Despite the numerous key ecological values of old growth forests, their spatial extent has declined rapidly in many areas around the world (Vora, 1994; Watson et al., 2018; Lindenmayer and Taylor, 2020; McDowell et al., 2020). Several factors have contributed to these declines including (among others): land clearing for agriculture, industrial logging, fire, insect attack and climate change (Crowther et al., 2015; Lindenmayer and Laurance, 2017; Watson et al., 2018; McDowell et al., 2020). These drivers can act independently, or in combination, and reduce the spatial extent and erode the integrity of old growth forest ecosystems (Buma, 2015; Lindenmayer et al., 2022d).

Old growth stages of forest ecosystems can be structurally and compositionally complex environments (Franklin et al., 1981, 2002; Burgman, 1996; Gilhen-Baker et al., 2022). However, how they are defined, the range of ecological and other roles they play, and the threats they face can vary markedly between ecosystems (Burgman, 1996; Lindenmayer and Franklin, 2002; van Pelt, 2007; Martin et al., 2021). Many studies show that it is not possible to develop a generic definition of old growth forest that can be applied uncritically to all forest types and all regions. As an example, in British Columbia, Canada, some studies in coastal areas have defined old growth stands as those exceeding 250 years old, whereas in interior forests, old growth stands are defined as those older than 140 years [e.g., see MacKinnon and Vold (1998)]. In a further example, some old growth stands of Douglas Fir (Pseudotsuga menziesii) forests in the Pacific Northwest of the United States are defined as exceeding 210 years, whereas markedly different age cohorts are used to distinguish old growth in forests dominated by other tree species (van Pelt, 2007). However, most definitions of old growth are indicative of the advanced age of dominant overstorey trees (Dyne, 1991; van Pelt, 2007; Gilhen-Baker et al., 2022) and the paucity of recent severe disturbances (Woodgate et al., 1994; Hunter and Schmiegelow, 2011) often in ecosystems where major disturbances (typically wildfires) are stand-replacing or partially stand-replacing events (Franklin et al., 1981; van Pelt, 2007; Lindenmayer et al., 2019b). Beyond such generalizations, ecosystem-specific definitions of old growth will be underpinned by key elements of stand structure such as tree canopy shape and density, the development of tree-hollows, stocking rates of trees, the presence of large quantities of coarse woody debris (including in streams), and the presence and abundance of particular plants such as epiphytes and ferns (see Franklin et al., 1981; van Pelt, 2007).

A combination of cross-sectional or chronosequence investigations, longitudinal studies (sensu Cunningham and Lindenmayer, 2016) and other kinds of work (e.g., predictive modeling and simulation modeling) can provide a comprehensive understanding of the unique characteristics of old-growth forests, identify their key threats and determine the most effective way to both conserve existing and facilitate the recruitment of new cohorts of old growth forest. In this paper, we outline the unique characteristics and ecological dynamics of old-growth forests and identify key threats to their preservation, conservation, and recruitment using Mountain Ash (Eucalyptus regnans) forests of mainland south-eastern Australia as a detailed case study. To do this, we draw on key insights generated from approximately four decades of investigations in these forests, including cross-sectional and longitudinal studies as well as modeling (e.g., Ball et al., 1999; Tulloch et al., 2018; Cary et al., 2021; Lindenmayer et al., 2022a). Old growth Mountain Ash forest was formerly defined as stands of dominant overstorey eucalypt trees exceeding 120 years old (Macfarlane and Seebeck, 1991). This is the age when large Eucalyptus trees first begin to develop cavities (Ambrose, 1982) and become critical nesting and denning resources for an array of forest-dependent species in these ecosystems (Lindenmayer, 1997; Lindenmayer et al., 2017a). More recently, old growth Mountain Ash forest has been redefined as stands of overstorey eucalypt trees exceeding 250 years (Office of the Conservation Regulator, 2019), although there is limited ecological principal for such changes, especially for threatened cavity-dependent species (Blair et al., 2018). For the purposes of this paper, on an ecological basis, we define old growth Mountain Ash forests as stands of overstorey eucalypts exceeding 120 years old.

Old growth Mountain Ash forests are spectacular (Figure 1) and support the tallest flowering trees on earth (approaching 100 m in height) (Ashton, 1975). Mountain Ash forests have been the target of detailed ecological and ecosystem service studies for almost four decades (Lindenmayer et al., 2015, 2022a; Bowd et al., 2021c; Bowd E. J. et al., 2021; Bowd et al., 2022), with some key long-term studies (e.g., temporal changes in populations of large old trees and populations of biota) (Lindenmayer et al., 2020) as well as a number of chronosequence investigations [e.g., disturbance effects on plant communities and soil nutrients and composition; (Bowd et al., 2018, 2019)]. Mountain Ash is an obligate seeder tree species that is vulnerable to disturbance at short intervals, with almost complete stand replacement occurring after high-severity disturbances including wildfire and clearcut logging (Ashton, 1981). We discuss how regimes of these natural and human disturbances can influence the age class structure of Mountain Ash forests, including the spatial extent of old growth forests at stand and landscape scales. We summarize ways in which this critically important growth stage can be better protected, especially through the cessation of widespread clearcut (industrial) logging, and the recruitment of existing areas of advanced regrowth that will be a key source of future stands of old growth forest. Finally, we present some general lessons from the substantial body of work in Australian Mountain Ash forests that may help guide old growth conservation efforts in other forest ecosystems globally.
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FIGURE 1. A stand of old growth Mountain Ash forest with an image of one of the authors (DL) highlighting the diameter and height of the trees. The image shows site 470 – one of a network of long-term sites where fauna, flora and vegetation structure have been studied for approximately four decades (Photo by Esther Beaton).




BACKGROUND

Our overview of the importance of old growth Mountain Ash forests focuses on the Central Highlands of Victoria, a ∼80 km × 60 km region located approximately 120 km north-east of Melbourne, south-eastern Australia (Figure 2). The Mountain Ash forests of the Central Highlands of Victoria are a specifically defined and recognized ecosystem type (Burns et al., 2015) and they cover approximately 141,000 ha in the region. Over the past 40 years, the fauna and flora of these forests, and their responses to human and natural disturbance and post-perturbation recovery, have been well-documented (Flint and Fagg, 2007; Lindenmayer et al., 2015; Bowd et al., 2021a; Bowd E. J. et al., 2021; Bowd et al., 2022). This includes critical long-term insights generated by repeated biodiversity and vegetation surveys conducted across 183 long-term field sites (see Figure 2). The characteristics, dynamics, and ecological values of old growth stands have been a vital part of this work (e.g., Franklin et al., 1981; Lindenmayer et al., 2000a,2019a, 2021, 2022a,b; van Pelt, 2007; Bowd et al., 2019) and these topics are a key focus of this article.
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FIGURE 2. Map of Central Highlands region with long-term field sites where data on biodiversity and vegetation structure have been gathered (as indicated by colored dots).



Disturbance Regimes and Old Growth Mountain Ash Forests

Fire is the primary form of natural disturbance in Mountain Ash forests (Lindenmayer et al., 2022d). Mountain Ash trees depend on specific fire regimes to regenerate and maintain their functional integrity. Mountain Ash trees are often killed by high severity wildfire, but rapidly regenerate after fire from canopy-stored seed, often as even-aged cohorts of trees (Smith et al., 2014). The natural regime is rare, high-severity, stand-replacing wildfire that occurs on average every 75–150 years (Cary et al., 2021) but ranges from 30 to 300+ years depending on the location in the landscape (Mackey et al., 2002). Old growth forests typically occur in cooler, wetter and more sheltered parts of Mountain Ash-dominated landscapes (Mackey et al., 2002).

In the long (>200 years) absence of fire, Mountain Ash forests can transition into cool temperate rainforests dominated by Southern Sassafras (Atherosperma moschatum) and Myrtle Beech (Nothofagus cunninghamii) (Lindenmayer et al., 2000b). Conversely, frequent, high-severity wildfire (<20–30 intervals) can preclude stands from reaching sexual maturity and developing viable seed stores (Von Takach Dukai et al., 2018), resulting in regeneration failure and eventual ecological collapse (Lindenmayer et al., 2011; Burns et al., 2015). This can lead to Mountain Ash forests being replaced by Acacia spp. woodland (Lindenmayer et al., 2011) – sometimes termed the “interval squeeze” problem (Enright et al., 2015; Lindenmayer et al., 2022d). Evidence for the development of this phenomenon has been described in several other ecosystems around the world, with anthropogenically-driven climatic changes resulting in increased forest wildfires at a global scale (Fonseca et al., 2019; Canadell et al., 2021; van Oldenborgh et al., 2021). These include the wet eucalypt forests of north-eastern Victoria and Tasmania (Enright et al., 2015; Furlaud et al., 2021), North-American subalpine lodgepole pine forests (Turner et al., 2019), and Canadian conifer forests (Buma et al., 2013).

Moderate-low severity fires in Mountain Ash forests are partial stand-replacing events and lead to the development of multi-aged stands comprising living and dead overstorey trees (Lindenmayer and McCarthy, 1998). The severity of wildfires in Mountain Ash forests is influenced by the age of the forest at the time it is burnt. The highest severity fires occur in young (7–36 years old) stands, whereas the lowest severity fires are in stands which exceed ∼100 years old (Taylor et al., 2014). Indeed, no stands of old growth are purely a single age, but rather support trees from two or more age cohorts, including large old fire-scarred living trees (Lindenmayer et al., 2000a). In addition, fires in older stands typically produce more biological legacies (sensu Franklin et al., 2000) than fires in young stands (Lindenmayer et al., 2019b), and support a more diverse vegetation assemblage and accelerated recovery rate (Bowd et al., 2021a).

The biological legacies remaining in burnt stands provide critical habitat elements for birds, mammals, vascular plants and bryophytes (Lindenmayer et al., 2019b). Therefore, the habitat value of regenerating Mountain Ash forests after fire is strongly influenced by the age of the forest prior to a fire (Figure 3). For instance, forests regenerating after fire in prior old growth forests are structurally heterogeneous, supporting many large, fire-killed hollow bearing trees amongst dense cohorts of young Eucalyptus, Acacia and other tree species (Lindenmayer et al., 2019b; Bowd et al., 2021a) (Figure 3). This structurally and compositionally diverse post-fire environment provides key resources for biota including habitat, food, and foraging substrates, facilitating the recovery of many animal species. In contrast, regenerating forest stands burnt at earlier successional stages (like those created after clearcut logging; see below) are typically homogenous and inconsistent with the habitat requirements of many species (Bowd et al., 2021a) (Figure 3). For some species, the habitat value of these stands may take over a century to recover after fire due to the absence of critically important hollow-bearing trees that can take 170 or more years to develop (Lindenmayer et al., 2019b).
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FIGURE 3. Post-fire structural differences in forests that were at (A) old-growth and (B) young (<20 years) successional stages at the time of wildfire in 2009. [Photo (A) was taken by Elle Bowd, Photo (B) was taken by the late David Blair].


Industrial logging, primarily widespread clearcutting, is the dominant form of human disturbance in Mountain Ash forests (Lindenmayer et al., 2022d). Mountain Ash forests have been logged for more than 150 years with clearcutting being the conventional silvicultural system employed for the past 50 years (Flint and Fagg, 2007). Mountain Ash forests are located predominately on State Government-owned land, and Timber Release Plans specify the location and size of “cutblocks” or harvest units as well as where logging exclusion areas occur (e.g., VicForests, 2019b). The clearcutting approach is relatively simple and entails: (1) all merchantable trees being removed offsite for subsequent processing as sawn timber or for pulpwood, (2) logging slash being left on the forest floor for one or more years to dry, (3) a high-intensity regeneration burn being applied to consume the logging slash and create a bed of ashes in which Mountain Ash seed is aerially dropped on the cutblock to instigate stand regeneration (Flint and Fagg, 2007). The typical size for cutblocks ranges from 15–40 ha and varies with topography (Department of Natural Resources and Environment, 1996). Clearcutting resets stand age to zero with the specified rotation age until the next logging operation being ∼80 years.

Clearcutting is relatively efficient in producing large quantities of pulpwood and timber. However, it also has a number of significant, negative environment impacts. These include: (1) eroding biodiversity, such as populations of arboreal marsupials, birds and resprouting native tree ferns, shrubs and trees (Bowd et al., 2018; Lindenmayer et al., 2019a,2020), (2) generating carbon emissions, including smoke pollution during the burning of logging slash which greatly reduces the air-quality of surrounding communities (Lindenmayer and Taylor, 2018), (3) depleting key soil nutrients and altering soil structure (Bowd et al., 2019), (4) altering the soil microbiome such as by reducing the diversity of fungal symbionts (Bowd et al., 2022), (5) reducing water yields from watersheds (Vertessy et al., 2001; Taylor et al., 2019), (6) fragmenting patterns of forest cover (Taylor and Lindenmayer, 2020), and (7) increasing levels of forest flammability (Taylor et al., 2014, 2020). Some of these effects are at the stand level (Bowd et al., 2019), others are landscape level effects (Lindenmayer et al., 2020, 2022d), and yet others are at an ecosystem level (such as the elevated risk of ecosystem collapse in logged forest) (Lindenmayer and Sato, 2018; Lindenmayer et al., 2022d).




DEFINITIONS OF OLD GROWTH MOUNTAIN ASH FOREST

The identification of old growth forest is dependent on how it is defined (Burgman, 1996; van Pelt, 2007). The Victorian Government developed the following definition following the work by Woodgate et al. (1994):

Old-growth forest is forest which contains significant amounts of its oldest growth stage – usually senescing trees – in the upper stratum and has been subject to any disturbance, the effect of which is now negligible (Department of Natural Resources and Environment, 1996, p. 3).

As outlined above, the definition of old growth in Victoria has changed in recent years in some forest types (DEPI, 2013; VicForests, 2013; Office of the Conservation Regulator, 2019). In Mountain Ash forests, old growth forest used to be defined as stands that were 120 or more years old. Now stands that are 250 years old or older are considered to be old growth by the Victorian Government (VicForests, 2013). The minimum patch size for protection of stands of old growth Mountain Ash forest from logging used to be 5 ha (with patches smaller than this allowed to be logged). However, recent changes in prescriptions have brought minimum patch sizes for protection from logging down to 1 ha (Office of the Conservation Regulator, 2019).

Current definitions of old growth Mountain Ash forest focus on the age of the dominant overstorey trees, in part because tree and stand age (based on stem diameter) is relatively easily determined from surveys on-the-ground (Lindenmayer et al., 2017a) and in aerial surveys. This, in turn, facilitates mapping and forest management planning, such as the location of regrowth forests available for logging (e.g., VicForests, 2019a). However, some elements of the understorey, particularly those that resprout after wildfires such as tree ferns, can be comparatively old, even when the overstorey trees are relatively young (Blair et al., 2017b). As an example, tree ferns can exceed 250 years old even when the overstorey eucalypts are less than one-third of that age (Mueck et al., 1996). However, in line with Victorian Government planning and management practice, we have used the age of overstorey eucalypt trees to guide the definition of old growth Mountain Ash forest. Specifically, based on their critical ecological values (such as the presence of numerous large old hollow-bearing trees; see below), we define old growth forests as stands that are older 120 years old – which is the age this species first begins to develop cavities (Ambrose, 1982; Lindenmayer et al., 1993).



CRITICAL FEATURES OF OLD GROWTH MOUNTAIN ASH FOREST

Old growth Mountain Ash has some distinctive structural features that are often rare or absent in younger stands (Figures 4, 5 and Table 1). Detailed analyses across a chronosequence of stands of different age (Lindenmayer et al., 2000a) revealed that relative to younger aged stands, old growth forests: (1) support significantly more large old hollow-bearing trees, (2) larger numbers of tree ferns, (3) better developed hanging bark microhabitats, (4) a better developed understory of cool temperate rainforest dominated by Myrtle Beech, and (5) a greater number of vegetation layers leading to higher levels of vertical heterogeneity in stand structural complexity (sensu Brokaw and Lent, 1999). In addition, rates of collapse of large old trees tend to be slower in old growth Mountain Ash forests than in stands of younger age, likely because they are less exposed to climatic conditions such as elevated windspeeds (Lindenmayer et al., 2018a). The soils of old growth Mountain Ash forests typically support higher levels of key soil nutrients such as plant available nitrogen, phosphorus and have greater measures of carbon and soil moisture, relative to younger forests with a more recent history of disturbance (Bowd et al., 2019). Finally, old growth forests are characterized by cooler, less variable microclimatic conditions in comparison to young stands, particularly those that are 10+ years old (Furlaud et al., 2021; Lindenmayer et al., 2022a).
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FIGURE 4. Structural differences between stands of different ages.
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FIGURE 5. Differences in a selection of key structural attributes of stands of Mountain Ash forest of different ages in the Central Highlands of Victoria based on detailed field-based measurements. Old growth stands correspond to Age class 1 on the x-axis and stand age relationships shown for: (A) the stocking rate of rainforest understorey (Nothofagus cunninghamii). (B) The probability of occurrence of rainforest. (C) The presence of multi-aged forest (as a function of the number of age classes present). (D) The abundance of hollow-bearing trees. (E) The probability of collapse of hollow-bearing trees. (F) The abundance of bark streamers hanging from lateral branches. (G) The number of vegetation strata. (H) The abundance of the Greater Glider. (I) The presence of the Yellow-bellied Glider.



TABLE 1. Critical features of old growth Mountain Ash forest.
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CRITICAL VALUES OF OLD GROWTH MOUNTAIN ASH FOREST

Several studies have underscored the many ecological and ecosystem values of old growth Mountain Ash forest (Table 1). Old growth Mountain Ash forest provides critical habitat for many elements of biodiversity. For example: (1) Site occupancy by many bird species is significantly greater in old growth forest than in younger aged cohorts (Lindenmayer et al., 2019a). And, (2) Species of arboreal marsupials, including species of conservation concern like the Southern Greater Glider (Petauroides volans) and Yellow-bellied Glider (Petaurus australis) are strongly associated with old growth forest (Lindenmayer et al., 1990b,1999; Lefoe et al., 2021). In addition, many species are intimately associated with structural attributes of stands that are significantly more likely to occur in old growth forests. As an example, the occurrence of the Mistletoebird (Dicaeum hirundinaceum) is closely tied to the occurrence of mistletoe which is found primarily in old growth Mountain Ash forest but rare in younger stands (Lindenmayer et al., 2015). The Tree Martin (Petrochelidon nigricans) is strongly associated with the dead tops of very large old living and/or dead trees. Similarly, old growth stands support significantly more large old hollow-bearing trees than young stands (Lindenmayer et al., 2000a) and these trees are critical nesting sites for many species of cavity-dependent vertebrates such as arboreal marsupials. Indeed, there are strong links between the occurrence (Lindenmayer et al., 2020) and richness (Bowd E. J. et al., 2021) of these species and the abundance of hollow-bearing trees.

Large trees store disproportionally large amounts of carbon across global forest ecosystems and therefore play critical roles in the mitigation of climate change (Mildrexler et al., 2020). Conversely, as a result of altered disturbance regimes, forest degradation and the loss of large old trees can produce significant carbon emissions. Alarmingly, in recent years, net carbon losses have been documented in some Amazonian forests (Gatti et al., 2021) and boreal forests (Walker et al., 2019). That is, these forests may have transitioned from a carbon sink to a carbon source (Walker et al., 2019; Gatti et al., 2021). Mountain Ash forests are some of the most carbon-dense forests in the world, with older forests characterized by substantially higher levels of above-ground biomass carbon than younger aged forests (Keith et al., 2009). In addition, the soils in old growth forests have a higher percentage of organic carbon than the soils in forests with a more recent disturbance history (Bowd et al., 2019). The protection of these forests is important for carbon storage in the current period of rapid, global climatic change and predicted increases in wildfires (and subsequent carbon emissions).

A suite of studies have also demonstrated that old growth Mountain Ash forests are characterized by significantly greater water yields than younger forests (Vertessy et al., 2001). The age of forests in water catchments therefore has major implications for water yields for human consumption (Vertessy et al., 2001; Taylor et al., 2019).



THREATS TO OLD GROWTH MOUNTAIN ASH FOREST


Temporal Changes in Old Growth Forest

Lindenmayer and Taylor (2020) found that since 1995 there has been a reduction of 77% in the amount of old growth forest across a wide range of forest types across Victoria. The Wet and Damp Ecological Vegetation Class to which Mountain Ash forest belongs has been particularly heavily disturbed by both fire and logging (Lindenmayer and Taylor, 2020). In the Central Highlands region of Victoria, the spatial extent of the Mountain Ash ecosystem has changed little in the past 100 years (Burns et al., 2015). However, the age class structure has been radically altered and only 1.16% of the Mountain Ash ecosystem is now old growth. Not only is the amount of old growth remaining limited in spatial extent (encompassing just 1,887 ha), it is also highly fragmented and dispersed across 147 different patches, most of which are less than 3 ha in size. Many of these remaining old growth patches are close to cutblocks or roads (Taylor and Lindenmayer, 2020).



Logging and Wildfire as Drivers of Old Growth Decline

Wildfire and logging are the two major drivers of decline of old growth Mountain Ash forest, which have collectively led to landscapes being dominated by regrowth vegetation (Lindenmayer et al., 2022d). There were large-scale wildfires in Mountain Ash forests in 1824, 1851, 1926, 1932, 1939, 1983, and 2009. Smaller scale wildfires occurred in 1908, 1918, 1919, 1948 and 2019. Empirical data suggest that the frequency of high-severity wildfires is increasing in Mountain Ash forests, in part as a result of climate change in eastern Australia (Canadell et al., 2021) and also as a consequence of elevated flammability in young stands regenerated after logging (Taylor et al., 2014, see below). Modeling by Cary et al. (2021) indicates that current patterns of recurrent wildfire in Mountain Ash forests will occur at sufficient frequency to virtually completely preclude the recruitment of old growth stands.

Stands of old growth Mountain Ash forest greater than 5 ha in size (and more recently exceeding 1 ha in size) have been excluded from logging for more than 20 years. However, up until 1995, past logging operations removed extensive areas of old growth forest. Indeed, more than 120 sawmills used to operate in the ∼170,400 ha ash-type eucalypt forest estate of the Central Highlands region (Commonwealth of Australia and Department of Natural Resources and Environment, 1997; Lindenmayer et al., 2015). Stand reconstruction data suggest that up to 60% of the Mountain Ash forest in the Central Highlands of Victoria may have been old growth prior to large-scale logging operations (Lindenmayer and McCarthy, 2002). This is ∼ 60 times more old growth than currently exists.



Interactions Between Logging and Fire

Logging and wildfire also can produce interactive and cumulative effects on old growth Mountain Ash forests which have exacerbated their decline (Lindenmayer et al., 2022d). For instance, logging elevates the risk of high severity wildfire which can lead to stand replacement. Empirical studies by Taylor et al. (2014, 2020) after the 2009 wildfires in the Central Highlands of Victoria showed that logged and regenerated forests burnt at significantly higher severity than intact, unlogged forest (Figure 6). The paucity of old growth forest in the Central Highlands region and, conversely, the predominance of younger more flammable regrowth stands (<82 years old) that comprise almost all (∼99%) of the Mountain Ash forest estate, means that there is a high risk of recurrent wildfire in the landscape (Lindenmayer et al., 2022d). Recurrent widespread conflagrations in such flammable fire-prone landscapes mean that not only are existing small, remaining patches at risk of being burnt, but there is also little chance that regrowth forest will escape fire for long enough to eventually become old growth (Lindenmayer et al., 2011; Cary et al., 2021). Such recurrent fire dynamics in highly flammable landscapes have been termed a “landscape trap” (Lindenmayer et al., 2011, 2022d). The landscape trap phenomenon is also thought to be developing in other forests worldwide. These include the wet forests of north-eastern Victoria and Tasmania (Enright et al., 2015; Furlaud et al., 2021), tropical forests in South America (Cochrane and Laurance, 2008), the obligate-seeding dry woodlands of south west Western Australia (Gosper et al., 2018), and temperate forests in western North America (Zald and Dunn, 2017), southern South America (Paritsis et al., 2015; Tiribelli et al., 2018) and New Zealand (Kitzberger et al., 2016).
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FIGURE 6. Non-linear relationship between stand age and the probability of canopy fire or crown burn. The probability of crown burn peaks at ∼40 years before declining as stands approach 80–100 years old. Redrawn from data in Taylor et al. (2014). The solid line corresponds to mean respond and the dashed line represented the lower and upper bounds of the 95% confidence interval.




Climate Change and Old Growth Forest

Beyond the effects of fire and logging, climate change also has a marked effect on old growth Mountain Ash forest. For example, Lindenmayer et al. (2012) found evidence of elevated mortality of large old living Mountain Ash trees during the drought in south-eastern Australia in the 2000s, most likely because of extreme temperatures and exceptionally low levels of rainfall at this time which creating conditions outside the natural bioclimatic domain occupied by the species (Lindenmayer et al., 1996). It has long been feared that ongoing climate change in the Central Highlands of Victoria may mean the region will eventually become entirely unsuitable for supporting Mountain Ash forest (Lindenmayer et al., 1991b). Of course, climate change is interacting with other drivers of decline in Mountain Ash forest. These include wildfire, with the prevalence of high-severity fire increasing with increasing temperatures associated with climate change (Canadell et al., 2021; van Oldenborgh et al., 2021).




STRENGTHENED PROTECTION OF OLD GROWTH MOUNTAIN ASH FOREST


Revert to Previous Definitions of Old Growth Forest (That Are Ecologically Appropriate)

A change in the definition of old growth Mountain Ash forests has meant lower levels of protection for advanced growth stands (i.e., those 120–250 years old), which now require an additional 130 years of growth before prescriptions to protect them can take effect (Blair et al., 2017a). This significantly weakens the protection of large old trees and, in turn, the protection of denning habitat for cavity tree-dependent animal species of conservation concern like Leadbeater’s Possum (Gymnobelideus leadbeateri) and the Southern Greater Glider (Petauroides volans) (Blair et al., 2018).

We argue that because stands of old growth Mountain Ash are already rare (Lindenmayer and Taylor, 2020), the Victorian Government must revert to the original tree age definition of 120 years for stands to qualify as old growth. This change is important because trees occupied by arboreal marsupials of conservation concern are typically at least 120–170 years old (Lindenmayer et al., 2017a), and hence somewhat younger than the 250 years set out by government criteria for the definition of old growth (VicForests, 2013).



Reset Minimum Patch Size Levels for Improved Old Growth Protection

A key issue for the conservation of stands of old growth Mountain Ash forest is the definition of the minimum size of patches that must be excluded from logging. The minimum size of patches which can be protected from logging has been reduced from 5 to 1 ha (Office of the Conservation Regulator, 2019). However, many small patches of large old trees and individual large old trees are still at risk of being logged (Lindenmayer, 2017a). Individual large old trees are critical habitat for a wide range of species, including arboreal marsupials and birds of conservation concern. We argue that the definition for the minimum patch size for the protection of old growth patches needs to be further reduced from 1 ha to the scale of a single individual large old tree [defined here as any stem that is 120 years or older because this is when Mountain Ash trees first begin to develop cavities; (Ambrose, 1982; Lindenmayer et al., 1993)]. This change to better protect individual large old trees is especially important given the rapid rate at which existing populations of large old trees are collapsing in Mountain Ash forests (Lindenmayer et al., 2018a). We suggest that individual large old trees will need to be protected by a buffer of 100 m of unlogged forest. Our recommended buffering distance of 100 m is based on three key criteria: (1) empirical data on the accelerated rates of destruction and/or collapse of hollow-bearing trees on logged and regenerated sites (Lindenmayer et al., 1990a,2016), (2) the risk of collapse of trees in unlogged forest adjacent to logged areas (Lindenmayer et al., 1997, 2018b), and (3) the protection of potentially suitable foraging habitat and movement patterns by cavity-tree dependent threatened arboreal marsupials around nesting sites in unlogged forest (Lindenmayer et al., 2017b). The location of a given tree would act as the centroid of such buffers.



Cease Industrial Logging

Logging has been a major past contributor to the decline of old growth Mountain Ash forest directly through its removal, and indirectly by precluding the recruitment of new old growth stands. Logging also contributes to fire severity (Figure 6) which, in turn, can further reduce the extent of the old growth forest estate. The complete removal of logging from Mountain Ash landscapes therefore represents an important step in better protecting old growth forest. This protection will increase the chance that the limited remaining patches of old growth forest may persist in the future and will give advanced regrowth the best opportunity to reach old growth stages. The Government of Victoria has signaled it will end the native forest logging industry by 2030. In the interim, the restoration of the Mountain Ash ecosystem will benefit from strategic decisions on limiting logging in wetter and more sheltered parts of the landscape where previously analyses have indicated old growth forest was most likely to occur (see Mackey et al., 2002). It will also be important to set new targets for the proportion of the landscape that should be old growth forest. Given the potential impacts of future fire on stand age class distribution in the landscape, targets of substantially more than 60% will be required. This recommendation is based on congruence with historical levels of old growth coverage in Mountain Ash forests (Lindenmayer and McCarthy, 2002) and the fact that large amounts of existing forest (even if protected) will likely be lost to future frequent fire thereby making it challenging to reach set levels of old growth cover [see Cary et al. (2021)]. Modeling in other forest types around the world have been instructive in terms of identifying past levels of old growth cover and, in turn, the target amounts of future cover of this growth stage (e.g., for boreal forest in central Canada; Bélisle et al., 2011).

We argue that the case to cease logging and better protect Mountain Ash forests will be strengthened by highlighting the ecosystem service values of old growth stands, particularly the extent of carbon storage in such areas (Keith et al., 2009) as well as the high levels of water production for human consumption (Taylor et al., 2019). Indeed, in a formal economic and environmental accounting study, Keith et al. (2017) showed that for the Mountain Ash forests of the Central Highlands of Victoria, the economic value (in terms of contribution to regional GDP) of the water exceeded the value of the timber and pulpwood by more than 25 times and the value of carbon more than four times. Hence, the economic case for forest protection (and the cessation of logging) is compelling (Lindenmayer, 2017b).

Finally, there do not appear to be viable opportunities to employ silvicultural practices to promote the development of old growth characteristics in Mountain Ash forests, unlike in some other forest types around the world (e.g., see Bauhus et al., 2009). This is, in part, because activities like thinning in Mountain Ash forests can sometimes make stand more prone to high severity fire (Taylor et al., 2020) and at the same time have negative effects on some key mesic attributes of stand structure like the development of a cool temperate rainforest understorey. In addition, the extent of roads and other infrastructure needs to create access to logged stands can further fragment already highly fragmented Mountain Ash landscapes (Taylor and Lindenmayer, 2020) with corresponding negative impacts on some threatened forest-dependent species (Lindenmayer et al., 2020).



Better Protect Existing Old Growth and Advanced Regrowth Forest From Fire

Mountain Ash forest landscapes are highly flammable because of the predominance of young regrowth forest (Lindenmayer et al., 2022d). Repeated reburning risks the limited remaining old growth forest being incinerated in future fires (Lindenmayer et al., 2022d). This is a particular problem given the impacts of climate change on future fire in the region and elsewhere in south-eastern Australia (Canadell et al., 2021). Given such risks, we argue there is a need to develop new approaches to more quickly detect ignitions as soon as they occur and then rapidly suppress fires when the chances of extinguishing them are greatest. Satellite and other sensor systems, drones, and autonomous aerial vehicles will be important innovations in new generation fire detection and suppression capability (Roldán-Gómez et al., 2021). In addition, there will be value in embracing fire smart management actions (sensu Hirsch et al., 2001) to integrate forest management and fire management in an attempt to reduce the area burnt by wildfires. For example, in the case of Mountain Ash forests, this may entail not logging or otherwise disturbing areas (e.g., by semi-clearing them for so-called fire breaks) with a well developed cool temperate rainforest understorey where mesic conditions can sometimes limit fire spread in the landscape.



Do Not Salvage Log Old Growth Forests in the Event of Wildfire

In the event of old growth forests being burnt in a wildfire, we argue that they should not be subject to post-fire salvage logging. This is because burnt old growth forests typically support significant numbers of important biological legacies such as large old fire-scarred living and dead trees that can eventually become important nesting and denning sites for a wide range of cavity-dependent species (Lindenmayer and Ough, 2006). The post-fire persistence of animal and plant biota on burnt sites, as well as post-fire recolonization and regeneration patterns, can be substantially impaired by salvage logging operations (Bowd et al., 2018; Lindenmayer et al., 2018c)– a problem documented in numerous forest types globally (Thorn et al., 2018). Notably, the most species-rich and ecologically functional early successional forests will often be those which were old growth prior to disturbance (Lindenmayer et al., 2019b). This highlights the importance of landscapes supporting substantial areas of old growth forest in the event of future disturbances such as wildfires.




GENERAL LESSONS FOR OLD GROWTH FOREST PROTECTION

Our case study has focused largely on the importance of old growth Mountain Ash forests in mainland south-eastern Australia. However, there are some important general perspectives for other forest ecosystems that can be drawn from the body of work in Mountain Ash forests. First, many of the key insights generated from this body of work have been underpinned by cross-sectional and longitudinal studies spanning multiple inter-related topics (e.g., various kinds of disturbances, interactions between disturbance, biological legacies, and post-disturbance recovery). Such an array of different kinds of studies provide for a comprehensive understanding of the disturbance responses and recovery of forests that is often absent from a single, short-term “snapshot” investigation. For example, the importance of old growth Mountain Ash forest in influencing patterns of post-disturbance recovery and the abundance and quality of biological legacies has been made possible only through prolonged monitoring before and after perturbations (Bowd E. J. et al., 2021). The value of such kinds of monitoring in the context of old growth forest conservation and management has been established for many ecosystems globally [reviewed by Lindenmayer and Likens (2018)].

Second, detailed multi-facetted studies of old growth forest are needed to unravel key drivers of decline. This diagnosis will necessarily involve mechanistic understanding of ecological processes and dynamics in other age classes to enable stand age effects to be clearly elucidated. As an example, stand age-related interactions between fire severity and logging have been recently identified in Mountain Ash forests (Lindenmayer et al., 2022d). This required documenting contrasts in fire severity among many sites in several ages of forest (Taylor et al., 2014, 2020). Notably, similar patterns of high flammability in forests of intermediate age have now been found in many other forest types around the world, with old growth stands those subject to the lowest severity fire (Paritsis et al., 2015; Zald and Dunn, 2017; Gosper et al., 2018; Tiribelli et al., 2018; Furlaud et al., 2021; Zylstra et al., 2022).

Third, how old growth forest is defined matters (Franklin et al., 2002; van Pelt, 2007), including for the conservation of threatened species associated with such growth stages (Scotts, 1991; Bart and Forsman, 1992; Jones et al., 2021). Definitions will vary between ecosystems given ecosystem-specific differences in the rates at which key characteristics develop such as the presence of large trees, cavities in those trees, and numerous other features (Franklin et al., 1981; Burgman, 1996; Lindenmayer et al., 2000a; van Pelt, 2007; Gilhen-Baker et al., 2022). For example, the development of cavities in Australian eucalypts has sometimes been used to determine when trees and stands can be considered to be old growth forest. However, different tree species develop cavities at different rates and therefore at different ages (Lindenmayer et al., 1993; Gibbons and Lindenmayer, 2002). Similarly, attributes like mistletoe which in Mountain Ash forest are typically associated with old growth stands can be common in much younger vegetation in other forest and woodland types. In addition, animal species (e.g., the Southern Greater Glider) which in Mountain Ash ecosystems is often strongly associated with old growth forest (Lindenmayer et al., 1990b,2022b) do not show such associations in other parts of their distribution (Youngentob et al., 2013). Such ecosystem-specific differences in old growth characteristics and old growth associated taxa reinforce the need to carefully consider how old growth forest is defined and the ecological basis for such classification. This is because what is appropriate for one ecosystem may be entirely unsuitable for another (Burgman, 1996; van Pelt, 2007).

Differences in the definition of old growth forest have important ramifications for their protection, not only for old growth forest per se, but also for the plant and animal species which are strongly associated with the key structural attributes of old growth forest (e.g., cavity-dependent fauna). Indeed, the changes in definition of old growth Mountain Ash forest have had substantial negative impacts on efforts to conserve species of conservation concern like Leadbeater’s Possum and the Southern Greater Glider (Blair et al., 2018; Ashman et al., 2021). On this basis, resource managers and policy makers need to very carefully consider the definitions they construct for old growth forest and ensure that they align with the key objectives of conservation and management efforts.

Finally, many forest types globally are experiencing declines in old growth forest (McDowell et al., 2020), not unlike what has been described in this paper for Mountain Ash forest. As old-growth forests require considerable time periods to develop (sometimes up to 1,000 years; see van Pelt, 2007), poor decisions on their protection taken now will have negative implications for decades and even centuries to come. This highlights a need not only to be very conservative about the definition of old growth forest, but also to plan well ahead for new cohorts of old growth forest to replace existing areas if and/or when they are lost. In many cases, this will demand reducing the number of stressors in a landscape that can lead to the loss of old growth, particularly those stressors over which we have direct control such as logging operations. On this basis, levels of protection will need to be shaped by the spatial extent of old growth in a given ecosystem, and the prevalence of stressors driving decline. Stronger conservation measures will be appropriate in landscapes and ecosystems where old growth forest is rare and stressors are pervasive and widespread. For instance, in fire-prone ecosystems, this may include the application of new technologies (e.g., drones and satellites) that rapidly detect and then suppress fire in patches of old-growth (or stands approaching these ages) at high-risk of being destroyed.



CONCLUSION

Mountain Ash forest is one of the world’s iconic ecosystems and supports the tallest flowering plants on earth. Recurrent wildfire and extensive clearcut logging have radically altered the age class structure of these forests over the past 150 years (Lindenmayer and Taylor, 2020). As a result, old growth Mountain Ash forest is now extremely rare and covers only 1.16% of the spatial extent of the ecosystem. This is up to 60 times less than it was prior to European settlement. The predominance of young, flammable regrowth forest means that repeated reburning at short inter-fire intervals may prevent the recruitment of new areas of old growth forest and lock the ecosystem into a perpetually young state. To avoid the development of such a landscape trap (sensu Lindenmayer et al., 2022d), new policies to boost forest protection are urgently required, particularly the removal of large-scale industrial logging. Such policies are critical to restore the array of ecological and ecosystem service values of old growth Mountain Ash forest.

Mountain Ash forests have provided an important natural laboratory for understanding the dynamics, management and conservation of old growth forest as well as generating some valuable general perspectives relevant to other forest ecosystems globally. These include: (1) the critical value of cross-sectional investigations and long-term, multi-facetted studies, (2) the need for a carefully crafted definition of old growth that will typically be ecosystem-specific, (3) the importance of rigorous protection measures as poor decisions that result in the loss of old growth will take prolonged periods of forest recovery to rectify, and (4) setting protection levels relative to the existing spatial coverage of remaining old growth and the extent and impacts of stressors driving old growth decline.
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Description

Old growth stands may support more than 30 large old trees per ha (exceeding 1.7 min
diameter and 80 m in height)

Old growth stands support significantly more hollow-bearing trees than younger aged
stands. Rates of collapse of hollow-bearing trees is slowest in old growth forest relative to
younger aged stands

Old growth stands typically support four distinct vegetation layers — on average more than
younger aged stands

Old growth forests support significantly more tree ferns than younger aged stands. Old
growth stands can support 50 or more individual tree fern stems per ha.

Clumps of decorticating bark that hang from lateral branches of Mountain Ash trees are
better developed in old growth stands than younger stands.

Elements of cool temperate rainforests are better developed in the understorey of old
growth forest than younger aged stands.

Old growth stands are significantly more likely to support multiple age cohorts of trees than
younger stands; up to three age classes can occur in some old growth stands.

Wattle species are less abundant in old growth forests than in younger aged stands.

The soils of old growth forest are wetter and higher in key nutrients and organic carbon than
young forests.

Old growth stands are more carbon dense than younger aged stands.

Old growth forest typically support cooler and less variable day-time temperature regimes
relative to younger forests.

Old growth forests have higher bird species richness than younger forests. Species such as
the Mistletoebird are typically found only in old growth stands.

Species such as the Yellow-bellied Glider and Southern Greater Glider are more likely to
occur in old growth forests than younger aged stands.
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