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Introduction

Pencil pine (Athrotaxis cupressoides) is an iconic, paleoendemic tree restricted to historic fire refugia in Tasmania’s western mountains. Anthropogenic climate change is increasingly exposing these areas to wildfire. Given that pencil pines have little capacity to recover from fire, and show scarce natural recruitment across their core range, they will be lost from many areas without interventions to restore population viability to burnt stands.





Methods

We conducted a large-scale field study targeting pencil pine stands burnt in recent (2016) and historic (1960) fires. Using small (0.5 m2) experimental plots distributed across a range of topography and vegetation, we trialled three interventions: i) protecting groups of naturally germinated seedlings from herbivores in situ (35 plots); ii) introducing seeds via multiple sowing methods (300 plots); and iii) transplanting tube stock propagated from seed or cutting material, with and without herbivore protection (1007 plots).





Results

We found that protecting natural germinants from herbivores did not prevent seedling mortality over 2.5 years, and sowing interventions largely failed. Most transplants exposed to herbivores failed to establish after 1.5 years, but establishment rates were high with herbivore exclusion, indicating strong predation by native macropod herbivores. Transplant establishment also varied with fine-scale topography, with the best outcomes in well-drained and Sphagnum dominated positions, and the worst outcomes in poorly-drained positions, suggesting young pencil pines are sensitive to waterlogging. Transplant establishment rates varied little between recently and historically burnt sites, and were insensitive to how plants were propagated.





Discussion

In summary, transplanting tube stock with herbivore protection is a promising method for restoring burnt pencil pine stands, and establishment rates can be improved by selecting favourable planting positions at fine scales. Our findings suggest pencil pine stands burnt decades previously are suitable for restoration. Managers seeking to conserve pencil pines may begin restoring both historically and recently burnt stands, alongside protecting unburned stands from fire. Interventions should be refined through adaptive management, including re-surveys of this long-term trial.
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1 Introduction

Anthropogenic climate change is affecting species and ecosystems across the globe, including within the Earth’s most remote areas (Scheffers et al., 2016; Pecl et al., 2017). For many species and ecosystems, the establishment of protected areas alone is insufficient to mitigate human impacts (Hannah, 2008; Heywood, 2019; Gaitán-Espitia and Hobday, 2021). As a result, managers are increasingly challenged to consider more active interventions, both to restore ecosystems and prevent species declines in the face of ongoing environmental change (Bowman et al., 2017; Prober et al., 2019; Volis, 2019).

There is a range of options to mitigate human impacts on plant species. Sometimes plant populations, or whole ecosystems, can be restored by stimulating natural recruitment; for example by introducing disturbances (Klaus et al., 2018), manipulating hydrology (De Steven et al., 2006), changing fire regimes (Pyke et al., 2010) or reducing herbivore impacts (Ibanez and Hart, 2020). For example, vertebrate herbivory – a major ecological disturbance – can be reduced by controlling animal numbers (Beltran et al., 2014; Ibanez and Hart, 2020), or installing physical barriers (Nilar et al., 2019; Lorite et al., 2021). Such approaches are often inexpensive, and require no new genetic material to be introduced, hence minimising the legacy of human influence on the restored system (Holl and Aide, 2011). However, they are only possible where a natural seedbank or other regeneration source exists and may be slower than more active interventions (Zahawi et al., 2014).

Other interventions introduce propagules or plants (Dalrymple et al., 2012; Palma and Laurance, 2015; Grossnickle and Ivetić, 2017). Such introductions can augment wild plant populations (Jusaitis and Sorensen, 2007; Li et al., 2012), re-establish lost populations within a species historic range (Godefroid et al., 2011; Cogoni et al., 2013), or create new populations (Menges et al., 2016). Directly sowing seed into the field is a particularly convenient method – if an ex situ seed bank is available – because it can be applied quickly and cheaply. For example, aerial sowing was rapidly deployed in the Victorian Alps after repeat fires destroyed the natural seedbank of Eucalyptus delegatensis forests (Bassett et al., 2015). However, transplanting often has higher success rates, because transplant survivorship exceeds that of new germinants in the field (Palma and Laurance, 2015). Typically transplants are grown in a nursery from seed, though propagating from cuttings is also possible (Ray and Brown, 1995; Ashmore et al., 2011; Douterlungne et al., 2015). The source of germplasm can influence the effectiveness of transplanting and sowing, due to genetic variation across a species range. A ‘local is best’ ethos has traditionally prevailed (Mortlock, 2000; Broadhurst et al., 2008), but it is increasingly recognised that plantings may be more resilient to change if they leverage adaptive variation existing across a species’ range (Wang et al., 2010; Breed et al., 2013; Prober et al., 2015). Further, it has been suggested that restoration plantings should embed trials to assess the effects of provenance on short and long term success (Broadhurst et al., 2017; Breed et al., 2018).

Where interventions are situated can greatly influence their effectiveness in heterogenous environments. Optimal site choice depends on the ecophysiology of the target species. For example, introductions of shade-intolerant species may be more successful following disturbance (Ashton et al., 1997; Cox et al., 2004), while intact vegetation may advantage species requiring shading (Miandrimanana et al., 2019). Topography can also be important. For example, wetter or drier positions may be preferable depending on a species’ tolerance to drought and to waterlogging (Engelbrecht and Kursar, 2003; Raulings et al., 2007), and frost intolerant plants may fail in cold air drainage sinks (Marquis et al., 2021). Site choice can be aided by understanding the ecophysiology of the target species, and by empirical tests. However, the spatial scale of trials must be appropriate. For example, field experiments only considering environmental variables at large plot scales may miss important microsite effects (Douterlungne et al., 2015).

In summary, determining effective interventions to conserve imperilled plant species can be aided by understanding the reproductive biology, population genetics and disturbance ecology of the target species, and by undertaking fine-scale field surveys and population monitoring (Godefroid et al., 2011). These insights allow intervention approaches to be developed that adequately consider population genetics, the need for, or protection from disturbance, and the ecophysiological requirements of the target species.

One imperilled plant species is the slow growing Tasmanian paleoendemic (i.e. living fossil) conifer, the pencil pine (Athrotaxis cupressoides). This species is restricted to cold, wet areas in Tasmania’s western mountains, which have acted as historic fire refugia (Ogden, 1978), and most of its range is reserved within the UNESCO listed Tasmanian Wilderness World Heritage Area (TWWHA). Pencil pine stands are an iconic feature of the TWWHA, and differ markedly from surrounding forest types more typical of the Australian vegetation (Bowman et al., 2021). Pencil pines rarely exceed 20 m in height at maturity and are mostly much smaller. Dendrochronological studies show growth rates are very slow in natural settings (Dunwiddie and LaMarche, 1980), and that pencil pines are often very old despite their small size (Cullen and Kirkpatrick, 1988a). Indeed, adult pencil pines may reach ages of over 1000 years, and trees just 1 m tall have been reported to have an average age of 55 years old at a site in Tasmania’s south (Ogden, 1978). The species itself is considered a Gondwanan relict (Harris et al., 2018) because Athrotaxis is a ~145 million year old lineage that predates the breakup of the Gondwanan supercontinent (Jordan et al., 2016). Today, pencil pine stands are a hallmark example of a system vulnerable to collapse due to climate change (Harris et al., 2018; Bergstrom et al., 2021), due to both its direct effects (Mariani et al., 2019), and the associated increase in severe fire weather and dry lightning ignitions, which are increasingly exposing them to burning (Styger et al., 2018; Bowman et al., 2021).

Pencil pines are easily killed by fire (Prior et al., 2018), lack post-fire recruitment mechanisms (Bliss et al., 2021), and can be driven locally extinct from a single severe fire event (Bowman et al., 2019). Sexual reproduction is restricted to mast seeding events, whereby an abundance of large, wind-dispersed seeds are produced every few years (Cullen and Kirkpatrick, 1988a). These seeds are not fire-resistant and rarely travel long distances – germinants are mostly found within a few metres of adult trees (Cullen and Kirkpatrick, 1988a; Prior and Bowman, 2020). The species also reproduces by root suckering – particularly in wet areas, where dense clonal stands may occur (Cullen and Kirkpatrick, 1988a; Worth et al., 2016). However pencil pines don’t basally re-sprout after burning, and very rarely resprout from shoots (Bowman et al., 2019; Bliss et al., 2021).

Natural regeneration of killed stands has historically occurred through gradual re-colonisation from neighbouring areas, although the species’ short dispersal range and slow growth rates mean this process is very slow (Cullen and Kirkpatrick, 1988a; Fletcher et al., 2018; Mariani et al., 2019). Burnt stands are extremely unlikely to recover naturally in the modern climate (Fletcher et al., 2018), particularly given there has been widespread recruitment failure in recent decades in the Central Plateau – the core of the pencil pine’s range (Cullen and Kirkpatrick, 1988a; Holz et al., 2015; Bliss et al., 2021). The causes of this are not well understood (Bowman et al., 2019). One hypothesis is that vertebrate herbivores are responsible; an idea supported by the known palatability of young seedlings and adult foliage to browsers (Cullen and Kirkpatrick, 1988a; Holz et al., 2015). However, there is also evidence of other contributing factors. For example, a recent study reported pencil pine stands on small lake islands had fewer seedlings than adjacent mainland stands despite much lower herbivore presence on the islands; a finding that suggests bottom-up constraints may be also be an important filter on seedling recruitment (Bowman et al., 2019).

Pencil pines are listed as Vulnerable by the IUCN (The IUCN Red List of Threatened Species, 2021). They are a prominent aesthetic feature of the TWWHA, an iconic feature of Tasmanian flora, and a globally significant paleoendemic species; the threats to which have been highlighted in national and international media (Marris, 2016; Morton, 2016; Wahlquist, 2020). Accordingly, pencil pines are a conservation concern, and managers of the TWWHA have identified the need to develop techniques to restore burnt stands. We report on the first field trial of such interventions. The trial was conducted in an area where pencil pines were killed by two major fire events in 1960 and 2016, which occurred during periods of extreme drought. We focus on the establishment and first re-survey of this trial, but note that it is intended as a long-term experiment to be repeatedly surveyed.

Our overarching goal is to identify best-practice methods for restoring burnt pencil pine stands. We compared the effectiveness of three interventions: i) protecting naturally occurring germinants from herbivores; ii) direct sowing, and iii) transplanting. For transplanting interventions we also assessed: i) whether establishment is sensitive to the tube-stock transplanted (i.e., the propagation method, provenance and age); ii) whether herbivore protection was necessary; iii) whether establishment varied between planting positions at fine scales; and iv) whether establishment differed between stands burnt recently and stands burnt by historic fires.




2 Materials and methods



2.1 Study area

Trials were established at five sites (1150–1210 m.a.s.l.) within 2 km of Lake Mackenzie: a hydroelectric dam near the northwest tip of Tasmania’s Central Plateau (Figure 1B). Annual mean precipitation is 1985 mm; spread throughout the year (means of 316 mm in summer and 703 mm in winter) (data from Hydro Tasmania). Mean annual temperature is 6.9°C, ranging from a mean monthly minimum of −1.6°C in July to a mean monthly maximum of 19.1°C in January (Bureau of Meteorology, 2022). Frost and snowfalls may occur at any time of year. The terrain around Lake Mackenzie is gently undulating, with low peaks flanked by boulder fields, and shallow valleys containing wetlands and natural lakes. Bare rock is common; mostly Jurassic dolerite from a large sill exposed through Pleistocene glacial erosion (Banks, 1972). Alpine humus soils occur in well-drained positions, often as shallow pockets amongst rocks. Shallow organic soils dominate gentle slopes and drainage lines, with deep peats occurring in bogs. The organic substrates often form distinctive microtopographic features, including hummock-hollow terrain and tiered pool complexes (i.e., string bogs) (Whinam and Kirkpatrick, 1994). The vegetation is a fine-grained mosaic of shrubland, woodland, wetlands, grass and sedgelands, and remnant Gondwanan vegetation including pencil pine stands (Jackson, 1972), which are concentrated in fire refugia; areas that are very rocky or wet, or have sheltering topography (Bowman et al., 2019; Mariani et al., 2019).




Figure 1 | Geographic context of the trial, which explored restoration techniques for pencil pine stands damaged by fire in 2016 and 1960. (A) Map of Western Tasmania showing the global range of pencil pines (bright yellow points are observations from the Natural Values Atlas), footprints of fires which have burnt pencil pines since 1960 (purple=1960, red=2016, mustard=2018), and the location of the study area (black box towards top of panel). (B) Map of the study area showing the 2016 fire footprint (red) and locations of the plots (blue dots) within the five study sites. (C) Pencil pines at the Pine Bog site which were killed in the 2016 fires. (D) Pencil pines at the Unburnt South site which were killed in the 1960s fires (unburnt in 2016). (E) A naturally germinated pencil pine seedling found at one of the study sites. Tree guards were used to protect groups of natural germinants from herbivory in situ. (F) Pencil pine seeds were sown directly into the field, both with herbivore protection (plot to the right, with tree guard) and without (plot to the left). (G) At each site, juvenile pencil pines which had been propagated in a nursery were transplanted into the field (the individuals pictured are within a tree guard, protecting them from vertebrate herbivores).





2.1.1 Fire history

Burning is hampered in the study area by regular rainfall, slow fuel accumulation, and an abundance of water bodies and exposed rock. Nonetheless, palaeoecological records indicate regular fires over the last several hundred years, which were geographically limited and of low severity (Dodson, 2001; Holz et al., 2015). This likely reflects intentional burning to stimulate ‘green pick’ for herbivores, including Aboriginal use of patchy fires to aid macropod hunting (Holz et al., 2015), and later burning by European trappers and graziers (Cubit, 1996).

In the unusually dry summer of 1960–61, intentionally lit fires affected 60% of the Central Plateau, including part of the study area (Johnson and Marsden-Smedley, 2002). This single fire season is estimated to have reduced the global range of pencil pines by 10%, with negligible natural recovery (Holz et al., 2015).

After several fire-free decades, the study area burnt again in January 2016, when dry lightning ignitions followed an extremely dry winter and spring. The resulting fires destroyed 141 ha of pencil pine stands (Bowman et al., 2021), highlighting the threat that anthropogenic climate change – and associated drying trends and increased lighting ignitions – pose to these Gondwanan relicts (Harris et al., 2018; Styger et al., 2018). This threat was further highlighted by fires in 2018 that affected pencil pines in the south of the TWWHA (Figure 1A) (Bowman et al., 2022).





2.2 Study design

Interventions were trialled across five sites, in which numerous plots (262 to 290 per site) (Supplementary Table 1) were established (Figure 1B). Three sites were burnt by the 2016 fires (‘recently burnt’ hereafter) (Figure 1C), and two were outside the 2016 fire boundary but contained dead pencil pines from the 1960/61 fires (‘historically burnt’ hereafter) (Figure 1D). Natural germinant and sowing plots were established in March 2019, and transplant plots were established in March and April 2020. All plots were resurveyed in November–December 2021, concluding a 32 month trial of the natural germinant and sowing interventions, and a 20 month trial of the transplant interventions (Figure 2).




Figure 2 | Timeline showing precipitation from one year before trial establishment (Dec 2017) until the final re-survey (Dec 2021). Coloured bars are monthly precipitation totals from the Lake Mackenzie gauge and the black line is the long-term monthly average (Data provided by Hydro Tasmania). Sowings occurred in March 2019, as did natural germinant interventions. Transplanting occurred in March and April 2020.





2.2.1 Protecting natural germinants from herbivores

Sites were searched for naturally germinated pencil pine seedlings (Figure 1E), and 35 plots (3–12 per site) were established to assess the practicality and effectiveness of protecting natural pencil pine germinants from herbivores. Natural germinants were only found near live trees; sometimes in groups of one to three, and often in dense clusters (i.e., > 100 per 1 m2). Plots were situated where germinants could be protected in situ by constructing a perimeter (≤1 m2) impervious to vertebrate herbivores using stainless steel mesh and aluminium posts. Such protection was installed for 18 plots (selected by coin toss) while 17 were left open (marked using posts without mesh). At both plot establishment and resurvey, germinants in each plot were counted. Where they were small (<2 cm) and numerous (>50), counts were to the nearest five.




2.2.2 Direct sowing

Direct sowing interventions were established across 300 plots (60 per site). Plot positions spanned the range of environmental variability at each site, provided that: i) a pencil pine stem (live or dead, including fallen) existed within 5 m; and ii) driving tree guard posts into the ground was feasible. Seeds were provided by the Royal Tasmanian Botanical Gardens (RTBG) seed bank, who collected them from across the species’ natural range during a 2015 mast seeding event. Each plot received fifteen viable seeds (17–20 total, depending on RTBG collection viability estimates). Plots were evenly split among three sowing methods: i) sowing onto the undisturbed ground surface; ii) sowing onto a disturbed area (~ 30 cm diameter) where vegetation was removed with a mattock; and iii) burying seeds in a 5 cm deep pit. Half the plots were protected from vertebrate herbivores (‘caged’) using tree guards (robust ‘tee-pees’ constructed from aluminium posts and stainless steel mesh, secured with mild steel U-pins), and half were left open (Figure 1F). Germinant presence (or absence) was recorded in the re-survey.




2.2.3 Transplanting

Transplanting interventions spanned 1007 plots (190 to 227 per site). Each plot received two tube stock; one grown from seed (seedling henceforth) and one from cutting material (cutting henceforth) (Figure 1G). Plot locations were selected (sampling site variability with the same restrictions as sowing plots) and prepared between February 3rd and March 23rd 2020, but planting was restricted to a later time window (between March 23rd and April 7th 2020) to minimise the variability in weather to which transplants were subjected. First a pair of plot positions with similar topography and vegetation were chosen, and a coin was flipped to determine which would receive herbivore protection. Over each position a quadrat (50 x 50 cm) was placed within which scat pellets were identified and counted, percentage cover of woody vegetation (as viewed from above) was recorded, and microtopography (0.5 m scale) was qualitatively described. Other environmental variables were also recorded which were later used to characterise the planting position (Supplementary Presentation 1). A mattock was then used to clear vegetation (~30 cm diameter area) and dig a rectangular hole 22 x 10 cm in footprint and 15 cm in depth.

At planting time, a cutting and seedling were randomly selected from tube stock trays preassembled with a mix of provenances. We measured the height of each individual plant before removing it from its tube. Seedlings were significantly shorter on average than cuttings (mean seedling height=123.3 mm, mean cutting height=131.6 mm, P(Kruskall-Wallis test)<0.001) but varied more in height (seedling height range 22–269 mm, cutting height range 36–220 mm). The seedling and cutting were planted in the same hole (20cm apart, bedded in with dislocated soil, mulched with cut vegetation, and hand watered if the soil was not already wet), and either protected using a tree guard (same design as for sowings, but triallling alternate materials for 88 of the 504 caged transplant plots: see Prior et al., 2023) or left open to herbivory (marked with a pair of aluminium posts).

At re-survey, on-ground observers classed each individual as: i) ‘dead’, if they were absent or had no live foliage; ii) ‘damaged’, if they had live foliage but were either broken-off near ground level or had ≥ 10% dead foliage, or; ‘healthy’, if they were intact with <10% dead foliage. Our field observations suggested transplants were healthy more often in well-drained areas and where Sphagnum predominated. To test this statistically a simple landscape position classification (i.e., at the 3 m scale) was developed and each plot assigned to one of four classes (Figure 3) (see Supplementary Presentation 1 for methodological details). We also tested whether microtopography (0.5 m scale) within the landscape position classes (3 m scale) was important. Each plot was assigned a microtopographic class; either i) ‘runoff’, where the original qualitative description of microtopography included the terms hummock, mound or slope; or ii) ‘runon’, where the description included the terms hollow, pan, depression or flat. The descriptions contained none of the above terms for twenty percent of the plots: these were excluded from the final analysis.




Figure 3 | (A) Photographic examples of the four the landscape position classes to which plots were assigned (see Supplementary Presentation 1 for methodological details): (i) ‘dry’ positions are well drained, with ground cover ranging from grassy or shrubby vegetation to very rocky, and include raised areas, moderate to steep slopes and boulder fields; (ii) ‘moderate’ positions are of intermediate drainage, and include slopes, gently raised parts of flats and transition zones between dry and wet areas; (iii) ‘wet’ positions are poorly drained, are not dominated by Sphagnum (peat is typically the substrate), and include wet depressions, flats, gentle slopes, and other areas with standing water; (iv) in ‘Sphagnum’ positions live or dead Sphagnum moss dominates the ground surface or is the main substrate, and the cover of rock or bare soil is typically very low. (B) A stacked bar chart showing the proportion of plots in each landscape position class at the five study sites (EV, Eagle Valley; PB, Pine Bog; BN, Burnt North; UBN, Unburnt North; UBS, Unburnt South).







2.3 Data analyses

The three intervention types were assessed using different response variables and analysis pathways, which we describe in detail under the subheadings below. All analyses were undertaken using R statistical software (R Core Team, 2022).



2.3.1 Natural germinant interventions

Caged and uncaged natural germinant plots were compared by assessing change in seedling count (i.e., count at re-survey minus count at establishment). Data did not conform to any standard distribution, so caged and uncaged plots were compared using Kruskal-Wallis rank sum tests (a non-parametric comparison of means).




2.3.2 Direct sowing interventions

The direct sowing interventions were assessed using seedling presence-absence. The results were clear without formal statistical analysis.




2.3.3 Transplant interventions

Transplant establishment was assessed using two binary response variables – health and survival. These response variables were both constructed from the categorical re-survey data (dead, damaged and healthy), so they were related, but it was informative to include both (detailed below).

We assessed predictors of transplant health and survival using an information theoretic approach. We constructed generalised linear mixed effects models (lme4 package in R) with different combinations of predictors (site was always specified as a random effect to account for spatial and temporal clustering) and compared the models using Aikake information criterion (AIC) – which favours model fit and simplicity. We compared all possible models, and followed the approach of Richards (2008), whereby: i) only the lowest AIC (best) model and models with a difference in AIC (ΔAIC) of less than six were retained; and ii) models were rejected if there was a simpler nested model with a lower AIC. We used retained models to assess support for each predictor, whereby predictors have strong support if they are present in all retained models, moderate support if present in the lowest AIC model but absent from some others, weak support if absent from the lowest AIC model but present in some others, and no support if absent from all retained models. Lastly, the effect size of predictors in the lowest AIC (best) model was assessed by plotting their estimated coefficients and 95% confidence intervals.



2.3.3.1 Health

For this response variable, healthy transplants (i.e., intact with 90% living foliage) were considered successes, while damaged and dead transplants were considered failures. This highlighted the best outcome attainable in this short trial: living individuals showing no signs of likely failure. We assessed whether health was influenced by caging, fire history, propagation method, provenance, age, landscape position and microtopography. Data exploration revealed a striking tree guard effect (only 1.3% overall of open individuals were healthy) so we restricted analyses to caged individuals. To simplify the final analysis we excluded two predictors that had minimal effects: provenance and age (Supplementary Presentation 2, Supplementary Presentation 3 provide information on provenance and age effects respectively). Prior to constructing candidate models we tested for an interaction between landscape position and microtopography by comparing the AIC of the additive model and a model with the interaction term, but found no support.




2.3.3.2 Survival

For this response variable, all living transplants (both healthy and damaged) were considered successes and only dead individuals were considered failures. We included this variable to strengthen ecological insights from this study and aid comparison with other work. We used the same analysis pathway as for the health response variable, again focusing on caged individuals, excluding provenance and age as predictors, and testing for an interaction between microtopography and landscape position (for which there was no support).







3 Results



3.1 Protecting natural germinants from herbivores

Protecting naturally germinated seedlings from herbivores had no statistical effect on the change in seedling count through time (Supplementary Figure 1). Between establishment and re-survey, seedling counts decreased in both caged (from 29.8 to 19.5 on average) and open (from 24.9 to 15.9 on average) plots.




3.2 Direct sowing

Almost all sowings failed, regardless of sowing method or caging treatment (Supplementary Table 2). Of the 300 sowing plots, only 10 (3.3%) contained seedlings in the 2021 re-survey. Further, it seems likely many of these seedlings originated from naturally occurring seed rather than our sowings because: i) they were only found on plots close to live adult pencil pines; ii) they were few in number (average of 2 per plot); and iii) where they were present in sowing plots, seedlings of similar height were also noted in the surrounding environment.




3.3 Transplanting



3.3.1 Herbivore protection

Tree guards had a striking positive effect on transplants (Figure 4A). Of the 1006 individuals transplanted in open plots, just 90 were found alive (8.9%), and only 13 were healthy (1.3%). In contrast, of 1008 caged individuals, 747 were alive (74.1%) and 559 were healthy (55.5%). Among open individuals, more individuals survived in historically burnt sites, in which plots had higher woody plant cover (Figure 4B), and lower macropod scat counts (Figure 4C) at the time of establishment. Scat counts suggest macropods are by far the dominant herbivore. Across all plots combined, 8144 macropod scats were recorded compared to only 93 possum scats, which were the next most common. Only 24 wombat and 30 lagomorph scats were recorded.




Figure 4 | (A) Stacked bar chart showing how the status of individual transplants at the end of the trial in caged and open plots varied in relation to fire history. Transplants survived far more frequently in caged plots, and survival in open plots was more frequent in historically burnt areas (unburnt in 2016) than recently burnt areas (burnt in 2016). (B) Violin plot showing that historically burnt plots had higher woody vegetation cover. (C) Historically burnt plots had lower macropod scat counts, at the time of trial establishment.






3.3.2 Health and survival of caged transplants



3.3.2.1 Landscape position

Landscape position was strongly supported as a predictor of both survival and health (Supplementary Table 3). This was driven by a higher likelihood of survival and health in Sphagnum and dry plots than in moderate and wet plots, where individuals were more likely to be dead or damaged (Figure 5). Outcomes in dry and Sphagnum plots were similar for both response variables; in dry plots 85.5% of individuals survived and 77.4% were healthy, while in Sphagnum plots 90.5% of individuals survived and 76.4% were healthy. Survival was similar between wet (67.1% survival) and moderate (71.9% survival) plots, however individuals were more likely to be healthy in moderate plots, where 54.2% of individuals were healthy, than in wet plots, which had the lowest likelihood of health at 43.5% (Figure 6).




Figure 5 | Effect size plot for supported predictors of survival and health of transplanted pencil pines. Coefficients and 95% CIs for predictors in the best (lowest AIC) models are shown. Effect size (difference from 0) is relative to the base model of moderate landscape position, runoff microtopography and cutting propagation, and where 95% CIs do not overlap zero a statistically supported effect can be inferred.






Figure 6 | Stacked bar charts showing the relative frequency of transplanted individuals that were dead (absent or without live foliage), damaged (broken off and/or >10% dead foliage), and healthy (intact and >=90% live foliage) in the 2021 re-survey, with regard to predictor variables included in the AIC analyses.






3.3.2.2 Microtopography

There was strong support for microtopography as a predictor of transplant establishment (Supplementary Table 3), with both survival and health being higher in runoff than runon positions (Figure 6). This result reinforces drainage as a key influence on transplants. Surprisingly the positive effect of runoff microtopography held true in all landscape positions (no AIC support found for the macrotopography x landscape position interaction term). Hence, even in dry positions, there was some disadvantage in planting in poorly drained (runon) microtopography.




3.3.2.3 Propagation method

The most notable difference in results between the two establishment response variables was that propagation method was included in the best model of survival but received no support as a predictor of health (Supplementary Table 3). Seedlings were more likely to survive than cuttings, but they were also more likely to be damaged, with the net result being no difference in the overall likelihood of a cutting or a seedling being healthy.




3.3.2.4 Fire history

Fire history received no AIC support as a predictor of either health or survival in the AIC analyses (Supplementary Table 3).







4 Discussion

This study provides insights for conserving a paleoendemic tree species that is threatened by climate change and wildfire, within a globally significant protected area (Bergstrom et al., 2021; Bowman et al., 2021). Of the three interventions trialled for restoring fire-damaged pencil pine stands, transplanting was the most promising: direct sowing largely failed, and protecting natural germinants from herbivores did not prevent a decline in seedling numbers. Transplant establishment rates were drastically improved by herbivore protection, and also varied with fine-scale topography. However, establishment rates were similar between recently and historically burnt sites, and were little influenced by variables relating to the tube stock used (i.e., propagation method, provenance and age). In this section we begin by discussing the three interventions we trialled, then explore the transplanting results in detail. We conclude with practical recommendations for conserving pencil pines in situ.



4.1 Protecting natural germinants from herbivores

The decline of natural germinants in both caged and open plots suggests burnt pencil pine stands are unlikely to be restored using herbivore protection alone. Previous work has indicated high juvenile attrition rates in the Lake Mackenzie area (Bliss et al., 2021). However, it is surprising that caging didn’t mitigate this decline given that we detected strong herbivore effects on transplants at the same sites (discussed below). Further, a similar field experiment in the Central Plateau found natural germinant counts increased by 3% in caged quadrats while decreasing by 56% in adjacent open quadrats over 18 months (Cullen and Kirkpatrick, 1988a). While design differences between the two experiments may have contributed to these contrasting results, it seems unlikely that our simpler study would have failed to detect a herbivore effect of the magnitude reported in the earlier study. We conclude that natural germinant attrition during our trial was driven by factors other than vertebrate herbivory.

The effectiveness of this intervention type is limited by the fact natural germinants only occur near live adult pencil pines (Cullen and Kirkpatrick, 1988a; Bliss et al., 2021), where conditions may be suboptimal for their survival. Pencil pine seedlings are subject to several bottom-up filters. For example, field studies suggest pencil pines have limited shade tolerance (Cullen and Kirkpatrick, 1988a) – a likely constraint on the germinants we targeted given most were beneath live trees (i.e. were shaded). Additionally, laboratory experiments have shown young seedlings are susceptible to both drought and waterlogging (Sakai et al., 1981; Cullen and Kirkpatrick, 1988b). Though it is not possible to determine the causes of natural germinant attrition in our study, it is clear that protecting natural germinants from herbivores is not a reliable standalone approach for restoring burnt stands.




4.2 Direct sowing

We found no evidence that introducing seed – with or without soil disturbance or recent fire, and in a range of microsites – can effectively restore pencil pine stands. Both abiotic and biotic factors may cause direct sowing interventions to fail. Seed predation is a common impediment (Overdyck et al., 2013; Palma and Laurance, 2015; Linabury et al., 2019); for example removal of seeds by ants has been documented in the Tasmanian Midlands (Bailey et al., 2021b). Additonally, unsuitable weather may cause sowings to fail to germinate or persist (Hallett et al., 2014; Muñoz-Rojas et al., 2016). This may be particularly relevant to our sowings, because all were implemented within a relatively short temporal window. Though we sowed in March – within the timeframe of natural seed fall (Ogden, 1978) – unusually high precipitation in the following weeks (Figure 2) may have affected germination or washed seeds away from the plots. Further trials of direct sowing are warranted given the convenience and low cost of this intervention (relative to transplanting), and because a collection of pencil pine seed for conservation purposes already exists (RTBG). Such trials could account for weather by sowing at several time points (both within and between years) and investigate seed predation by applying insecticides to some sowings, as has been done in the Tasmanian Midlands (Bailey et al., 2021b).

The failure of our sowings is also notable because germination failure has not been considered a constraint on pencil pine recruitment. Pencil pine seeds have high viability rates and germinate under various temperature and light conditions in laboratory tests (Read, 1989). Frequent observations of pencil pine seedlings after mast seeding events suggest germination also readily occurs in the field (Cullen and Kirkpatrick, 1988a; Holz et al., 2015; Bowman et al., 2019). Several recruitment constraints relating to the spatial and temporal occurrence of pencil pine seed have been identified; specifically that it does not persist in the soil or the canopy, is episodically produced and disperses over only short distances (Cullen, 1987; Cullen and Kirkpatrick, 1988a). Thus some work indicates it is seed supply – rather than germination and early seedling survival – which limits sexual recruitment of pencil pine. However this inference was not supported by our study, in which direct sowing failed across a range of treatments, fire histories and topographic positions.

It has been speculated that low severity disturbance (e.g., animal digging) may promote pencil pine germination in natural settings (Bowman et al., 2019). However our study – which incorporated three levels of mechanical disturbance – provides no evidence to support this claim.




4.3 Transplanting

Our findings indicate transplanting is a promising intervention to restore pencil pines. This aligns with restoration trials using other species, which have also found transplanting to be an effective approach (Palma and Laurance, 2015).

For some species, transplanting effectiveness is strongly influenced by tube stock type; for example, the method of propagation (Ray and Brown, 1995; Zahawi and Holl, 2009), genetic provenance (Bailey et al., 2021a), and age at the time of planting (Siles et al., 2010). In our study these variables were unimportant compared to the use of herbivore protection and choice of planting location, suggesting the outcomes of pencil pine transplanting are not highly sensitive to the tube stock used. However, these results are based only on transplant establishment and should be re-visited following future re-surveys.



4.3.1 Herbivores

Our results demonstrate that herbivore protection is necessary for transplants to establish, regardless of their position in the landscape. Although we found increased herbivore pressure in recently burnt sites – indicated by elevated herbivore scat counts and unprotected transplant failure rates – both of these variables were also high in sites not burnt for decades. Thus, our findings suggest herbivores are effectively ubiquitous, and reinforce herbivory as a key top-down filter on juvenile pencil pines in the Central Plateau (Cullen and Kirkpatrick, 1988a).

Macropods were clearly the dominant herbivore in our study area, evidenced by their scats being more abundant than possum scats (the next most common) by almost two orders of magnitude. Following the extinction of the Thylacine (Thylacinus cynocephalus), population decline of the Tasmanian Devil (Sarcophilus harrisii) and cessation of hunting by Aboriginal people and later European trappers, there is little predation to control macropods in the Central Plateau (Holz et al., 2015). Our findings add to existing evidence that macropods constrain pencil pine recruitment and growth, including the dearth of adult foliage below wallaby (Macropus rufogriseus) browse height, and direct observations of macropods consuming pencil pine foliage (Cullen and Kirkpatrick, 1988a; Holz et al., 2015).




4.3.2 Fire history

The pencil pines we transplanted established equally well in both recently and historically burnt sites. For some species, the time between a fire and a restoration intervention is a crucial. For instance, restoring Eucalytpus delegatensis forest requires sowing seeds in the first winter after a fire, while a suitable ash bed still exists (Bassett et al., 2015). Conversely, other plants cannot establish immediately, and need pioneer species to create suitable conditions. Our findings suggest that fire history is not a key factor for restoring pencil pines, as transplanting soon after fire or decades later yields similar results. We note shrub cover was higher in historically burnt than recently burnt sites, which we discuss in a separate section below.




4.3.3 Landscape position and microtopography

We demonstrate that fine-scale choice of planting position influences pencil pine transplant establishment rates. This aligns with a growing body of work showing that restoration plantings benefit from selecting appropriate microsites based on indicator species (Dunwiddie and Martin, 2016), proximity to shelter (Bailey et al., 2012), substrate characteristics (Douterlungne et al., 2015), or topographic variables (Larkin et al., 2006). For example, fine-scale topography influences transplant survival in Pacific North West prairies (Dunwiddie and Martin, 2016), dune systems in Michigan (Halsey et al., 2017) and southeast Australian wetlands (Raulings et al., 2007). We used our simple topographic classification system to demonstrate microsite effects in our study system, at both 3 m (i.e., landscape position) and 0.5 m (i.e., microtopography) scales. Though we intended our system to be a practical tool, we did not field-test it and it may need refinement for on-ground use. However, it is clear that fine-scale choice of favourable planting positions can enhance the effectiveness of pencil pine transplanting, and should be considered.

It is unintuitive that waterlogging would impede young pencil pines given the densest pencil pine stands are in wet areas. However poor drainage reduced establishment rates at both scales we considered (3 m and 0.5 m). Topography influences vegetation by modulating drought stress (Tongway and Ludwig, 1994) and frost occurrence (Marquis et al., 2021), in additon to waterlogging (Raulings et al., 2007). Whilst both frost and waterlogging impacts are strongest in drainage hollows, frost seems an unlikely driver of the topographic effects we observed because laboratory studies show juvenile and adult pencil pines are remarkably frost tolerant (Sakai et al., 1981; Cullen and Kirkpatrick, 1988b). In contrast, waterlogging is a known constraint on pencil pine seedlings (Cullen and Kirkpatrick, 1988b). We suggest pencil pine transplanting should target well-drained microsites, but note that the influence of topography might differ in dry periods, when hollows are not inundated, and plants in well-drained positions may be more prone to drought stress and fire.

The successful establishment of transplants in Sphagnum moss, which often growns in inundated environments, may seem to contradict the idea of negative waterlogging effects. However, when planting in Sphagnum we did not dig down to the underlying soil (which was often beneath >1 m of Sphagnum). Rather, we planted into the surface of the moss itself, where free water (i.e. puddling) was less common than in wet and moderate positions (especially after rain). Therefore, the high rate of transplant establishment in Sphagnum positions further highlights that waterlogging and its effects can vary at very fine scales. Though transplants in Sphagnum and dry positions showed similar establishment rates, we hypothesise that transplants in dry positions will exhibit better long-term survival and growth, due to more nutrients being available in soil compared to Sphagnum. These ideas are speculative, but future re-surveys could explore them in detail.





4.4 Effects of shrub cover on pencil pines

Shrubs – a major vegetation component where pencil pines occur – are an important consideration for restoring burnt stands, because they may influence pencil pine recruitment and survival via several mechanisms.

Shrubs may promote natural pencil pine recruitment by providing structural protection from herbivores; acting as ‘nurse’ plants (Padilla and Pugnaire, 2006). Our finding that transplants without tree guards survived more often in shrubbier sites (i.e. burnt historically rather than recently) is consistent with this, suggesting naturally occurring pencil pine seedlings are more vulnerable to herbivory in areas with low shrub cover.

Shrubs compete with pencil pine seedlings for light and other resources. For example, shading by the shrub layer likely limits seedling establishment, given pencil pine recruitment in mature stands is restricted to light gaps (Cullen and Kirkpatrick, 1988a). We found no evidence of such effects for our transplants, around which a small area of vegetation was removed, reducing shading and possibly below ground competition. Re-growth of this cleared vegetation was minimal over the course of our study. Future plantings are also unlikely to be affected by high shrub cover if they follow the same protocol. However, the extent of shrub competition effects in the absence of such treatment is unknown.

High shrub cover increases the flammability of pencil pine stands, reducing the likelihood of both juvenile and adult pencil pines surviving in the long term. Further, shrub-fire feedbacks have been demonstrated – whereby shrubs proliferate after pencil pine stands burn, increasing tree mortality rates in subsequent fires (Holz et al., 2015; Bowman et al., 2019). Such feedbacks may jeopardise burnt stand restoration if the increased fire risk is not managed.




4.5 Management recommendations

We recommend transplanting tube stock, with herbivore protection, as an intervention approach to conserve pencil pines. Tube stock may be propagated from seed or from cuttings – whichever is most convenient – and tube stock 1.5 years old at the time of transplanting are sufficient for establishment. We found no evidence that tube stock provenance is important. Transplants must be protected from vertebrate herbivores, particularly macropods, and in the rugged terrain where pencil pines occur individual tree guards are an effective way of achieving this. Stands burnt recently, and in historic fires, are equally suitable targets for restoration, however establishment rates are influenced by the fine-scale choice of planting position. Well-drained landscape positions are best, followed by Sphagnum dominated areas. At the fine scale, runoff microtopography (hummocks, mounds and slopes) is preferable to run-on microtopography (hollows, pans, depressions, flats), particularly in wet areas.

We stress that our recommendations – which are based on pencil pine establishment patterns in the first trial of conservation interventions for the species – must be adapted as new information is gathered. More work exploring the patterns of longer-term transplant survival and growth is required. Additionally, the topography effects we outline (i.e. well-drained positions are favourable) could reverse in drought conditions, particularly since transplants were resurveyed after a single summer that was unusually wet. Future resurveys of this trial are required, particularly following drought years. The potential of direct sowing and natural germinant interventions also warrants further attention.

The abundant historically burnt stands in the Central Plateau provide many restoration opportunities. Fires since European invasion of Tasmania have removed pencil pines from approximately one third of their global range (Bowman et al., 2019); a continuing trend (Harris et al., 2018; Mariani et al., 2019) which only active intervention will mitigate. Rather than wait to respond to new fires, it would be prudent to initiate a planting program promptly, given pencil pines grow very slowly, and that lead time is required (i.e., to source funding, obtain permits and propagate tube stock). Such elective restoration efforts could be re-routed if higher priority (e.g., more frequently visited) stands burn in the meantime.

Where interventions are located at the landscape scale should be carefully considered. A useful tool to inform such decisions is bioclimatic modelling, which allows populations to be assessed for their resilience to climate change. Bioclimatic models can also highlight refugia – areas that can facilitate a species persistence through adverse conditions (Keppel et al., 2012). Athrotaxis species have already been used in bioclimatic models, providing clues for decision makers (Porfirio et al., 2014; Keppel et al., 2015; Mariani et al., 2019). For example, one study found that many montane forest stands, containing Athrotaxis, are near the climatic margins for that forest type, and suggested conservation efforts should focus on stands in the most climatically suitable areas (Mariani et al., 2019). That study also highlighted many unoccupied refugia in Tasmania into which pencil pines could be translocated. This could increase the spatial redundancy of pencil pines, and hence reduce the species vulnerability to disturbances.

If restoring burnt pencil pine stands proves possible it will be slow, expensive, and will produce stands of a different character to natural ones (e.g., more uniform age structure, different spatial patterning and a lack of clonal clusters). Thus, managers should continue to prioritise protecting existing stands. Targeted fire suppression has often been used to protect Gondwanan vegetation remnants, including the use of temporary sprinklers to save an Athrotaxis stand at Lake Rhona from wildfire in 2018. Mechanical fuel management – such as removing shrubs to decrease pencil pine mortality rates during fire (Bowman et al., 2019) – could also be an effective means of protection. Our results highlight a potential trade-off for shrub removal, as this may make wild pencil pine seedlings more vulnerable to herbivory. Nonetheless, it is likely that proactively managing fuels would prove cheaper and more effective than solely relying on wildfire suppression.




4.6 Conclusion

Climate change is increasing the exposure of pencil pines to fire, and burnt stands are very unlikely to recover naturally given recruitment is absent across much of the species range (Holz et al., 2015; Harris et al., 2018; Bergstrom et al., 2021; Bliss et al., 2021). Therefore, interventions to retain this relictual Gondwanan species in the landscape are justified. Restoration of burnt pencil pine stands is most likely to succeed if methods are based on robust field data and refined through adaptive management; the highly replicated field trial we have established provides a strong starting point for this. Transplanting is a more promising intervention than either direct sowing or protecting naturally occurring germinants from herbivores, though further testing of these approaches is warranted. Transplanting will only succeed if plants are protected from macropod herbivores, which are a strong top-down filter. Transplant establishment can be further improved by choosing favourable planting positions at fine scales, because bottom-up effects, such as waterlogging, also constrain young pencil pines. The many burnt stands that already exist are suitable for restoration, and hence a planting program targeting these stands could start now. The guidelines presented must be adapted following future research, including re-surveys of this trial, in which longer-term patterns of survival and growth can be assessed. Other interventions to conserve pencil pines should also be considered, such as establishing populations in unoccupied fire refugia, and using fine-scale fuel management to protect existing stands from fire.
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