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Abstract

:

Many plant species are well-adapted to historical fire regimes. An increase in the severity, frequency, and extent of wildfires could compromise the regenerative capacity of species, resulting in permanent shifts in plant diversity. We surveyed extant vegetation and soil seed banks across two forest types with contrasting historical fire regimes—Shrubby Dry Forest (fire return interval: 10–20 years) and Sub-Alpine Woodland (50–100 years). Over the past 20 years, both forests have been subject to repeated, high-severity wildfires at intervals significantly shorter than their historical return intervals. We examined the soil seed bank response to fire-cued germination, and whether the plant diversity in soil seed banks and extant vegetation demonstrated similar responses to short-interval, high-severity wildfires. The soil seed bank demonstrated a positive response to heat in combination with smoke, and for the Sub-Alpine Woodland, this was limited to sites more frequently burnt by fire. With an increase in fire frequency, there was a decline in species richness and Shannon’s Diversity and a shift in species composition in both extant vegetation and the soil seed bank. The fire frequency effects on the relative richness of trait associations were restricted to the Shrubby Dry Forest, and included an increase in short-lived obligate seeders, wind-dispersed species, and ant-dispersed shrubs in burnt relative to long unburnt sites in both extant vegetation and the soil seed bank. Graminoids were the most abundant component of the soil seed banks of Sub-Alpine Woodlands, and this increased with more frequent fire, with a similar trend (p = 0.06) in extant vegetation. Clear shifts in plant diversity in both soil seed banks and extant vegetation in forest types with contrasting historical fire regimes suggest that emerging fire regimes are pushing ecosystems beyond their historical range of variability, including potentially more flammable states and a decline in the buffering capacity of soil seed banks.
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1. Introduction


Fire is a globally pervasive and dominant disturbance to terrestrial ecosystems and plays a critical role in shaping plant communities [1]. While adapted to fire, plants are not necessarily adapted to all fire regimes [2,3,4]. The potential for increases in wildfire extent, frequency, and severity under climate change [5,6,7] is being realised on a global scale [8]. In southeastern Australia, wildfires of an unprecedented scale burnt an estimated 7.2 million hectares of temperate forests during the 2019–20 fire season [9]. This megafire followed nearly two decades of an increased occurrence of high-severity fires in the region [10]. This shift in fire regime, particularly to more frequent wildfires, can threaten the persistence of woody species [11] and produce shifts in species composition, including state changes such as a loss of obligate seeder canopy species [12,13,14].



Plant responses to fire are dictated by a combination of fire-adapted traits that allow individuals to survive fire or regenerate following fire and include resprouting, serotiny, and fire-cued germination [3]. Resprouters survive fire by initiating new growth from protected meristems located in above- and/or belowground (i.e., lignotubers) organs [4]. In contrast, obligate seeders are species with adult plants that are killed by fire, with the replacement of individuals reliant on seed dispersal and the germination of canopy- or soil-stored seed [15], while facultative resprouters combine both strategies [16]. The hard, impermeable seed coat of physically dormant seed enables the seed to survive fire temperatures and provides for the accumulation of soil-stored seed during the inter-fire period [3,17]. The heat shock from a fire renders the seed permeable to water and allows for germination [18]. Physically dormant species typically have little response to smoke, although species with other seed dormancy mechanisms can demonstrate increased rates of germination in response to smoke cues [19,20]. These fire-related germination cues provide seedlings with the opportunity to exploit the reduced levels of competition for resources provided by the post-fire environment [21].



Fire-related germination cues may be associated with a parental environment [22], including fire regime [23,24,25,26]; other fire-adapted traits [27]; or other plant traits such as life form [19,27]. For example, Manela et al. [24] reported an increased response to ex situ smoke cues in more frequently burnt sites in a Mediterranean woodland, which was predominantly due to the increased germination of annuals, with similar findings for the in situ application of smoke [28]. This positive response of annual species to smoke cues has been reported across a range of floras, including in southeastern Australia [24,28,29,30,31]. We might also expect obligate seeders to demonstrate a greater response to fire-related germination cues than resprouters, given their greater dependence on post-fire seedling recruitment for population persistence [19,32]. In a broad-scale survey of southeastern Australian species, Carthey et al. [19] demonstrated that obligate seeders are more likely to show positive responses to smoke cues than resprouters. Similarly, many obligate seeding species have seeds with physical dormancy and are more likely to demonstrate heat-promoted germination than resprouters [27,33]. Dispersal mode may also play an important role in post-fire plant assemblages through direct effects on colonisation from surviving vegetation [34], and indirectly through associations with fire-related germination cues and the formation of persistent seed banks. For example, in Australia, many woody species are ant-dispersed species with hard seed coats and may form long-term (≥5 years in [35]), persistent seed banks through physical dormancy or burial [36,37]. Given that soil temperatures decrease sharply with soil depth [38], seed burial by ants may also act to protect physically dormant seed from lethal temperatures and place them at depths where temperatures are conducive to breaking dormancy [36].



The persistence of plant communities in fire-prone areas is primarily related to the interaction of fire-adapted traits with fire regime [39,40], which will result in distinct post-fire assemblages and alternative successional pathways [21,41]. Increases in fire frequency may compromise the regenerative capacity of species, including the depletion of some resprouting species and the potential extinction of obligate seeders if the inter-fire interval is shorter than the time to reproductive maturity. For extant vegetation, recurrent wildfire effects include demographic shifts in fire-tolerant canopy species [42,43], the decline and local extinction of obligate seeding tree [12,44] and shrub species [11,45,46], and a shift to more simplified communities dominated by a short life span, fast growth, and early reproductive life forms [47,48,49]. The concomitant effects of recurrent wildfires on soil seed bank have received less attention, despite its importance as a reservoir of plant diversity, particularly in fire-prone communities [50,51], and work demonstrating marked differences in other fire regime effects—such as prescribed fire [52,53] and time since fire [54,55]—on the composition in the soil seed bank relative to extant vegetation. In the Mediterranean Basin, an increase in wildfire frequency results in an increase in the density of soil seed banks due to a shift from woody to herbaceous species with a short time to reproductive maturity, with, however, no loss in species richness due to the predominance of a soil, rather than canopy seed store [24,31]. This resistance to species loss may be conferred by the bet-hedging strategy used by many species, especially those with physical dormancy, with a reservoir of soil-stored seed buffering the probability of extinction following consecutive fires [17,56,57]. However, a high fire severity can result in the increased germination of physically dormant species and result in a decrease in the size of the residual seed bank, which may, in turn, impact the ability of a species to persist with frequent fires [58,59]. In recent work, Duivenvoorden et al. [60] reported a decline in richness in the soil seed bank following repeated high-severity fires for montane eucalypt forests, which contrasted with a lack of response in the extant vegetation. It is then the functional identities of both the extant vegetation and soil seed bank that are key in predicting post-fire plant assemblages and, in turn, the potential for the re-establishment of ecosystem processes after a fire [61,62].



This study examines the effects of fire-related germination cues and fire frequency on the plant diversity of temperate forest ecosystems via an examination of plant species and functional trait metrics. The study was conducted on two different forest types, Shrubby Dry Forests and Sub-Alpine Woodlands in southeastern Australia. Each forest type is dominated by an overstorey of resprouting eucalypts, and both have been subjected to repeated, high-severity wildfires at intervals significantly shorter than the historical norm [43,63]. The following questions and associated hypotheses were addressed:




	
Does the soil seed store respond to fire-related germination cues, and are these cues related to fire history and other plant traits? We hypothesize that the soil seed store will demonstrate a positive response to fire-related germination cues and that these cues will be more prevalent in areas more frequently burnt by fire. We expect seeders, ant-dispersed species, and short-lived species to demonstrate stronger responses to fire-related germination cues than other traits.



	
Do the soil seed bank and extant vegetation demonstrate similar responses to fire frequency? We expect a decline in the soil seed bank with more frequent fires and a reduction in the capacity of the soil seed bank to buffer species losses in extant vegetation with an increasing fire frequency. For both the soil seed bank and extant vegetation, we hypothesize that an increase in fire frequency will benefit species with fast reproductive maturity but filter out longer-lived woody species with a greater age to reproductive maturity.









2. Materials and Methods


This study encompassed two areas supporting fire-tolerant eucalypt communities that had been subjected to short-interval, high-severity wildfires. Both areas have been the subject of previous work by Fairman et al. [43,63], who provided detailed descriptions of the study areas and methodology associated with the site selection. The sites chosen for this work are a sub-set of those previously established. In brief, both study areas are in southeastern Australia and support distinct vegetation types: (i) mixed-species Shrubby Dry Forests in the Ben Cruachan and Glenmaggie State Forests in West Gippsland (37.806° S, 146.754° E); and (ii) a Eucalyptus pauciflora Sub-Alpine Woodland on Mount Hotham (37.027°, 147.119° E) (Figures S1 and S2).



2.1. Glenmaggie Study Area and Site Selection


The annual rainfall ranges from 700 to 800 mm, falling mainly in spring (September–November), with mean annual temperatures ranging from 12.4 to 14.5 °C (1981–2010; [64]). The area encompasses elevations of 206–604 m asl, characterised by moderate to steep slopes. The study sites were established in a widespread dry sclerophylly forest, locally classified as a Shrubby Dry Forest (Ecological Vegetation Class, EVC, [65]). This vegetation type is dominated by a diverse mix of eucalypts, including Eucalyptus cypellocarpa, E. globulus, E. globoidea, E. gonicalyx, E. macrorhyncha, E. muelleriana, E. polyanthemos, E. sieberi, and E. tricarpa. Mixed-severity wildfires in 2007 and 2013 culminated in extensive areas of the forest that were either unburnt (since 1939) or burnt once or twice within six years (Figure 1; Table S1). This inter-fire interval is short relative to the historical range (10–20 years in [66]) and below the minimum tolerable fire interval of 15 years required for the longest-lived species to reach a sufficient size or produce a seed store to survive a subsequent high-severity fire [67]. This relatively short inter-fire interval is, however, sufficient for the profuse regeneration of elevated fuels and a return to a very high overall fuel hazard rating [68].



We surveyed five replicate sites in each fire frequency class: unburnt, single burnt in 2013, single burnt in 2007, and double-burned in 2007 and 2013, for a total of 20 sites. At each site, we re-established the original 50 m × 20 m boundary of Fairman et al. [63], and within that, established two 10 m × 10 m plots for sampling. The plots were centred at 15 m and 35 m along the 50 m boundary and at 10 m along the 20 m boundary.



For both Glenmaggie and Mount Hotham, areas of high-severity wildfire were identified by the Normalised Burn Ratio, as estimated from pre- and post-fire SPOT images in combination with Landsat and high-resolution aerial imagery [63].




2.2. Mount Hotham Study Area and Site Selection


The annual rainfall ranges from 1400 to 1700 mm, the majority falling as winter (June–August) snow with a mean annual temperature range from 5.5 to 7.1 °C (1981–2010; [64]). The elevation spans 1477 to 1735 m asl, supporting moderate to steep slopes. Sites were established in forests dominated by Eucalyptus pauciflora and its subspecies and locally classified as Sub-Alpine Woodland (EVC, [65]). These forests lie between 1400 and 1900 m asl at the altitudinal tree limit in Australia [69,70,71,72].



Combinations of large, high-severity wildfires in 2003, 2007, and 2013 created mosaics of E. pauciflora forests that were either unburnt (since 1939), burnt once, twice, or thrice over that decade. This fire frequency is well below the historical norm (one per 50–100 years [73]) and below the minimum tolerable fire interval of 50 years required for the longest-lived species to survive a subsequent high-severity fire [67]. We surveyed four replicate sites in each fire frequency class for a total of 16 study sites (Figure 1, Table S1). The distribution and overlap of the three wildfires constrained the choice of wildfire years in the single- and double-fire history classes, meaning that the fire history varied slightly (Table S1). At each site, we re-established the original 50 m × 10 m boundary of Fairman et al. [43] and established plots following methods for Shrubby Dry Forests.




2.3. Vegetation Survey and Treatment


All sites were sampled in spring 2017, before the onset of flowering and seeding of the extant vegetation. Sampling during this period ensured that the most viable seed found in the soil could be confidently assumed to have been produced in previous seasons, and, therefore, have passed through a minimum of one entire winter and summer period [74,75].



For each plot, the projected foliage cover of all the extant vascular vegetation was estimated to the nearest percentage. For cover less than <1%, cover was assigned at 0.05%. Soil samples were collected at the same time to provide an estimate of the soil seed bank using the seedling emergence method. For this, surface leaf litter was removed [30,76] and 36 soil cores at a 5 cm depth (diameter 6.84 cm) were randomly sampled and bulked to represent a surface area of 0.1323 m2 (equivalent to 0.13% of the plot surface area). The soil samples were air-dried and sieved to 5 mm, concentrating the seed in a smaller volume of soil.




2.4. Soil Seed Bank Treatment


We applied a series of treatments to meet a range of dormancy requirements common to the sampled species [60,77], with applied heat treatments typical of temperatures reached at a 0–5 cm soil depth during wildfires in forests of southeastern Australia [78]. For each plot, each composite soil sample was split into four equal portions and treated separately with high heat and smoke (HHS), low heat and smoke (LHS), smoke only (S), or no treatment (control, C). The samples were placed in aluminium trays at a depth of 2 cm, with thermocouples located at a 1 cm soil depth to measure the temperature. The samples were heated in ovens at 95 °C until the soil temperatures reached 80 °C (high-heat treatment) and 30–50 °C (low-heat treatment) for a duration of 30 min. Temperatures of 80 °C are known to maximise the germination of hard-coated shrub seeds [18], with temperatures of 30–50 °C known to promote sedge and grass species germination [79]. The smoke treatment was applied to the heated soil samples after they had cooled and followed Meers et al. [80]. Control trays with media but without seed bank material were used to monitor for contamination.



The trays were placed randomly on benches in a climate-mediated (~16 °C night and 22 °C day) glasshouse with automatic irrigation and re-randomised fortnightly to reduce position bias. Emerging seedlings were recorded at weekly intervals and removed from the trays once identified. After 45 weeks, there was little further germination, and unidentified seedlings were removed and grown in larger pots until they could be identified. The soils from all treatments were then turned to promote the germination of any remaining seeds within the profile. At this point, gibberellic acid (200 mg L−1) was applied to the seedling trays at a rate of 30 mL per tray for 5 days [81] to account for any underlying physiological dormancy [82]. The seedling trays were monitored for seedling emergence for a further nine weeks. While the soils were not examined for seeds that had not germinated, this technique is deemed appropriate for determining which seeds may germinate in the event of a disturbance [83]. The trial was run from December 2017 to December 2018.




2.5. Functional Types


The functional types associated with resource partitioning, response to disturbance (life form and fire response), and the capacity to re-colonise (dispersal mode) were recorded for all species [84] (Table S2). The life form classification followed Raunkiear [85] and the dispersal mode classification was based on diaspore morphology [84], with a 0.1 mg seed mass used to separate self-dispersed (‘mobile’; [86]) species from heavier seeded barochores. Ballistochores were classified as either myrmecochores or barochores [87]. Those for fire response followed [88,89], recognising that many species lie along a continuum between resprouting and seeding, and a binary view of these traits may lead to an over- or underestimate of regeneration potential [90,91].




2.6. Data Screening


In the soil seed bank treatment trial, the control trays indicated contamination from Cardamine occulata and Oxalis spp., and these species were excluded from analysis. To facilitate comparisons between seed bank germinants and extant vegetation, Epilobium, Galium, Geranium, Juncus, Lepidosperma, Plantago, Rytidosperma, Trifolium, and Wahlenbergia species were aggregated to genus in instances where all recorded species within these genera could not be identified to the species level. An analysis of the soil seed bank treatment effects retained species-level identifications where present. For extant vegetation, all subspecies of Eucalyptus pauciflora (niphophila, pauciflora) were aggregated to the species level, as we could not confirm the sub-species across all sites.




2.7. Statistical Analysis—Soil Seed Bank Treatment and Fire Frequency


We calculated the number of seedlings that germinated in each of the four treatments across three levels of data aggregation (i) individual species; (ii) all species (total, native, and introduced); and (ii) functional types. For functional types, the species richness and germinant density were summed for species within each life form, dispersal mode, and fire response strategy. Species were excluded where trait information was missing (Table S3).



For individual species, the significance of treatment effects was limited to those species recorded in eight or more plots and only included plots in which each species had germinated to avoid zero inflation [92,93]. The analysis followed Kruskal–Wallis and Dunn’s pairwise comparisons (where p ≤ 0.05; SPSS V22.0.0.0, IBM Corp Chicago, IL, USA, 1989, 2013) of standardised data (division by the total). For all subsequent analyses, our experimental unit was at the site level and data were pooled across the two plots.



We assessed the seed bank treatment (four factors: C, S, LHS, and HHS) and fire frequency (four factors: number of wildfires since 2003) effects on species composition via two-way PERMANOA on the Bray–Curtis similarity of transformed (log x + 1) species counts (PERMANOVA Version 1.0.5, PRIMER-E Ltd., Plymouth, UK, [94,95]. Two-way PERMANOVA on the Euclidean distance between sites was used to test effects of the seed bank treatment and its interaction with fire frequency on Shannon’s diversity (H′) [96] and on the richness and germinant density of all species and functional types. In each instance, data were standardised (division by the total) and transformed (log x + 1) [97,98]. For Shrubby Dry Forest, a dummy variable of 1 was added prior to the calculation of the similarity matrix to avoid undefined values. Where differences were significant, the SIMPER procedure of PRIMER (Version 6.1.15, PRIMER-E Ltd., Plymouth, UK) [99] was used to determine the species (or plant attributes) that contributed most to dissimilarity.



The fire frequency classes differed within each forest type: Shrubby Dry Forest (Unburnt, Single 2013, Single 2007, Double) and Sub-Alpine Woodland (Unburnt, Single, Double, and Triple). For Shrubby Dry Forest, the two sets of single-burnt (in 2007 and 2013) sites were not lumped, as we recognised the potential for differences in ‘time since fire’ to affect the species richness and composition of assemblages and functional response types that are independent of fire frequency, given that species with different traits have alternative life histories following a fire [98,100,101].




2.8. Statistical Analysis—Vegetation Type and Fire Frequency


For each site (the experimental unit), data were pooled across the two plots. Given that each soil seed bank treatment produced a unique set of additional species (and that there was an interaction between germination treatment and fire frequency—see results), the comparison with extant vegetation was based on the soil seed bank germinants summed across all treatments, as this approach provides for the most comprehensive account of the germinable soil seed bank and removes the effects of the germination cues [53,80,92]. All species in the extant vegetation (under and overstorey species) and those that had germinated in the soil seed bank were considered in the comparison.



For each of two levels of data aggregation (all species, functional types—as above), we examined the vegetation type (two factors: extant vegetation and soil seed bank) and fire frequency (four factors: number of wildfires since 2003) effects on richness and composition by two-way PERMANOVA, following methods described for the soil seed bank. For each two-way analysis, data were presence–absence transformed to avoid problems commonly associated with measures of abundance, including: (i) apparent discrepancies in the similarity between vegetation types that can be explained by frequently occurring aboveground species that have sparse cover, but produce disproportionally high numbers of seeds relative to cover abundance (e.g., Carex and Luzula spp.); (ii) difficulties with quantifying the abundance of clonal species; and (iii) the influence of fire history on stocking densities [43,63,75,98,102]. We also considered fire frequency effects on H′ in extant vegetation and the soil seed bank using one-way PERMANOVA.





3. Results


3.1. Soil Seed Bank—Individual Species


In Shrubby Dry Forest, a total of 3617 germinants were recorded for 101 vascular plant species from 39 families (Table S3). Introduced species comprised 8.3% of the total germinant pool across 15 species. In total, 40 species were restricted to a single treatment type, with 15 of these belonging to the HHS treatment (Table S3). Of the 35 species for which statistical testing was possible, 8 species, including 2 introduced species, demonstrated a strong germination response to the LHS and/or HHS treatments, with marked increases in densities over the control and/or smoke treatments (Table S3). Several species of herbs, sedges, grasses, annuals, and shrubs did not respond to the treatments (Table S3). Acacia species were limited to the LHS or HHS treatments, as were other shrubs belonging to Fabaceae, although the statistical testing of individual species was not possible.



In Sub-Alpine Woodland, a total of 3024 germinants were recorded for 86 vascular plant species from 32 families (Table S3). Introduced species comprised 15.4% of the total germinant pool across 21 species (Table S3). A total of 5 of the 18 species for which statistical testing was possible demonstrated significant increases in LHS and/or HHS treatments over the smoke and/or control treatments. Several species of herbs and sedges did not respond to the treatments (Table S3). Consistent with trends for the same genera within the Shrubby Dry Forest, Acacia alpina and Pelargonium helmsii were limited to the LHS or HHS treatments, although the statistical testing of treatment effects was not possible.




3.2. Soil Seed Bank—All Species


In Shrubby Dry Forest, heat plus smoke cues increased the native species richness, with effects on the total species richness limited to sites that had been burnt (Figure 2 and Figure 3; Table S4). For both forest types, the combined heat and smoke treatments produced a greater density of germinants relative to the control and smoke only treatments, and in Sub-Alpine Woodland, these effects were limited to sites that had been burnt (Figure 2 and Figure 3; Table S4). For both forest types, the species richness and density decreased with an increasing fire frequency (Figure 2, Table S4).



The soil seed bank treatment did not affect the Shannon’s diversity (H′) or species composition in either forest type, with also no interaction with fire frequency (Tables S5 and S6, Figure S3). The species composition and H′ did, however, differ according to fire frequency, with declines in H′ and species similarity with an increase in fire frequency and the greatest differences between the unburnt and most frequently burnt sites in both forest types (Tables S5 and S6, Figure S3). SIMPER analyses indicated that differences in species composition were the result of additive contributions from a few dominant species in both forest types (Table S6).




3.3. Soil Seed Bank—Functional Types


In Shrubby Dry Forest, the relative proportion (both richness and density) of species within different life forms, dispersal mechanisms, and fire response strategies varied with the soil seed bank treatment and fire frequency, with responses to fire-related germination cues being independent of fire frequency (Table 1). The treatment effects included a greater proportion (both richness and density) of phanerophytes and barochores, and an increased richness of myrmecochores and resprouters in the HHS-treated samples relative to the smoke and control (Table 1). The fire frequency effects included decreases in the proportion of proto-hemicryptophytes, species with mobile seed and weak seeders (Sr), and in the richness of phanerophytes with an increasing fire frequency (Table 1). In Sub-Alpine Woodland, the relative proportion of functional types did not change in response to fire-related germination cues (Table 2), with, however, significant fire frequency effects that included an increase in the proportion of erect rosettes, a decrease in the proportion of flat and partial rosettes in double-burnt sites, and an overall decrease in phanerophytes, ant-dispersed species, and weak seeders with an increasing fire frequency (Table 2).




3.4. Vegetation Type and Fire Frequency Effects—All Species


A total of 156 species were recorded in the soil seed bank plus extant vegetation in the Shrubby Dry Forest and 157 in the Sub-Alpine Woodland (Table S3). Phanerophytes were the dominant life form, while barochores and resprouters were the dominant modes of dispersal and fire response strategies, with each of these trends being consistent across forest types (Figure S4). For Shrubby Dry Forest, 55 species were unique to extant vegetation, 43 species were unique to the soil seed bank, and 58 species were shared between the soil seed bank and extant vegetation. Corresponding species’ numbers for Sub-Alpine Woodland included 71 for extant vegetation, 30 for the soil seed bank, and 56 that were shared.



For both forest types, the species richness differed significantly with vegetation type and fire frequency, with, however, no interaction effects (Figure 4, Table S7). The native species richness in extant vegetation was consistently greater than that in the soil seed bank for both forest types, with contrasting trends for introduced species in Shrubby Dry Forest (Figure 4). Species richness declined with an increasing fire frequency (Figure 4). In Shrubby Dry Forest, the richness within unburnt and single-burnt sites was significantly greater than that in double-burnt sites, while in Sub-Alpine Woodland, both richness (Figure 4) and H′ (Figure S5, Table S8) in unburnt sites were significantly greater than those in double- and triple-burnt sites (Figure 4). In Shrubby Dry Forest, there was no change in H′ with fire frequency for extant vegetation, with trends in the soil seed bank matching those for species richness (Figure S5, Table S8).



The similarity in species composition between extant vegetation and the soil seed bank was low (Shrubby Dry Forest 15%; and Sub-Alpine Woodland 25%) and independent of fire frequency (Table S9). There were significant changes in species composition with fire frequency, with the greatest differences being between double-burnt and unburnt sites for both forest types and differences also occurring between double and single (2013) burns in Shrubby Dry Forest, while triple burns were relative to all other fire frequencies in Sub-Alpine Woodland (Figure 5, Table S9). SIMPER indicated that, for both forest types, the species most responsible for the differences between vegetation types included Eucalyptus spp. and shrubs which were more frequent in the extant vegetation, while the fire frequency effects were largely explained by Stypandra glauca, Wahlenbergia spp., and Daviesia buxifolia in Shrubby Dry Forest, and Cerastium vulgare, Oreomyrrhis eriopoda, Luzula meridionalis subsp. Flaccida, Poa hothamensis var. hothamensis, and Senecio gunnii in Sub-Alpine Woodland (Table S9).




3.5. Vegetation Type and Fire Frequency Effects—Functional Types


The relative proportion of species with different life forms and dispersal mechanisms varied significantly with vegetation type, with consistently greater proportions of phanerophytes in the extant vegetation and anemochores in the soil seed bank (Tables S10 and S11). For Shrubby Dry Forest, the fire response strategies also differed with vegetation type; resprouters were more frequent in the extant vegetation and seeders were more frequent in the soil seed bank (Table S10).



The relative proportion of species with different life forms and dispersal modes also varied significantly with fire frequency in Shrubby Dry Forest, with that in double-burnt sites being significantly different to that in unburnt and single-burnt (2013) sites, but not single-burnt (2007) sites with a longer time since fire (Table S10). Specifically, there was an increase in the proportions of phanerophytes, therophytes, erect rosettes, and anemochores with an increasing fire frequency, while there was a decrease in the proportion of barochores (Table S10). In Sub-Alpine Woodland, there were no significant differences in the relative proportions of functional trait associations with fire frequency outside a trend for near-significant (p = 0.06) changes in life forms (Table S11).





4. Discussion


Fire regime shifts in the form of short-interval, high-severity wildfires modify both the soil seed stores and extant vegetation in Shrubby Dry Forest and Sub-Alpine Woodland communities in southeastern Australia. Our results were largely consistent with our first hypothesis that seedling emergence was promoted by fire-related germination cues, and that these cues were related to the post-fire regeneration strategy, mode of seed dispersal, and life form and were more prevalent in burnt than long-unburnt sites. Consistent with our expectations, we found that the soil seed bank and extant vegetation demonstrated similar responses to fire frequency, which included an increase in species with a fast reproductive maturity and a reduced capacity of the soil seed bank to buffer against species loss in extant vegetation following double and triple high-severity fires.



4.1. Fire-Related Germination Cues


Fire cues promoted the germination of the soil seed store in both forest types, and for Sub-Alpine Woodland, was limited to areas more frequently burnt by fire, where the heat plus smoke treatments increased the density of germinants relative to untreated samples. For Shrubby Dry Forest, the heat plus smoke treatments increased the species richness and germinant density relative to the control and smoke-only treatments and were concentrated in phanerophytes, barochores, resprouters, and ant-dispersed species with hard seed coats. For both forest types, the germination of several shrub species with hard seed coats was limited to the heat plus smoke treatments. There was no effect of smoke in isolation and, contrary to our hypothesis, fire cues did not enhance the germination of short-lived species outside of positive effects on the introduced annual Erigeron bonariense, with positive effects also for other introduced species, including the perennials Cerastium vulgare and Acetocella vulgaris.



Several species showed no response to fire cues, including 27 of 35 individual species in Shrubby Dry Forest and 13 of 18 species in Sub-Alpine Woodland. These were often non-woody species or early successional shrubs (e.g., Cassinia spp.) with persistent seed banks. The results for individual species were consistent for some species common to both forest types (e.g., Luzula meridionalis subsp. flaccida, Laphangium luteoalbum, and Wahlenbergia multicaulis) and with other studies (e.g., Cassinia spp. [34,92]), but not consistent for other species (e.g., Cerastium vlugare and Poranthera microphylla [34,92]), providing support for regional variations in germination cues [26]. The low incidence of fire-cued germination in non-woody species agrees with work in other southeastern Australian forest types [34,103], including alpine treeline ecotones [104], and arguments for a greater reliance on resprouting or gap-phase recruitment in species lacking post-fire seedling recruitment [104,105,106,107]. This non-fire-released dormancy provides a bet-hedging strategy, where long-lived seed can germinate once suitable (non-fire) conditions emerge [108].



The requirement for fire cues in hard-seeded species, including many from Fabaceae, is consistent with the requirement for high temperatures to break physical dormancy [18]. Each of the 54 hard-seeded species across both forest types were ant-dispersed and consistent with our hypothesis, suggesting that seed burial by ants serves to protect physically dormant seeds from lethal temperatures at the soil surface [36,108]. Seed burial may also serve to increase the post-fire residual seed bank if the soil temperatures do not reach the thresholds needed to break physical dormancy [58]. The concentration of myrmecochores in Shrubby Dry Forest (38 species), with a historically shorter fire-return interval than Sub-Alpine Woodland (18 species), also supports arguments by Pausas and Lamont [108] that myrmecochory should be expressed more often in fire-prone habitats if its primary purpose is to break dormancy and stimulate germination.



Across both forest types, the lack of response to smoke independent of heat is consistent with a lower incidence of smoke-cued germination in southeastern Australian flora relative to fire-prone areas elsewhere [19], despite broad global trends of increases in both seed bank richness and abundance in response to simulated smoke [109]. For obligate seeders, the lack of response to smoke in the absence of heat contrasts broad trends in southeastern Australian flora [19], although the requirement for both smoke and heat is more consistent with the conditions encountered during the passage of a wildfire [109]. This lack of response to smoke may have been related to the method of application, with evidence for a greater effectiveness with aerosol smoke [19] or the application of the active smoke compound karrakinolide [110], although our recent work examining the method of smoke application suggests this is unlikely [77].



Across both forest types, several species present in extant vegetation were absent from the soil seed bank, including 18 of 34 hard-seeded ant-dispersed species (e.g., Acacia spp., Bossiaea spp., and Grevillea spp.) and 17 of 19 endozoochorous phanerophytes (e.g., Acrothamnus spp., Coprosma spp., Persoonia spp., and Tasmannia spp.). The absence of a number of these species is consistent with other work [34,60,75] and may be associated with rarity (e.g., the endangered Grevillea victoriae subsp. victoriae), an insufficient fire return interval to replenish the soil seed bank stores of obligate seeding species (e.g., 5–10 year juvenile period for Acacia obliquinervia and Tasmania xerophila subsp. xerophila [111]), or transient or short-term soil seed banks [108]. For example, Coprosma quadrifida can establish from seed post-fire [112], but likely has a short-term (<2 years) soil seed bank, with previous work demonstrating frequent germination from fresh seed collected in seed rain but absent from complementary samples of the soil seed bank (S. Kasel, unpublished data). Short-lived seed is notable among obligate resprouters with fleshy fruit (e.g., Acotriche serrulata)—these species take advantage of the long-distance dispersal provided by vertebrates rather than post-fire conditions for recruitment [108]. Seed may also be present in the soil seed bank but ungerminated due to a lack of suitable germination cues; for example, Persoonia spp. are known for their complex seed germination requirements [113]. The germination of Pelargonium helmsii in the smoke-only and LHS treatments and absence in extant vegetation are consistent with previous work, suggesting that the species is fire-dependent but short-lived and rare in extant vegetation [114], with a persistent soil seed bank providing for its partial germination following fire [111].



Differences in responses to fire cues between the two forest types may have been related to differences in fire history. Shrubby Dry Forest has a shorter historical fire return interval (10–20 years) than Sub-Alpine Woodland (50–100 years). Similar results have been reported for Mediterranean woodlands, where the response of soil seed bank communities to the application of smoke was more pronounced in sites with a history of more frequent fire [24]. Elsewhere, the time since fire effects on the application of smoke and/or heat to soil seed banks of heathland communities included both positive and negative effects according to species and functional groups [115]. Our results add to the body of evidence demonstrating fire effects, and here, germination response to fire cues is more common in more fire-prone areas that favour species stimulated by fire [116].




4.2. Fire Frequency Effects on the Soil Seed Bank and Extant Vegetation


Short-interval, high-severity wildfires produce unequivocal shifts in understorey diversity. There was a decline in the species richness in both the soil seed bank and extant vegetation with more frequent, severe wildfires. This was mirrored by a decline in H′ in the soil seed bank, with changes in H′ in the extant vegetation limited to Sub-Alpine Woodland, although there was a trend of declines in H′ in double-burnt sites relative to other fire histories in Shrubby Dry Forest. For the soil seed bank, depletions in richness and H′ are consistent with the demonstrated promotion of germination via fire cues and conditions of increased resource availability after fire [117]. For example, Fairman et al. [43,63] demonstrated that short-interval wildfires reduced seedling regeneration and increased mortality in the fire-tolerant eucalypt overstorey of our study sites, providing for structurally mediated effects on resource availability and understorey diversity [34,118,119,120].



The decline in richness and H′ in both the soil seed bank and extant vegetation suggests that the soil seed bank has lost its capacity to buffer species’ loss in the extant vegetation [57,121], and that this change is more apparent in Sub-Alpine Woodland with a historically longer fire return interval than Shrubby Dry Forest. Duivenvoorden et al. [60] reported similar declines in richness and H′ in the soil seed bank following double and triple short-interval wildfires in both obligate seeder and fire-tolerant montane eucalypt forests, although this decline in alpha diversity was not reflected in extant vegetation, despite similar historical fire return intervals to the Sub-Alpine Woodland. This maintenance in alpha diversity in the extant vegetation was purported by Duivenvoorden et al. [60] to be an example of a “resilience debt” (sensu [122]). For the eucalypt-dominated communities in this study, the concomitant decline in alpha diversity in tje extant vegetation and the soil seed bank suggests that this resilience debt has been realized.



An increased fire frequency also shifted the plant community composition (beta diversity), with the greatest differences occurring between the most frequently burnt and unburnt sites, and these differences were consistent for both forest types and between extant vegetation and the soil seed bank, despite a low similarity between species’ pools. These findings are consistent with those for soil seed banks and extant vegetation in other forest types in the region, including montane obligate seeding and resprouting eucalypt forests [60] and coastal woodlands [54]. For lodgepole pine (Pinus contorta var. contorta)-dominated forests in Yellowstone National Park, the dissimilarity between short- and long-interval fires was context-dependent and diminished with time [120], consistent with our results for Shrubby Dry Forest, where differences between double- and single-burnt sites were limited to the most recently burnt sites. For both forest types, species that demonstrated strong positive responses to more frequent fire and made the strongest contributions to differences in community composition demonstrated multiple adaptations to fire, including fire-cued germination, the capacity to resprout and form long-term persistent soil seed banks, and a relative short time (3–5 years) to seed production (e.g., Daviesia buxifolia and Poa hothamensis var. hothamensis).



The fire frequency effects on the relative richness of trait associations were restricted to Shrubby Dry Forest, and, consistent with our hypothesis, included increased proportions of predominantly obligate seeding therophytes and wind-dispersed species in burnt relative to long-unburnt sites in both extant vegetation and the soil seed bank. These results echo those in other studies [60] and can be explained by the conditions of increased resource availability, reduced herbivory and seed predation, and greater exposure of mineral soil following severe fires, which can favour recolonizing species or those emerging from the seed bank [123,124,125]. There was also an increase in ant-dispersed phanerophytes in double-burnt sites that was driven by Daviesia buxifolia, a resprouting shrub with a short juvenile period. This contrasts the reduced recruitment and increased mortality in the resprouting eucalypt canopy with canopy-stored seed [63]. Duivenvoorden et al. [60] also reported an increase in understorey shrubs with persistent soil seed stores and a short time to reproductive maturity following more frequent fires for both obligate seeding and resprouting montane eucalypt forests. Similarly, in Californian shrublands, a higher fire frequency promotes the recruitment of resprouting shrubs and annual grasses but leads to a decline in obligate seeding shrubs with a longer time to reproductive maturity [49,59]. Consistent with the predictions of Pausas and Keeley [117], our reported increase in obligate seeding therophytes suggests that, for temperate climates, frequent fires can favour obligate seeders where immaturity risk is low or absent.



There was an absence of fire frequency effects on the relative frequency of traits in Sub-Alpine Woodland in both extant vegetation and the soil seed bank, despite shifts in alpha and beta diversity and previous work on the extant vegetation of these forests reporting a decrease in shrub prominence and increase in grass frequency with more frequent high-severity fires [43]. For the soil seed bank, there was, however, a decline in the abundance of ant-dispersed species and an increase in the abundance in erect rosettes with more frequent fires, and a near-significant trend (p = 0.06) for increases in the relative frequency of erect rosettes and declines in myrmecochores in both the soil seed bank and extant vegetation. Increases in the abundance of graminoids have been reported in subalpine forests elsewhere [120] and in other montane forests in southeastern Australia, including those dominated by Eucalyptus delegatensis [60,126] and E. regnans [127], as well as mixed-species forests [60]. Like other montane forests [60,75,104], erect rosettes were the most abundant functional group in the soil seed bank in Sub-Alpine Woodland, driven by the high seed production of a few species (Poa hothamensis var. hothamensis, Carex breviculmis, and Luzula meridionalis subsp. flaccida; see also [75]). Abundant soil seed banks, combined with conditions of increased resource availability and other previously mentioned mechanisms, favour the recruitment of these species.



For Sub-Alpine Woodland, the decline in myrmecochores reflects poor representation in the soil seed bank (7 of 18 species). The absence of obligate seeding species capable of producing persistent seed banks such as Acacia obliquinervia and A. alpina points to the combined effect of fire-cue germination and short-interval fires in eroding the residual seed store [58,60]. We cannot discount likely residual seed stores at greater soil depths (>5 cm) given the decline in fire-related germination cues—including lethal temperatures—with depth, although there is a lower abundance of seed with depth and a reduced capacity for seeds to emerge successfully [17]. More broadly, the poor representation of phanerophytes in the soil seed bank is likely to produce further changes in the occurrence and abundance of trees and shrubs in the extant vegetation, given the predicted intensification of fire regimes across southeastern Australia [13]. These changes are likely more severe for Sub-Alpine Woodland than Shrubby Dry Forest, given the poorer representation of phanerophytes in the soil seed bank (9 of 38 species vs. 31 of 64, respectively).



For both Shrubby Dry Forest and Sub-Alpine Woodland, there was no change in the relative frequency of fire response strategies in extant vegetation and the soil seed bank. This contrasts broader relationships for an increase in frequency in resprouting species with a shorter fire return interval, although such relationships are based on longer (>10 years) fire return intervals [128]. During high-severity fires, resprouters may be killed outright [123], and repeated, short-interval, high-severity fires may erode resprouting capacity due to a depletion in carbon reserves [63], as well as reducing benefits associated with carbon allocation to regrowth and meristem formation over seed production [128,129]. Duivenvoorden et al. [60] reported such a decline in clonal resprouters with an increase in the frequency of high-severity wildfires with a short (<10 years) return interval. However, vegetation recovery is not a sole consequence of regeneration strategy, and for these study sites, may be related to post-fire environmental conditions (e.g., drought, heat stress, and insect outbreaks) that can be just as important for vegetation recovery [130,131]. For example, two of the wildfires took place during the ‘Millennium Drought’, a period of extended drought in southeastern Australia between 1996 and 2010 that led to widespread failure in eucalypt regeneration with flow-on effects on understorey diversity [132,133].





5. Conclusions


Clear shifts in plant diversity in extant vegetation and soil seed banks, including a decline in alpha diversity and changes in species composition and functional trait associations, provide strong evidence for changes in plant diversity with emerging fire regimes. The largely consistent changes in plant diversity in both forest types, despite contrasting historical fire regimes, suggests that severe wildfires with short fire return intervals are pushing ecosystems beyond their historical range of variability, with the realization of a previously hidden resilience debt. Shifts in species composition, including the potential for an increased flammability of these forests and positive feedback between past fires and future fires [120,134,135], point to a likely increase in extent in areas burnt at even higher frequencies, with some areas in southeastern Australia already being burnt four to five times since 1995 [136]. The erosion in the buffering capacity of soil seed banks points to an increase in the reliance on post-fire resprouting, clonal spread, or long-distance dispersal from fire refugia for maintaining plant diversity, particularly in extensively burnt areas such as those in southeastern Australia.
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Figure 1. Schematic representation of the fire history in Shrubby Dry Forest (top) and Sub-Alpine Woodland (bottom). Values in the grey bars represent the fire year, with values above the grey bars indicating the inter-fire interval. Adapted from [31]. 
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Figure 2. Richness and density of soil seed bank germinants according to Treatment (C, control; S, smoke; LHS, low heat plus smoke; and HHS, high heat plus smoke) and Fire Frequency for Shrubby Dry Forest (top) and Sub-Alpine Woodland (bottom). Bars represent means with one standard error. Significance of effects were determined via two-way PERMANOVA (on Euclidean distance) of Treatment (T), Fire Frequency (F), and their interaction (T × F). For each species pool (total, native, and introduced), significant T and FF effects are indicated by superscript letters (p ≤ 0.05). Significant interaction effects are provided in Figure 3 and statistical analyses in Table S4. (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, and NS not significant). 
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Figure 3. Richness and density of the soil seed bank as a function of Treatment (C, control; S, smoke; LHS, low heat plus smoke; and HHS, high heat plus smoke) within Fire Frequency. For Sub-Alpine Woodland, results for native species germinant density mirror those for total species (see Table S4). Bars represent means with one standard error. Significance of effects were determined via one-way PERMANOVA (on Euclidean distance) of Treatment (T) within Fire Frequency (F). Significant effects are indicated by superscript letters (p ≤ 0.05). 
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Figure 4. Species richness within Vegetation Type and Fire Frequency for Shrubby Dry Forest (left) and Sub-Alpine Woodland (right). Bars represent means with one standard error. Significance of effects were determined via two-way PERMANOVA (on Euclidean distance) of Vegetation Type (V), Fire Frequency (F), and their interaction (V × F). For each species pool (total, native, and introduced) significant effects are indicated by superscript letters (p ≤ 0.05) and are across Fire Frequency (i.e., inclusive of extant vegetation and soil seed bank) and Vegetation Type (i.e., inclusive of all fire frequencies), as there were no significant interaction effects for either Shrubby Dry Forest or Sub-Alpine Woodland (Table S7). (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, and NS not significant). 
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Figure 5. NMDS ordination of species in the germinable soil seed bank (SSB) and extant vegetation (Veg): (a) Shrubby Dry Forest and (b) Sub-Alpine Woodland. Symbols represent individual sites. The vector overlay represents the strength and direction of the relationship for underlying species with r ≥ 0.65. The vector insert represents relationships with all underlying plant functional types (abbreviations follow Table 1). PERMANOVA tested for differences in Euclidean distance between Vegetation Type (V), Fire Frequency (F), and their interaction. Significant pairwise comparisons are indicated (V, vegetation type; F, fire frequency; UB, unburnt; S, single; D, double; T, triple; *** p ≤ 0.001, **** p ≤ 0.0001; and NS, not significant). 
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Table 1. Significance of Seedbank Treatment and Fire Frequency effects on trait associations for Shrubby Dry Forest (based on counts and richness). For each trait, there was no significant (p > 0.05) Seedbank Treatment × Fire Frequency interaction. Values represent the mean proportion of species (based on density or richness) with each attribute according to Seedbank Treatment and Fire Frequency. Bold values indicate the two attributes that contributed most strongly to dissimilarity for each pairwise comparison (via SIMPER).
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PERMANOVA tested differences in Euclidean distance between Soil Seedbank Treatment, Fire Frequency, and their interaction. Significant pairwise comparisons are indicated by letters. A Soil Seedbank Treatment (C, Control; S, smoke; LHS, low heat plus smoke; and HHS, high heat plus smoke). B Fire Frequency (UB, Unburnt; S07, Single2007; S13, Single 2013; and D, Double). C C, chamaephyte; G, geophyte; HE, erect rosette; HF, flat or versatile rosette; HP, partial rosette; HPr, proto-hemicryptophyte; P, phanerophyte; and T, therophyte. D ane, anemochory; bar, barochory; end, endozoochory; epi, epizoochory; mob, mobile; myr, myrmechcory. E R, obligate resprouters; S, obligate seeders; SR, facultative resprouters; Sr, weak seeders; and Rs, weak resprouters. B,C,D Trait definitions are provided in Table S2.













 





Table 2. Significance of Seedbank Treatment and Fire Frequency effects on trait associations for Sub-Alpine Woodland (based on counts and richness). For each trait, there was no significant (p > 0.05) Seedbank Treatment × Fire Frequency interaction. Values represent the mean proportion (based on density or richness) of species with each attribute according to Seedbank Treatment and Fire Frequency. Bold values indicate the attributes that contributed most strongly to dissimilarity for each pairwise comparison (via SIMPER).
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PERMANOVA tested differences in Euclidean distance between Soil Seedbank Treatment, Fire Frequency, and their interaction. Significant pairwise comparisons are indicated by letters. A Soil Seedbank Treatment (C, Control; S, smoke; LHS, low heat plus smoke; and HHS, high heat plus smoke). B Fire Frequency (UB, Unburnt; S, Single; D, Double; and T, Triple). C Abbreviations follow Table 1, with trait definitions provided in Table S2.
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