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Abstract

:

A fundamental requirement of sustainable forest management is that stands are adequately regenerated after harvesting. To date, most research has focused on the regeneration of the dominant timber species and to a lesser degree on plant communities. Few studies have explored the impact of the regeneration success of dominant tree species on plant community composition and diversity. In this study, we quantified the influence of variability in tree density and climatic and edaphic factors on plant species diversity in montane regrowth forests dominated by Eucalyptus regnans in the Central Highlands of Victoria in southeastern Australia. We found that Acacia density shaped plant biodiversity more than Eucalyptus density. Edaphic factors, particularly soil nutrition and moisture availability, played a significant role in shaping species turnover and occurrence. Our findings suggest that the density of Acacia is a key biotic filter that influences the occurrence of many understorey plant species and shapes plant community turnover. This should be considered when assessing the impacts of both natural and anthropogenic disturbances on plant biodiversity in the montane forests of southeastern Australia.
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1. Introduction


Plant diversity is influenced by the competitive and reproductive abilities and environmental tolerances of species [1]. The environmental tolerance of a species, i.e., the range of environmental conditions where a species can grow, based on biological, climatic and edaphic properties, is typically described as a species’ fundamental niche [2]. A species typically occupies a subset of its fundamental niche due to competition from other species. This is typically known as the realised niche [2,3]. Competition occurs between plants when the growth and survival of a plant are negatively influenced by other plants, regardless of whether they are of the same species or different species [4,5,6]. Other species may also have a positive (i.e., facilitative) effect on a species [7]. The interactions between plants, competitive or facilitative, influence the coexistence of species within a community and shape plant diversity through influences on resource availability [8]. Resource availability in forests is also shaped by changes in the chemical properties of soils and structural changes in the canopy due to stand development and disturbances [9]. Characterizing and understanding the link between species occurrence and resource availability over time and space is, therefore, important for understanding plant diversity and plant species turnover.



Environmental heterogeneity shapes resource availability and can increase the abundance and diversity of organisms in a landscape [10,11] by permitting coexistence at a variety of scales. However, it will also lead to temporal and spatial variations in species composition that are likely scale dependent [12]. For example, Chick et al. [13] found that plant community composition in southeastern Australian heath was strongly related to both broad-scale climatic gradients and fine-scale variability in soil moisture and nutrient availability. Species diversity and abundance in forests are also affected by soil nutrients [14,15] that are in turn related to stand age and overstorey composition via plant–soil feedback [10,14]. Canopy composition and structure also control light availability, which also shapes understorey species composition [16] and turnover [17] at fine spatial scales.



Disturbances can have a significant influence on species composition and vegetation and can lead to different developmental pathways through their effect on stand structure [18,19,20,21]. Changes in stand structure following disturbance influence resource availability [4,22,23] by affecting nutrient and light availability [4,24,25]. These changes interact with the autecology of different plant species to shape the community composition over time and space [8,26,27,28]. The response of plant communities to changes in resource availability caused by anthropogenic or natural disturbances can vary. Kasel et al. [17] found that structural complexity and nutrient availability explained more of the variation in understorey plant community composition than fire regimes in temperate forests of southeastern Australia. Ough [29], Blair et al. [30], and Bowd et al. [31] found that timber harvesting led to different post-disturbance communities than those resulting from wildfire in regrowth forests. However, they did not consider the role of climate, light, moisture, or nutrient availability on species turnover within these disturbed areas [29,30,31]. They did find an increase in Acacia and Eucalyptus abundance in logged forests [29,30,31], which can lead to more homogenous stands with reduced structural variability [32]. A simplified stand structure would likely result in reduced heterogeneity in resource availability and, therefore, reduced diversity, including species turnover, in the understorey plant community [17,33]. Understanding the relationships between resource availability, disturbance history, and species turnover in regrowth forests of southeastern Australia is important since the canopy composition of these forests is largely determined by the initial pulse of regeneration that occurs after a disturbance [34].



Few studies have examined the effect of regenerating tree species on the plant community composition after timber harvesting. In this study, we aimed to identify the relative influence of climatic, topographic, and edaphic factors on plant species composition and occurrence in young regrowth stands (1.5–16 years). We focused on young regrowth stands following harvesting because plant communities in the region follow the initial floristics model [17,33,35], where most species are present soon after disturbance. Determining the role that edaphic, climatic, topographic, and stand structure play in shaping plant communities in the reinitiation phase of stand development will provide key insights into the mechanisms that govern plant community dynamics over time and space. Specifically, we aimed to obtain a greater understanding of the following: (i) the role of regenerating tree species density in shaping understorey communities, (ii) the impact of edaphic factors in shaping plant community composition, (iii) the role of climate in shaping plant community composition, and (iv) the relative contributions of tree density and edaphic and climatic factors in shaping plant community composition using variance partitioning.




2. Materials and Methods


2.1. Study Area


The Central Highlands of Victoria span over 1.1 million ha in southeastern Australia (Figure 1) and include 699,000 ha of native forest [36]. Annual rainfall ranges from 600–2000 mm and mean annual temperature from 5.4–14.2 °C (1981–2021) [37], both reflecting the elevation range (75–1980 m asl) across the landscape. This climate gradient supports 10 major forested ecosystems that range from dry to wet forests and are primarily dominated by Eucalyptus species [38].



This study was conducted in the tall wet sclerophyll forests of the Central Highlands which are typically found in deep, fertile, and friable soils in moist mountain valleys, between 150–1100 m elevation, where mean annual temperatures range from 10–20 °C and mean annual rainfall is 700–2000 mm [39]. When mature, these forests form three distinct layers: (1) a tall (60–80 m) overstorey typically dominated by a single species: Eucalyptus regnans (mountain ash) [40,41,42], (2) a tall midstorey dominated by Acacia species [39], and (3) an understorey with a diverse and variable mixture of shrubs, ferns, and herbaceous species.




2.2. Site Selection


This study was conducted in 1.5 to 16-year-old E. regnans regrowth stands that were logged using the Clearfell, Burn, and Sow (CBS) silvicultural system. In CBS, a forested area of 15–40 ha that has reached a harvestable age (typically 60 to 100 years) is clearfelled, where all merchantable timber within a harvest unit is removed in one operation. Regeneration is then achieved by burning the logging slash (leaves, branches, understorey, bark, and unmerchantable timber) to create a mineral-earth seedbed that is suitable for the germination and establishment of eucalypts. The eucalypt seed is then artificially sown [43,44]. We selected 32 management coupes (Table S1). These ranged from 340–1100 m asl and occupied a broad range of topographic settings (slope 2–52%, aspect 45–321°). Three plots were established within each coupe using a stratified random sampling design to capture the range of stem densities within the stand. Stand density maps were generated from survey data collected on the density of regenerating E. regnans 1.5 years following regeneration treatments within each coupe. The overstorey in these forests was co-dominated by post-harvest regenerated E. regnans and/or Acacia dealbata, A. frigescens, and A. obliquinervia. Common understorey species were: Cassinia aculeata, Tetrarrhena juncea, and Pteridium esculentum (Table S2).




2.3. Field Data Collection


Within each coupe, three 40 m2 circular plots (radius of 3.57 m) plots were located at least 50 m from roads and 100 m from forest edges to ensure plots were outside the range of ‘forest influence’ sensu [45]. Plots were also located 100 m from each other to ensure independence of canopy effects among plots. Stem density and diameter at breast height (DBH; 1.3 m) were recorded for all live stems with a DBH ≥ 5 cm. Each circular plot was divided into quadrants, and the density of shrubs and cover of non-woody species were recorded in each quadrant. Density counts of shrubs were limited to those with DBH ≥ 5 cm or height 0.25–5 m and which were understorey or midstorey species. Within each plot, the projected foliage cover (%) of non-woody species such as herbs, ferns, and grasses were visually estimated using the following categories: <1, 1–5, 5–10, 10–20, 20–30, … 90–100%. All vascular plants were identified at the species level, and data were aggregated to the plot level. Nomenclature follows VicFlora (www.vicflora.rbg.vic.gov.au/ accessed on 28 May 2023).




2.4. Climate, Landform, and Soil


Temperature and precipitation data were collected from a fine temporal (daily) and spatial (250 m) resolution Victorian climate dataset [37,46]. To explore the role of climatic variability on species diversity, we calculated the annual heat moisture index (AHMI: [Mean annual temperature + 10]/[mean annual precipitation/1000] [47], a measure of aridity [15]. We used AHMI as it represents the interactive effects of temperature and precipitation on plant communities [15,47]. To understand the influence of topography, we used the topographic wetness index (TWI), which represents the relative water availability within a specific catchment area based on topographic position [48].



At each plot, two sub-samples of soil were collected for each quadrant and combined into one composite sample. Litter was removed to expose the mineral soil prior to sampling and soil was collected with a hand corer (diameter 6.3 cm) to a depth of 10 cm. All soil samples were placed in airtight plastic bags for transport, then air-dried and stored in a cool, dry place in the laboratory. Soil samples were sieved to either <0.5 mm (total C, N) or <2 mm prior to analysis. Total carbon and nitrogen were analysed using a LECO Trumac Carbon Nitrogen (CN) at a furnace temperature of 1350 °C. Exchangeable cations (Ca2+, Mg2+, Na+, and K+) were extracted in 1 M ammonium acetate [49] and analysed with a Perkin Elmer 8300 DV ICP-Optical Emission Spectroscopy. Available nitrate and ammonia were extracted in 1 M KCl and available phosphorus using fluoride-extractable Bray 2 as a reagent [50] and then analysed using a Skalar San++ Segmented Flow Analysis (SFA). Soil pH and electrical conductivity were measured in 1:5 soil/solution [50].




2.5. Statistical Analysis


We assessed the effect of stand age on species diversity (Simpson’s index), vegetation structure (Eucalyptus and Acacia density), and soil nutrients on species richness using linear models. All linear models were checked to ensure key modelling assumptions such as normality of the errors and homogeneity of variance were met, and log transformations were applied when appropriate. The Tukey–Kramer test was used to assess pairwise differences between the means when the overall null hypothesis of no differences between any of the means was rejected. All analyses were performed using R [51].



We conducted a joint analysis of the species communities in three stages. First, we used the mvabund package [52] to test the statistical effects of environmental predictors on plant community composition (presence–absence). The environmental predictors used were selected by generating a correlation matrix and eliminating variables that were highly correlated (Pearson correlations > |0.6|; [53], see Table S3). The selected variables were Acacia density, Eucalyptus density, annual heat moisture index (AHMI), topographic wetness index (TWI), nitrogen, phosphorus, and potassium. These selected variables represented structural, climatic, and edaphic factors; hereafter referred to as “environmental predictors” unless otherwise specified. Stand structure was selected over stand age as it more fully captures disturbance history and constraints on resource availability than broad-scale classification of stand age [17].



In the second part of the analysis, we used the boral package [54] to quantify the relative importance of environmental gradients on individual species occurrence and community composition. Briefly, boral used a generalised linear latent variable modelling framework to quantify multivariate and correlated responses through the inclusion of a small number of latent variables. Generalised linear latent variable models (GLLVMs) can account for and quantify the covariation between species beyond that explained by measured environmental predictors, which can arise because of direct associations between species and sites. By jointly estimating latent variable values per site and species response to these latent variables, we can explicitly model the total covariation of the plant community (as well as on a per-species basis) in a component explained by the measured predictors versus a residual component explained by the latent variables. This can subsequently be used to infer the relative roles of environmental filtering and biotic processes (say) in driving community composition [55]. Hui [54], Niku et al. [56], Warton et al. [57], and Ovaskainen et al. [58] provide a useful general introduction to using GLLVMs for joint modelling of communities. We fitted binomial GLLVMs to presence–absence data of the plant species from our 96 plots, where a Bernoulli distribution was assumed for the binary responses. Since the effect of environmental predictors can only be estimated when we have sufficient observations, we removed rare species (defined as occurring in ≤10% of the plots). This reduced the number of species available for analysis in the GLLVMs from 108 to 40. Rare species are often difficult to model, as there is typically insufficient information in the dataset to quantify their species–environment relationships. As we were interested in studying the influence of overstorey density on understorey species composition, we excluded post-harvest regenerated overstorey species (Acacia and Eucalyptus spp.) from the analysis. We selected a 90% credible interval as a suitable balance between precision and confidence and the cost-prohibitive alternative of increasing sample size [59].



Furthermore, we built multiple univariate and multivariate models in combination to quantify the effect of environmental predictors on species occurrence and community composition. We developed multiple models with two latent variables (Figure S1) where the environmental predictors were linear and calculated the Widely Applicable Information Criterion (WAIC) for the fitted models to select the best combination of predictors explaining community composition [60]. We performed variance partitioning using boral to quantify the variance explained by the measured predictors versus the latent variable, which is used for developing multiple environmental predictors on each species as well as on community composition.





3. Results


A total of 108 plant species from 45 families were recorded across 96 plots (Table S2). Of these, 61 were trees and shrubs (phanerophytes), and 48 were herbs, ferns, grasses, and sedges (non-phanerophytes). The family Asteraceae had the most species (n = 21), followed by Poaceae (n = 8). In the 5–16-year-old stands, the most frequent understorey species were in the families Poaceae (n = 8) and Dennstaedtiaceae (n = 2). The species with the highest abundances were Tetrarrhena juncea and Pteridium esculentum. Phanerophytes were most represented by the families Myrtaceae (n = 5) and Fabaceae (n = 7). Eucalyptus regnans was present in 95% of the studied plots followed by Acacia dealbata in 92% of all plots.



There were no significant differences in Simpson’s index of diversity among stand age classes (p ≥ 0.61). Both Eucalyptus and Acacia density increased with age (Figure 2). Soil phosphorus in 5–7-year-old stands exceeded those in the oldest stands, while potassium concentrations in the 10–16-year-old stands exceeded those in the two younger age classes (Figure 2). Nitrogen concentrations in the two older age classes were greater than in the youngest (1.5 years) stand (Figure 2). Soil pH in the youngest stands (1.5 years) exceeded that in the two older age classes (Figure 2).



3.1. Plant Community Composition and Response to Environmental Predictors


Plant community composition was significantly correlated with six out of the seven environmental predictors examined (Table 1). AHMI was the strongest predictor followed by TWI. Phosphorus was the best of the soil nutrient predictors, followed by potassium. Plant community composition was significantly related to Acacia density but not to Eucalyptus density (Table 1). We found that the best model that included all environmental predictors had a WAIC of 3139, which was lower than the null model WAIC (3236). Details of all models that performed better than the null model are provided in Table S4.




3.2. Species-Specific Responses to Environmental Predictors


Of the 40 species studied, 34 had statistically significant relationships with one or more of the model predictors. Of the seven predictors selected by WAIC for model inclusion, potassium had the strongest effect, followed by AHMI and TWI. Of the 17 species with significant responses to potassium, 13 also responded significantly to either AHMI or TWI (Figure 3). Six species responded positively, and five species responded negatively to an increase in Acacia density. Six species (Cassinia longifolia, Clematis glycinoides, Goodenia ovata, Oxalis exilis, Persoonia arborea, and Pimelea axiflora) were not associated with any of the predictors. Coprosma quadrifida and Prostanthera lasianthos var. lasianthos had relationships with four of the seven predictors. Zieria arborescens subsp. arborescens had a significant relationship with six of the seven predictors. Out of 40 species, 18 had either a positive or negative relationship with the moisture availability variables AHMI and TWI (Figure 3). A total of 13 species were significantly influenced by TWI, 8 negatively and 5 positively. Twelve species responded positively to AHMI and Prostanthera lasianthos var. lasianthos responded negatively with this species also negatively affected by TWI (Figure 3).



For the fitted GLLVM, environmental predictors explained more than 50% of the variance for 14 species with the latent variables accounting for the residual variance not explained by the measured environmental covariates (Figure 4). Across the 40 species, the environmental factors accounted for an average of 41% of the total covariation in the species community. On average, AHMI and TWI each explained 7% of the variance, overstorey explained 11%, and soil nutrients explained 14%. Overstorey explained 30% of the variance on average for the species, which had a significant response to the variable (Figure 4). The highest variance explained was for Billardiera macrantha (80%), with structure accounting for 31% of the variance. AHMI explained 29% of the variance for Coprosma quadrifida, Viola hederacea, and Pomaderris aspera. TWI explained 26% of the variance for Lomatia fraseri. Soil nutrients had the strongest influence on Viola eminens (41%) and Zieria arborescens subsp. arborescens (33%, Figure 4).





4. Discussion


Multiple factors shape the community composition of post-logging regrowth forests in temperate forests of southeastern Australia. Our findings highlight that during the earliest stages of the stand initiation phase of stand development, the plant community is systematically shaped by edaphic and climatic factors, and further filtered by stand structure and composition of the canopy species. Aridity, edaphic, topographic, and structural factors all contribute to shaping species occurrence and turnover. Aridity and topography filtered species across moisture gradients both within and across sites, while nutrients filtered species across gradients of N, P, and K availability. However, species occurrence and composition patterns associated with these gradients were also modified by Acacia density. The potential for Acacia in shaping plant composition in the region is the subject of increasing attention, particularly with respect to regeneration following forest harvesting [61] and the potential loss of obligate seeding forests and conversion to alternative states associated with increases in fire frequency due to climate change [62]. Bowd et al. [63], using an experimental manipulative approach, demonstrated a decline in understorey species richness resulting from Eucalyptus regeneration failure and increased dominance of Acacia in the overstorey. Furthermore, using remote sensing techniques, Singh et al. [61] demonstrated that increasing aggregation and number of patches of Acacia had a significant negative effect on plant beta diversity. The significant influence of Acacia has implications for comparing plant diversity between young stands that establish after logging or fire since logged areas typically have greater densities of Acacia than those subject to wildfire [29,30,31]. Increased abundance of Acacia in post-logging regrowth forests may act as a filter, encouraging the recruitment of some species and reducing the recruitment of other species within sites where abiotic factors (i.e., soil nutrition, climate, and soil moisture availability) are suitable for species to occur. This requires further work explicitly examining the interaction between Acacia density and environmental factors.



4.1. Canopy Structure and Density in Mediating Resource Availability


The lack of response to Eucalyptus density in our study suggests that the density of Eucalyptus may not have a significant impact on plant diversity during the earliest stages of stand development. This contrasts with the significant influence of Acacia density on plant community composition and turnover. Furthermore, using remote sensing imagery, Singh et al. [61] demonstrated that at the coupe scale, increasing aggregation of Acacia had a negative influence, and a number of patches of Eucalyptus had a positive influence on beta diversity in 10–16-year-old regrowth stands. In Australian eucalypt forests, light availability on the forest floor can reach high levels (~50%, [64]) compared to many other temperate closed canopy forests because of the vertical foliage and shallow leaf angles in Eucalyptus [65]. This contrasts with greater light interception under mixed to pure stands of Acacia, where light interception can reach 80% [66]. This finding has implications for future understanding of plant diversity and community composition in these forests, as more frequent fires are expected to cause a shift towards greater Acacia dominance in the region, e.g., [62]. Trouvé et al. [32] found that Eucalyptus regeneration in post-logging regrowth forests was less dense and more homogeneous than in post-fire regrowth. They suggested these differences could lead to different patterns in structural variability and consequences for stand development and associated understorey species composition [32].



Overstorey structure has been found to influence understorey plant species diversity in many ecosystems [67], including Australian temperate forests [33,68]. The wet sclerophyll forests of the Central Highlands are dominated by shade-intolerant Acacia and Eucalyptus species, which establish and grow rapidly (1–2 m in height per year) in the first decade post-disturbance [69]. In many stands, Acacia and Eucalyptus co-occur; however, as the stand matures, they often co-vary in abundance [70]. This is due to the difference in height of mature trees of each species (70–90 m for Eucalyptus vs. 20–25 m for Acacia) and the consequent overtopping and suppressive effect of the Eucalyptus. In this study, we examined forests in the earliest stages of stand development when the heights of Eucalyptus and Acacia are roughly equivalent and canopy stratification has not yet occurred. During this period, the canopy of the dense regrowth stands that develop reduces the amount of light reaching the forest floor while belowground competition for resources increases [71,72,73,74].




4.2. Species Responses


Species-specific responses were complex and variable. Our discussion focuses on species with the strongest model response, those common to this forest type, contrasting fire response strategies, and the response of threatened species.



Our model explained the greatest variance for Billardiera macrantha (80%), a climber that was negatively associated with Acacia density and positively related to AHMI. This species, however, only occupied 8% of sites, so in this case, the strong effect reflects just a slight decline in frequency with Acacia from a low base with similar low frequency reported by White and Vesk [75]. In contrast, Clematis aristata, another climber with a high proportion of explained variance (70%) was common to the study sites (46%) and responded positively to Acacia density. The difference in response in these two climbers may be explained by contrasting responses to logging disturbance [75], an association of B. macrantha with earlier successional stages and associated higher light environments, and for C. aristata as shade tolerant and common in early to mature successional stages in this forest type [33].



Tetrrahena juncea was the most common understorey species (85% of sites) across our study sites and is common to E. regnans forests, where it typically increases in abundance following disturbance [76,77]. The species was negatively associated with Eucalyptus density which explained the greatest proportion of variation, consistent with other work reporting an increase in abundance in T. juncea with a decline in canopy cover and associated increases in light availability and decline in soil moisture [76,78]. This positive association between reduction in canopy cover and increased dominance of T. juncea may increase forest flammability [76]. Combined with our earlier findings that regeneration failure of Eucalyptus was associated with drought at the landscape scale [61], this study lends further support to the potential for T. juncea to create positive, fire-flammability feedback in E. regnans forests under warmer and drier conditions associated with climate change [76], providing that moisture availability does not also become limiting to T. juncea [79].



The obligate seeder Zieria arborescens was negatively associated with Acacia and Eucalyptus density and occurred on drier sites lower in phosphorus and potassium. In contrast, Kasel et al. [33] and White and Vesk [75] found that the species occurred on microsites with higher moisture and shading, suggesting that Zieria arborescens is shade tolerant and likely not affected by overstorey composition. White and Vesk [75] noted that this species was typically absent in regrowth coupes and attributed this to seed death from high-intensity regeneration fires. In contrast, we found Zieria arborescens in 5–16-year-old harvested regrowth stands, consistent with Ough [29], who found the species was similarly frequent in 5–13-year-old clearfell sites and 10-year-old wildfire sites. The discrepancy in shade tolerance versus our negative association with overstorey density may be due to differences in edaphic and climatic conditions among the studies, as well as differences in stocking of Eucalyptus with poorly stocked coupes providing for higher densities of Acacia [30,61,63].



Pomaderris aspera is an obligate seeder that regenerates on a mass following fire from large soil seed banks [33,80]. Consistent with other studies [29,31,81], this species was the most frequently recorded understorey tree in our harvested regrowth stands. Like Zieria arborescens, Pomaderris aspera was located on drier sites but was not associated with an overstorey canopy. Pomaderris aspera was most common in the 10–16-year-old stands, where it competes with Acacia and Eucalyptus for resources until being overtopped and becoming suppressed; however, it can persist under low-light conditions for more than 50 years [73,82,83].



Resprouting species such as Olearia argophylla are often more abundant in wildfire regeneration than after clearfell [29,84] or salvage harvesting [31]. This is often explained by the increased sensitivity of resprouting organs to damage, desiccation, and death from mechanical disturbance, soil compaction, and displacement associated with harvesting [85,86]. We found Olearia argophylla across many of our plots in logged regrowth forests. However, like many other species, it was negatively affected by Acacia density. The higher density of Acacia in post-logging regrowth forests that Bowd et al. [31,63] observed may help explain the decline in Olearia argophylla they found in harvested sites relative to wildfire-impacted sites.



Persoonia arborea is a threatened species, endemic to the Central Highlands of Victoria and classified as critically endangered under the IUCN red list [87]. We found this species regenerates following disturbance associated with harvesting, which is consistent with other studies for this species [84,88] and additional species in this genus more broadly (e.g., P. hirsuta [89]). Although P. arborea was not significantly associated with any one variable, our model explained 34% of the variance in Persoonia arborea, with soil nutrition (14%) and canopy structure (10%) making the greatest contribution.



Together, these results suggest that patterns of species occurrence or turnover do not respond to the management of the forests in a simple manner but that environmental filtering plays a significant role in shaping community composition.




4.3. Effect of Soil Nutrients on Plant Community Composition


Australian soils are old and highly weathered, with low soil available phosphorus (P) [90,91]. Phosphorus availability had a strong influence on plant community composition in these regrowth stands. Kasel et al. [17] also found that available soil P, in combination with magnesium (Mg) and nitrogen (N), acted as edaphic filters in shaping the community composition across a range of fire histories in temperate forests across the Central Highlands. Nitrogen varied across different stand age classes, which may be due to an influx of nutrients in the early stages of stand development [92,93,94]. We found no relationship between soil nitrogen and the density of N-fixing Acacia. Our findings indicate that plant species composition is driven more by soil nutrients (especially N, P, and K) than stand structure, consistent with findings for the 1939 cohort of these forest types regenerating from wildfire [33]. This relationship raises important questions about how the variability in nutrients across time and scale explains species turnover and occurrence. This likely represents an ultimately limiting factor in combination with other variables, such as moisture, for filtering species composition.




4.4. Effect of Moisture Variables on the Plant Community Composition


AHMI and TWI were the environmental variables most strongly associated with plant community composition in post-logging regrowth in the Central Highlands. These factors represent moisture availability at two scales. Aridity (AHMI) has been found to be an important factor in shaping plant diversity [95]. More recently, Kasel et al. [17,33] found that climate was important in explaining the beta diversity of plant communities in the Central Highlands and more important for phanerophytes than non-phanerophytes. We found that TWI and AHMI (proxies for moisture availability) explained the most variance for phanerophytes. This suggests that non-phanerophytes are more affected by local microclimatic and edaphic conditions than phanerophytes, a finding that is supported by other studies, e.g., [13,17,33,96,97].





5. Conclusions


While many studies on plant community composition in the young forests developing after timber harvesting have discussed the role of biological legacies and their influence on plant diversity, few have considered the influence of environmental factors that may be filtering plant community composition. Our study demonstrated the initial community compositions were shaped by soil nutrient and moisture availability at fine scales and climatic conditions at broad scales. In addition, variability in the density of Acacia in these young stands further influences community composition by favouring some species and disadvantaging others, leading to complex patterns across scales in plant community composition. Forest dynamics are complex, and our study highlights how different factors affect the development of the vegetation communities for stand development in post-logging regrowth forests. Future studies which explore interactions among biotic and abiotic factors and how regeneration patterns diverge between forests affected by logging or by fire should account for these factors. This will provide more rigorous insights into how stand development after timber harvesting may [30,31] or may not [35] diverge from stand development patterns. From a management perspective, interventions such as thinning could be used to promote plant species diversity in areas supporting dense patches of Acacia in the early stages of stand development. However, any manipulation of Acacia density must also consider the importance of this species as a habitat for the critically endangered Leadbeater’s Possum [70,98].
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Figure 1. The Central Highlands of Victoria in southeastern Australia. Points represent the three different forest age classes surveyed (blue, 1.5 years; green, 5–7 years; black, 10–16 years). 
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Figure 2. Violin plots and pairwise Tukey–Kramer test for Simpson’s diversity, structure, soil nutrients, and pH across the three different stand age classes. Different letters above each boxplot bar indicate significant differences (p < 0.05) between age classes. 






Figure 2. Violin plots and pairwise Tukey–Kramer test for Simpson’s diversity, structure, soil nutrients, and pH across the three different stand age classes. Different letters above each boxplot bar indicate significant differences (p < 0.05) between age classes.



[image: Forests 14 01166 g002]







[image: Forests 14 01166 g003 550] 





Figure 3. Species-specific regression coefficients for the seven environmental predictors included in the estimated binomial GLLVM from boral. Effects that were deemed to be significant are indicated by an ‘*’, where significance is based on whether species corresponded to 90% credible intervals excluding zero. Phanerophytes are indicated in bold, and non-phanerophytes in plain text. 
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Figure 4. Variance partitioning from the binomial GLLVM from boral. The entire bar represents the total variation explained by all the predictors for each species. AHMI, annual heat moisture index; TWI, topographic wetness index; Density, Eucalyptus and Acacia stem density; Soil nutrients, N, P, and K. Phanerophytes are indicated in bold, and non-phanerophytes in plain text. The latent variables explain the residual variance not accounted for by the measured environmental covariates. 
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Table 1. Summary of multivariate analysis (using mvabund) for testing the effects of environmental predictors on plant community composition. Predictors are ordered from highest to lowest.
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	Environmental Predictors
	Wald Statistic
	p Value





	Annual heat moisture index
	231.91
	0.001



	Topographic wetness index
	121.44
	0.001



	Phosphorus
	104.28
	0.001



	Acacia density
	96.28
	0.001



	Potassium
	78.71
	0.008



	Nitrogen
	72.02
	0.014



	Eucalyptus density
	56.96
	0.230
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