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Abstract

:

Fire is a key disturbance affecting plant biodiversity patterns and evolution. Although a wide range of studies have shown important impacts of fire on vegetation, most have focused on taxonomic diversity, with less emphasis on other aspects of biodiversity, such as functional and phylogenetic diversity. Therefore, we assessed the recovery of biodiversity facets across different times since the last fire in semiarid shrublands in Northeast Iran. We quantified changes in plant biodiversity facets, including taxonomic, functional, and phylogenetic diversity, and the diversity of seven functional traits in five ecologically comparable sites that have experienced wildfire disturbances at short-term (1 and 4 year sites) and long-term (10 and 20 year sites) intervals, in com- parison to an unburnt site. Our results showed significant changes in all biodiversity facets related to the year since the last fire, with a significant increase in biodiversity and diversity of functional traits under long-term rather than short-term conditions, and in comparison to the unburned site. We conclude that wildfire influences the presence of plant species with distant functional and evolutionary relatedness and causes an increase in plant species and diversity of functional traits de- pending on time intervals. Therefore, wildfire can promote positive effects on the recovery of bio- diversity aspects and the evolution of vegetation in semiarid shrublands.
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1. Introduction


Fire is one of the main disturbances influencing vegetation, plant biodiversity, and the functioning of terrestrial ecosystems [1,2,3,4,5,6]. For instance, fire can drive significant changes in species composition and species richness through a decrease in the competitive impacts of some woody plants [7]. Short-term fire occurrence may increase the abundance and frequency of annual and perennial grasses [8]. Some evidence suggests that, in addition to species composition changes, functional traits such as life form, plant height, specific leaf area, and leaf carbon and nitrogen content can change with changes in fire occurrence [9]. Such changes in species composition and functional traits following the fire may or may not result in significant variation in evolutionary diversity, depending on how functional traits are conserved across phylogenies [2,10].



Vegetation restoration is one of the most important objectives of management and sustainable development of arid and semiarid shrublands [11,12]. However, restoration is highly dependent on disturbances, and on the temporal scales of imposed disturbances [2,10,13,14]. In this regard, some evidence suggests positive correlations between vegetation restoration and time intervals, such as increased time intervals generally promoting increased plant biodiversity, coverage percentage, and abundance of plant species [15]. However, it remains unknown how vegetation, plant functional traits, and evolutionary diversity have been restored across different time scales since last fire. Plant density or coverage may be better enhanced under longer-term than shorter-term intervals since the last fire [2]. As a result, in order to better understand the temporal recovery of vegetation after fire occurrence, we must first understand the structural complexity of biodiversity facets and their direct effects on ecosystem functioning and vegetation evolution across different times since the last fire.



Plant biodiversity is an important feature that may clearly explain post-fire vegetation recovery [3,9]. Plant biodiversity contains different components, or facets including taxonomic, functional, and phylogenetic diversity. Much of the literature has focused on the effects of disturbance on taxonomic diversity, with less attention being paid to functional and phylogenetic diversity [16,17,18,19]. Plant functional diversity (FD) characterizes the variability of functional traits within a community, while phylogenetic diversity represents the variability of evolutionary clades in a community [20,21,22,23]. For instance, if plant species from different functional groups or distinct evolutionary clades occur in a community, increased functional and phylogenetic diversity may be observed. Such increases in functional or evolutionary variability can influence ecosystem processes and stability [24,25]. The responses of phylogenetic diversity to fire disturbances can differ from those of functional diversity if functional traits are not phylogenetically conserved [26] or if phylogeny represents important functional traits about which no information has been measured [27]. Therefore, evaluating all facets of biodiversity across different post-fire recovery intervals can help us fill important gaps in our knowledge of fire and its impacts on plant communities and ecosystems.



Although biodiversity facets provide essential information about the effects of fire on vegetation, some evaluation of ecosystem functioning during post-fire recovery suggests the importance of functional trait diversity [9]. In this regard, some studies have shown important effects of fire on traits related to plant adaptation, including specific leaf area, life form, seed mass, and leaf dry matter content [10,28]. However, it is not clear how such functional traits emerge under different lengths of time since the last fire and if these functional traits are phenotypically emerging or can be transferred to the next generation [10].



We aimed to investigate post-fire recovery of plant biodiversity facets (i.e., taxonomic, functional, and phylogenetic diversity) and functional trait diversity at the community level in semiarid shrublands of Iran, which may serve as an appropriate example (based on vegetation type) to understand how vegetation changes over time. We gathered data on phylogenetic history and seven functional traits for all plant taxa found in the semiarid shrublands we studied and addressed the following questions: (1) Does post-fire recovery of plant biodiversity differ across different time intervals since the last fire for all biodiversity facets? (2) Do biodiversity facets and functional traits vary across different time intervals? (3) Which functional traits change with changes in ecosystem functioning or with vegetation evolution?




2. Materials and Methods


2.1. Study Area


Our study sites were both unburnt and burned shrubland growing in the Fereizi region located in Chenaran, Northeast Iran (between 36°20′ and 36°55′ N and 58°30′ and 59°40′ E) (Figure 1a). The mean elevation is 2000 m, and the mean annual precipitation ranges from 280 mm to 340 mm with a cold semiarid climate based on Emberger’s method (Supplementary Materials Table S1). The rainy season begins in late October and last until early spring, with the main season lasting from February to April and an average temperature of 7.5 °C. [29]. Altitude, precipitation, and temperature values were obtained from WorldClim [30] at 30″ resolution (Supplementary Materials Table S1).



The vegetation in the Fereizi region consists of grasses and shrubs in the form of semiarid shrubland landscapes. The dominant plant species consist of Juniperus polycarpos K. Koch (Cupressaceae), Lonicera nummulariifolia Jaub. & Spach. (Caprifoliaceae), Cotoneaster nummularius Lindl. (Rosaceae), Prunus microcarpa, Astragalus verus Olivier (Fabaceae), and some grasses, including Elymus hispidens (Opiz) Melderis (Poaceae), Phlomis cancellata Bunge (Lamiaceae), Poa bulbosa L. (Poaceae), and Taeniatherum caput-medusae (L.) Nevski (Poaceae).




2.2. Data Collection


2.2.1. Site Selection and Vegetation Sampling


We selected five sites based on documented wildfire histories in the area. These study sites occurred on north-facing slopes, and their geological formation was the same based on geological maps (Jurassic sandstone, shale, and conglomerate with marl and limestone) [31]. We selected one site for each of the following categories: (1) unburned site with no fire disturbance; (2) 1-year site (with the most recent fire occurring within the last year (in 2022)); (3) a 4-year site (most recent fire within 4 years before); (4) 10-year site (most recent fire within 10 years before); and (5) 20-year site (last fire having occurred within 20 years before) (Figure 1a). We interpret the noted times as representative of naturally occurring time intervals since the last fire, but we do not imply that these sites regularly have fires at the intervals noted.



To better recognize post-fire recovery of biodiversity facets, we categorized sites into three groups, including sites with short-term time intervals since the last fire [i.e., 1 and 4 year sites], sites with long-term time intervals since the last fire [i.e., 10 and 20 year sites], and the unburnt site. To investigate fire occurrence, we extracted wildfire histories for each site from aerial photos, and information on fire time recorded by environment department staff in the Fereizi region. Furthermore, we obtained comparable elevation and precipitation data from the WorldClim dataset for all of these sites (http://www.worldclim.org; (accessed on 1 February 2022) [32]) at 30″ resolution. Annual precipitation ranges from 271 mm to 327 mm (see details in Table S1 in Supplementary Materials).



In each of the five study sites, we established two transects of 200 m length, approximately 500 m apart, and 20 1 m × 1 m plots were placed 20 m apart on each transect. The number of plots and the appropriate area sampled for plots were assessed with species-area curves [33]. The vegetation was surveyed as a cover percentage for all present plants within each plot (Figure 1a). We identified 75 plant taxa in total at our study sites. We excluded 20 (out of 75) species with fewer than 5 individuals in the whole data set to avoid rare species effects [15] (Supplementary Materials Table S2).



We estimated fire intensity for each site based on classifications from Heydari et al. [34]. Under these classifications, fire intensity is calculated based on specific indicators, including: (i) obvious fire; (ii) herbaceous cover; (iii) the percentage of shrubs, herbs, and trees killed; and (iv) stem charring of tree height [34]. On the 1-year site, we found ground fire and scorched lower tree limbs. Herbaceous plants and some shrubs had been killed. Stem charring rose to about 70% of tree height. Between 25% and 30% of shrubs and herbs had been killed (Figure 1b). Finally, at the control site, there was no evidence of vegetation killed by fire, and no charring on tree stems was found. Based on such evidence, all burn sites indicated a comparable intermediate or moderate level of fire (Figure 1b). Therefore, we just focused on assessing the impacts of time since the last fire on plant biodiversity and the diversity of functional traits.




2.2.2. Plant Functional Traits


We assessed seven functional traits for plant species in our sites, including specific leaf area (SLA) (m 2.kg−1), leaf nitrogen (mg.g−1), carbon content (mg.g−1), plant height (cm), seed mass (mg), growth form, and life span (the last two traits); these traits were categorically ranked and included in the trait matrix for further analyses (see Table S2 for more details). These functional traits were introduced as key functional traits for plant species in burned ecosystems and are dependent upon biotic interactions and disturbance conditions [24,35]. For example, SLA generally reflects plant growth rate in fire-prone ecosystems, with increased SLA following fire because of the generation of open habitat that can increase the abundance of fast-growing and ruderal species relative to perennial species [36]. In addition, traits such as those related to plant regeneration (including seed mass, plant height, and plant growth) also represent plant response to wildfire [16]. Life span represents plant strategies and abilities, including competitive and facilitative abilities [37]. Leaf nitrogen/carbon content and life span can indicate post-fire resprouting in shrubs [38,39,40] and differentiate annual from perennial plant species in herbaceous communities [17].



We obtained information on these plant functional traits either from field measurements or from publicly available trait datasets (the BIEN package in R [41], TRY [42], and LEDA [43] and TR8 [44]). We considered plant height based on vegetative portions and measured it in the field directly, whereas other functional traits studied were obtained from publicly available datasets. When multiple measurements per species were available in these databases, we used the arithmetic mean of these observations to create a species mean trait value for each plot [45]. However, for some of our species, trait data were not available in existing databases. In those cases, we used the average of the trait values available for all the species at the genus level (see Supplementary Materials Table S2). Although not optimal, this is a solution to impute data for poorly studied taxa, somehow similar to what is commonly performed when evaluating phylogenetic relationships in less well-studied groups of species [22,46].




2.2.3. Phylogenetic Information


We constructed a phylogenetic tree for 55 plant species present in all studied sites using the “mega-tree” function in the V. PhyloMaker library in R [47] to generate a synthetic tree. This phylogenetic tree was generated by pruning and grafting taxa from an existing supertree [e.g., APG IV; 45], which is, as far as we know, the most extensive dated phylogeny for vascular plants, including 74, 533 species and all families of extant vascular plants [47]. We used the “scenario 3” approach (this scenario includes adding missing genus or species taxa to the phylogeny with known branch lengths [48] to add species to the phylogeny. This phylogenetic tree was then used to calculate phylogenetic diversity for our communities.




2.2.4. Measures of Taxonomic, Functional, and Phylogenetic Diversity


To assess post-fire recovery of biodiversity facets across different times since the last fire, we measured taxonomic, functional, and phylogenetic diversity for each 1 m2 plot in each site. To measure taxonomic diversity, we used the first two Hill numbers to estimate species richness (q = 0) and species diversity as the exponential of Shannon’s entropy (q = 1; referring to Shannon diversity) [49] for 1 m2 plots in each site. The calculation was based on the number of species, which is less affected by differences in total sampling effort than other methods [50].



To measure functional diversity, we assessed abundance-weighted mean pairwise distance (MPD) [51,52] as the most robust measure of functional relatedness at the species level for 1 m2 plots in each site. This index in the abundance-weighted case is equivalent to Rao’s Q and Hill numbers [52]. To better understand changes in functional traits depending on the time since the last fire, we also measured weighted means for each trait at the species level in each plot using a community-weighted mean index (CWM). CWM is quantified as the relative abundance of each plant species in terms of the trait values measured [53]. While wildfire disturbance is likely to result in intraspecific variability in functional traits, here we focus on species-level values of functional traits as a first-level test to detect if wildfire disturbance results in persistent changes to community functional traits [54]. We encourage future studies to collect trait data from individual plants across species to quantify how intraspecific trait variation changes with wildfire disturbance regimes. By using these multivariate functional indices at the plot level, we are able to compare communities’ characters before and after wildfire disturbance, as well as determine if community traits become more or less dispersed as a result of wildfire disturbance [54]. Before measuring functional diversity, we analyzed the correlation between pairs of functional traits via Pearson correlation analysis. We found no significant correlations between pairs of functional traits, so we considered all functional traits in further analyses and computed functional diversity via MPD.



We measured phylogenetic diversity as MPD, as used to measure phylogenetic relatedness at the species level, for each plot in each studied site. We calculated the standardized effect sizes of abundance-weighted MPD for functional (FSES.mpd) and phylogenetic (PSES.mpd) diversity to produce a phylogenetic and functional index of diversity that is independent of species richness. We used the independent-swap algorithm to draw a null distribution based on 999 randomizations and estimated standard effect sizes of MPD by comparing the observed community diversity to the null distribution of randomly assembled communities. Positive (SES values > 1.96) and negative (SES values < −1.96) values of SES.mpd indicate significant functional/phylogenetic over-dispersion and clustering patterns in the community, respectively. We calculated SES.mpd with the “ses.mpd” functions in the R package picante [53].





2.3. Statistical Analyses


We analyzed variation in taxonomic, functional, and phylogenetic diversity relative to the time since the last fire. We analyzed the response of taxonomic, functional, and phylogenetic diversity (using separate analyses for each) simultaneously with community-weighted means for functional traits within each plot (these variables were considered as response variables) relative to time since last fire (i.e., the fixed effect variable) via linear mixed effect models. We compared models with second-order Akaike information criteria (AIC) and R2adj values using the function ‘r.squaredGLMM’ in the package ‘MuMIn’ [55]. Finally, a one-way ANOVA and Tukey’s HSD multiple comparison test were applied to test whether time since the last fire resulted in significantly different plant biodiversity and diversity of functional traits [55].



The degree to which the studied traits showed a phylogenetic signal was assessed via the K-statistic to estimate the strength of phylogenetic conservatism for different traits using the ‘multiPhylosignal’ function in the R package picante [52]. The K-statistic was compared to randomized K values, with significant p-values indicating non-random correspondence between traits and phylogeny. Significant values of K greater than 1.0 indicate that traits are more conserved than expected by a Brownian motion evolutionary model [56]. Values lower than 1.0 indicate that traits are less conserved along the phylogeny than expected by this model.





3. Results


3.1. Plant Biodiversity Changes across Time after Wildfire


We found that time since last fire was a significant and effective factor on variation in plant biodiversity facets at the studied sites (Figure 2; q0, q1, FSES.mpd and PSES.mpd panels), with higher values of taxonomic, functional, and phylogenetic diversity in sites with longer-term time intervals since last fire (see results of Tukey’s HSD multiple comparison test and one-way ANOVA in q0, q1, FSES.mpd, and PSES.mpd panels of Figure 2). However, the results of linear mixed effect models and one-way ANOVA indicated greater differences in functional and phylogenetic diversity than taxonomic diversity between the studied sites (see mR2adj and p-values in Figure 2). Such findings suggest significant overdispersion patterns for functional and phylogenetic diversity over longer time intervals (Figure 2; see long-term site in FSES.mpd and PSES.mpd panels) and significant clustering patterns (i.e., less disturbed patterns) over short intervals and in unburned areas (Figure 2; see short-term and unburned site in FSES.mpd and PSES.mpd panels).




3.2. Diversity of Functional Traits across Time Scales


The time since the last fire had a significant impact on the diversity of functional traits (Figure 3; see mR2adj and p-values for functional traits). In this regard, significant differences were observed between long-term sites and short-term and unburnt sites in terms of community-weighted mean values of some functional traits, including plant height, leaf carbon and nitrogen contents, and seed mass (see results of a one-way ANOVA for CWM-plantheight, CWM-C, CWM-N, and CWM-seedmass in Figure 3). Such differences were consistent with significant increases in the diversity of these functional traits in long-term sites (see Figure 3; CWM-plantheight, CWM-C, CWM-N, and CWM-seedmass panels). In contrast, higher community-weighted mean values of specific leaf area were found in sites with short-term intervals (Figure 3; CWM-SLA).



In addition, our results indicated a significant increase in the diversity of growth form and life span traits at long-term sites when compared to short-term and control sites (Figure 3; CWM-lifeform, CWM-lifespan). The results of statistical analyses showed significant effects of time since the last fire on post-recovery of functional traits including growth form, seed mass, C, N, and plant height (see mR2adj and p-values and results of Tukey’s HSD and one-way ANOVA in Figure 3). However, such effects were more consistent and positive for seed mass (CWM-seedmass; mR2adj = 0.45; p < 0.037), growth form (CWM-growth form; mR2adj = 0.31; p < 4.44 × 10−2), and plant height (CWM-plantheight; mR2adj = 0.30; p < 2.15 × 10−5) than for other traits (see Figure 3).



We found significant phylogenetic conservatism for seed mass, plant height, specific leaf area, leaf carbon content, and growth form in plant taxa present in studied semiarid shrublands across time since the last fire (Table 1). Generally, phylogenetic conservatism was much higher for growth form, leaf carbon content, and seed mass than plant height and specific leaf area for plant taxa in the studied sites (Table 1). In contrast, other functional traits, including life span, carbon/nitrogen ratio, and leaf nitrogen content, were not phylogenetically conserved in plant taxa studied across time since the last fire (Table 1). Overall, it seems that there is a strong and positive correlation between functional and phylogenetic diversity, with five out of seven traits showing significant conservatism.





4. Discussion


4.1. Post-Fire Recovery of Plant Biodiversity Facets across Time since Last Fire


We found significant variation in plant biodiversity and functional traits across time since the last fire in the semi-arid shrublands. In this regard, we found significant increases in taxonomic, functional, and phylogenetic diversity across sites from which fire was absent for the longest time (i.e., 10 and 20 years). In contrast, functional/phylogenetic clustering patterns simultaneously associated with decreased taxonomic diversity were observed in sites with the shortest time since the last fire (i.e., 1 and 4 years). Although time since the last fire has promoted significant changes in plant biodiversity facets and functional traits, we found more consistent and positive effects of the temporal scale on functional and taxonomic diversity (q = 1 index) than phylogenetic diversity.



In agreement with our results, some previous evidence suggested that time since the last fire is a key factor in the post-fire recovery of vegetation [9,15]. However, the most effective recovery of vegetation was observed under long-term conditions, which directly confirms the intermediate disturbance hypothesis [10]. According to this hypothesis, although an increase in species diversity is strongly correlated with an increase in time intervals, intermediate and long time intervals can provide better conditions for recruitment of plant species through a relatively decreased fire disturbance [57]. Nonetheless, some previous studies have shown no effects of time scale on plant biodiversity recovery after fire disturbance [10]. It is possible that these neutral patterns in vegetation recovery observed in some studies were indirectly influenced by extreme environmental factors, including soil and climatic factors [16].



In our study region, significant variation in taxonomic diversity indices in sites where fire has been absent for the longest time suggests autosuccesion. In fire-prone ecosystems, almost all plant species in the post-fire community recorded before the fire were evident within 12 months of the fire [10,57] conforming to the ‘autosuccession’ [10,57] or ‘initial floristic composition’ [58] models of community succession. However, under long-term conditions, we found more species richness for fire-disturbed sites than in non-fire-disturbed sites, which supports the idea that fire provides suitable conditions for recruitment or survival of species that cannot survive without fire. The heat resulting from fire generally stimulates soil and canopy seed banks and can add some new plant species to the ecosystem [33]. Based on such phenomena, some functional or evolutionary changes may occur in burned ecosystems [10,17].



An increase in functional and phylogenetic diversity (i.e., significant functional and phylogenetic overdispesion patterns) with increasing time since the last fire may be related to a decrease in grass and herb dominance. It is clear that frequent wildfires promote the cover dominance of ruderal plants, grasses, and broadleaf herbs with strong competitive abilities to occupy disturbed and degraded ecosystems [16,59]. Grasses and herbs are generally favored under stressful conditions based on their competitive nature, shallow roots, and dense and small canopy areas [60]. However, when fire intervals decrease, woody species, including shrubs, trees, and cushion plants, may be replaced by such opportunistic plants [61,62]. Thus, since the last fire, more plant species with diverse growth forms may have coexisted under long-term conditions [63].




4.2. Post-Fire Recovery of Plant Biodiversity Consistent with Changes in Trait, Evolution, and Ecosystem Stability


The increase in functional and phylogenetic diversity in semi-arid shrubland sites where fire has been absent for decades promotes the presence of plant species with distant functional or evolutionary relatedness through a decrease in negative biotic interactions such as competition and an increase in positive interactions such as facilitation [25,64]. In fore-prone sites 10–20 years prior, we found plant species with different functional identities, including grasses, broadleaf herbs, and shrubs belonging to major functional groups or phylogenetic clades. In contrast, sites that burned 1–4 years prior were mostly covered by grasses and herbaceous plants. Based on such evidence, sites burned relatively recently (i.e., in the first 1–4 years post-fire) only provided suitable environments to recruit competitive and tolerant plant species with similar functional (e.g., low seed mass and high specific leaf area) or phylogenetic identities [64], thus causing a decrease in all facets of plant biodiversity. However, 10–20 years after the fire, positive interactions between distant plant taxa enhanced the presence of a wide range of plant species with different functional traits to recover all facets of plant biodiversity [63,65].



Our results on trait diversity indicated a significant increase in diversity of some functional traits, including seed mass, growth form, life span, leaf carbon, and nitrogen content, since the last fire. Growth form and life span diversity may explain the presence of different functional groups (i.e., grasses, herbs, and shrubs) to enhance all facets of plant biodiversity over long periods of time [66]. In contrast, under short-term conditions, more values of specific leaf area traits were found than under long-term conditions, indicating the dominance of grasses and broadleaf herbs at such sites [67]. In this regard, plant species in fire-disturbed sites showed phylogenetic conservatism in their regeneration niches, which was related to some functional traits such as seed mass, growth form, leaf carbon and nitrogen content, and specific leaf area, demonstrating the important effects of fire on vegetation in changing trait and evolutionary diversity [67]. Positive correlations between evolutionary change in vegetation and significant phylogenetic conservatism for five out of seven traits could explain post-fire vegetation recovery, which is consistent with the secondary succession hypothesis and autosuccession [65]. Therefore, we conclude that depending on the length of time intervals since the last fire, post-fire recovery of plant biodiversity facets occurred, and fire generally promoted significant changes in evolutionary lineages [28] and functional trait diversity to enhance ecosystem stability over long periods of time. However, our results regarding trait diversity and recovery of functional diversity across time since the last fire should be considered with caution. We propose this to be interpreted as a working hypothesis to be evaluated with a database that is enriched by plant traits of Mediterranean and semi-arid species and in light of recurrent disturbances and ongoing climate change.




4.3. Management Implications


Managing fire in a cost-effective manner may help conserve vegetation in mountainous semiarid shrublands by decreasing the loss of plant biodiversity and community composition [15]. Although we found that a long time interval may lead to increases in biodiversity facets and potentially even change the evolution of vegetation in our study area, some biological wildfire prevention tools to decrease fire intensity or fire occurrence may be effective to prevent the loss of plant biodiversity at short intervals [68]. For example, some studies have shown that wildlife grazing may decrease fuel load and fire intensity in the context of increasing drought under climate change [69]. Therefore, low to intermediate grazing intensity in sites with low herbaceous and grass species can ameliorate the negative impacts of fire intensity.



In addition, our results are consistent with the goals and strategies of nature conservation organizations to realize the United Nations’ recently adopted sustainable development goals (SDGs) [70]. We suggest that land managers of semiarid shrublands particularly focus on goals 13 and 15, which call to “Take urgent action to combat climate change and its impacts;” and “Focus on protecting, restoring and promoting sustainable use of terrestrial ecosystems and halting and reversing land degradation and halting biodiversity loss”, respectively (sustainabledevelopment.un.org) [71]. According to our results, this requires a reduction in fire occurrence in order to create short-term sites with lower fire risk [72] and to better maintain plant biodiversity and vegetation in post-fire recovery process over short time periods since last fire.





5. Conclusions


Taxonomic, functional, and phylogenetic diversity changed significantly depending on the time since the last fire. However, stronger differences in functional and phylogenetic diversity were observed than taxonomic differences between the studied sites, with overdispersion patterns found across long decades and clustering patterns in short times. In addition, fire significantly influenced trait diversity at the community level and trait evolution across phylogeny, with positive effects on some traits including seed mass, growth forms, life span, and leaf carbon and nitrogen content. It appears that the presence of distantly functionally or evolutionarily related taxa facilitated the post-fire recovery of plant biodiversity facets, with an increase in all diversity facets after decades. Such plant taxa can generally coexist when facilitative interactions between distantly related taxa are enhanced. In contrast, competitive interactions in communities are reduced via the presence of woody plant taxa. Based on these findings, we conclude that post-fire plant biodiversity recovery in the studied semiarid shrublands occurred in general, consistent with significant changes on functional traits and vegetation evolution following fire disturbance.
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Figure 1. The study region, with five study sites at different times since the last fire (i.e., 1-year, 4-year, 10-year, and 20-year sites, and a control site without fire occurrence) in the Fereizi-Chenaran shrublands in northeastern Iran, is represented in the above panel. Within each study site, two transects measuring 200 m in length and approximately 500 m apart were established, and 20 plots were placed on each one. Five study sites were surveyed in the Fereizi-Chenaran region, including (a) an unburnt site (i.e., a control site without fire occurrence), (b) 1-year sites (i.e., sites with the most recent fire occurring in the last year), (c) 4-year sites (i.e., sites with the most recent fire occurring 4 years prior), (d) 10-year sites and (e) 20-year sites (i.e., sites with the last fire occurring between 10 and 20 years prior) represented in the bottom panel. 






Figure 1. The study region, with five study sites at different times since the last fire (i.e., 1-year, 4-year, 10-year, and 20-year sites, and a control site without fire occurrence) in the Fereizi-Chenaran shrublands in northeastern Iran, is represented in the above panel. Within each study site, two transects measuring 200 m in length and approximately 500 m apart were established, and 20 plots were placed on each one. Five study sites were surveyed in the Fereizi-Chenaran region, including (a) an unburnt site (i.e., a control site without fire occurrence), (b) 1-year sites (i.e., sites with the most recent fire occurring in the last year), (c) 4-year sites (i.e., sites with the most recent fire occurring 4 years prior), (d) 10-year sites and (e) 20-year sites (i.e., sites with the last fire occurring between 10 and 20 years prior) represented in the bottom panel.



[image: Fire 06 00103 g001]







[image: Fire 06 00103 g002 550] 





Figure 2. Vertical bars showing taxonomic (i.e., species richness (q0) and Shannon’s diversity (q1)), functional (FSES.mpd), and phylogenetic (PSES.mpd) diversity at the studied sites across different times since last fire. Variation in taxonomic, functional, and phylogenetic indices across time since the last fire was assessed with linear mixed effect models. The marginal adjusted R2 explained by the fixed factors in our statistical models (mR2adj. are shown in each case) and the significance of time since last fire on variation in biodiversity facets were tested via ANOVA analysis. In addition, the results of the one-way ANOVA and Tukey’s HSD multiple comparisons (p < 0.05) represent differences between different time scales and within them, respectively. Error bars represent the uncertainty or variations in plant communities based on functional and evolutionary over-dispersion (higher values than zero) and under-dispersion (lower values than zero) patterns. Significant results of one-way ANOVA on biodiversity indices are shown in each panel: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Letters (a, b, c) show the results of the Tukey tests for variation within each the time since last fire when significant. 
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Figure 3. Vertical bars showing the diversity of functional traits at the community level (i.e., CWM of traits), including growth form, plant height, leaf carbon (C) and nitrogen (N) content, seed mass, life span, and SLA across different times since the last fire. Variation in functional trait diversity across time since the last fire was assessed with linear mixed effect models. We also show the marginal adjusted R2 explained by the fixed factors in our statistical models (mR2adj). In addition, results of one-way ANOVA and Tukey’s HSD multiple comparisons (p < 0.05) represent differences between different time scales and within them, respectively. Error bars represent the uncertainty or presence of plant taxa with higher values of functional traits than mean values. Significant results of one-way ANOVA on biodiversity indices are shown in each panel: *, p < 0.05; ***, p < 0.001. Letters (a, b, c) show the results of the Tukey tests for variation within each the time since last fire when significant. 






Figure 3. Vertical bars showing the diversity of functional traits at the community level (i.e., CWM of traits), including growth form, plant height, leaf carbon (C) and nitrogen (N) content, seed mass, life span, and SLA across different times since the last fire. Variation in functional trait diversity across time since the last fire was assessed with linear mixed effect models. We also show the marginal adjusted R2 explained by the fixed factors in our statistical models (mR2adj). In addition, results of one-way ANOVA and Tukey’s HSD multiple comparisons (p < 0.05) represent differences between different time scales and within them, respectively. Error bars represent the uncertainty or presence of plant taxa with higher values of functional traits than mean values. Significant results of one-way ANOVA on biodiversity indices are shown in each panel: *, p < 0.05; ***, p < 0.001. Letters (a, b, c) show the results of the Tukey tests for variation within each the time since last fire when significant.



[image: Fire 06 00103 g003]







[image: Table] 





Table 1. Phylogenetic signal for the functional traits in the studied sites at different time scales since the last fire (Blomberg’s K-statistic for individual trait levels). Significant results are shown in bold (* p < 0.05; ** p < 0.01; ns: these traits do not show phylogenetic conservatism).
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	Functional Traits
	Blomberg’s K-Statistic

K p-Value





	Seed mass
	0.48 0.003 **



	Plant height
	0.37 0.05 *



	Specific Leaf Area (SLA)
	0.29 0.009 **



	Life span
	0.11 0.60 ns



	Leaf Carbon content
	0.55 0.005 **



	Leaf Nitrogen content
	0.09 0.11 ns



	Growth form
	0.51 0.001 **
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