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Abstract. 
The objective of this study was to assess the effect of fire frequency on vegetation taxonomic and functional diversity in a wet savanna ecosystem, eastern Zimbabwe. The study area was stratified into three fire frequency regimes using a 15-year fire history (2000–2014) across the landscape: high (HFF: burnt every 1-2 years), medium (MFF: burnt every 3-4 years), and low (LFF: burnt every 5-6 years). Data were collected from a total of 30 plots measuring 20 m × 20 m each between March and May 2018. In each plot, we recorded tree maximum height (Hmax), woody plant density, basal diameter, resprouting capacity, and bark thickness. We calculated species evenness, diversity, functional richness (FRic), Rao’s Quadratic Entropy (RaoQ), functional redundancy, and relative bark thickness. We recorded 1,031 individual trees belonging to 24 species across the three fire regimes. Significant differences across the three fire regimes were recorded for Hmax, woody plant density, and relative bark thickness . Hmax and woody plant density were higher in LFF than HFF regimes while relative bark thickness was higher in HFF than in the LFF regimes. Species evenness was significantly higher in HFF and MFF regimes than LFF regime , while FRic and functional redundancy significantly increased with decreasing fire frequency . However, no significant differences were recorded for resprouting capacity, species richness, taxonomic diversity, and RaoQ . Species like Cassia petersiana, Cussonia spicata, Vachellia spp., and Rhus lancea were associated with LFF, while species like Protea gaguedi, Brachystegia utilis, and Vangueria infausta showed a strong association with HFF to MFF. Our study demonstrated that a combination of taxonomic and functional diversity metrics is adequate to evaluate the response of savanna vegetation to fire. We recommend a further assessment on vegetation composition using other elements of fire regimes.

1. Introduction
Fire is a global phenomenon which influences vegetation structure and composition with implications on ecosystem functioning [23]. In savannas, fire and herbivory are important determinants which facilitate the codominance of trees and grasses [1, 25, 54], although fire is recognized as the principal modifier of structure, function, and dynamics of the savanna biome [5, 6, 41]. Different fire regimes can change vegetation structure and diversity [4, 56] which may lead to decline in forest habitats and forest loss.
Fire is an important environmental filter in both wet and dry savanna woodlands [10, 11, 52]. The influence of fire on plant structure, composition, and functional traits depends on the nature of the fire regime that include frequency, intensity, type, and season [19, 26]. Within the Zimbabwe savanna, the fire is seasonal starting around June when vegetation dries up and peaks in October (the driest month). In the eastern highlands of Zimbabwe, where this study was based, records from 1990 to 2015 show that fire has a 3- to 5-year return interval although areas with good fire prevention mechanisms such as fireguards often escape the fire. Studies show that fire frequency affects vegetation both when the frequency is too high or too low and tends to eliminate the more sensitive species and thus favour the more resistant ones [14, 21]. For example, in their study in Zimbabwean south eastern Lowveld, Gandiwa and Kativu [21] found that high fire frequency (return interval of one to two years) altered vegetation structure of Colophospermum mopane and Combretum apiculatum species. Similarly, Devine et al. [16] reported that increased fire frequency (annual return interval) resulted in greater proportion of multistemmed trees in a wet savanna. Although fire has a strong influence on savanna woodland dynamics and function [52], the relationship between fire frequency and these ecosystem properties is still poorly understood in most of the wet savanna ecosystems. In wet savannas, fires tend to limit the productivity of woody species more than in dry savannas where cover is instead inhibited by water availability [8, 16]. This is important because depending on fire frequency species with specific traits such as bark thickness [31, 43], epicormic resprouting [25], and rapid growth tend to escape the fire zone thus becoming more tolerant to frequent fires. Bark thickness, in particular, positively correlates with fire frequency suggesting protection function on tree stem mortality [31, 58]. Bark thickness confers individual fire resistance with those trees with thick bark regardless of stem width or height surviving severe fires [43]. Thick bark allows for the protection of vascular cambium and the buds in the lateral meristem from fire [30] thus allowing tree resprouting after fire.
The impacts of fire on the biodiversity response of savanna woody species have been extensively carried out using taxonomic measures of diversity such as species richness and Shannon indices of diversity with little consideration of plant traits, ecological niches, and life history patterns [43, 52]. Yet, environmental disturbance such as fire can act as an environmental filter that causes some traits to persist under certain conditions [9, 14]. Thus, using only traditional diversity measures may provide inadequate information as indicators of changes in community structure and dynamics, underestimating the true extent of biodiversity loss following disturbance [9, 36]. This is because taxonomic diversity alone (e.g., species diversity) is a poor surrogate of ecosystem functioning [39]. According to Díaz and Cabido [17], diversity encompasses both number and composition of species and functional types; yet many studies only equate diversity to species richness with little consideration of functional diversity.
One solution that has been proposed to bridge the gap between species richness and their role in the community is measuring both taxonomic and functional diversity [36] as their results may complement each other. Functional diversity measures seek to quantify the range of functional trait space among species in a community [36, 47], thus providing information on ecosystem processes which takes into account plant life history. Studies highlight that trait-based approaches provide insights into processes by which environmental changes affect biological communities and thus help predict future changes [40, 50]. In cases where environmental disturbances such as fire disproportionately affect species with shared traits, niche processes become the driving force behind community changes and leads to loss in functional diversity [35]. An important aspect of ecosystem change is resilience which is the capacity of a community to return to its initial state after a perturbation [33]. Resilience can be evaluated indirectly by assessing functional redundancy or the presence of different species in a community showing the same effects on an ecosystem process but different response to the disturbing factor [17, 18]. Resilience measures the risk of losing ecosystem functions resulting from the loss of all species from a functional group [42] making evaluation of this risk through functional redundancy important. Thus, ecosystem processes and functioning can be better evaluated by incorporating both taxonomic and functional diversity in studies as the two tend to complement each other [44].
To date, there are limited studies focusing on the phenomena of functional diversity on savanna woody species following a fire disturbance, which limits our understanding of the effects of fire on ecosystem functioning and trait-based response of woody plants to fire frequency [52]. In addition, savannas experiencing over 650 mm as is the case with the present study site, Nyanga National Park (NNP), eastern Zimbabwe, are relatively unstable compared to drier savannas [53]. Therefore, studying their resilience in the face of perturbation is crucial.
Here, we assessed the effect of fire frequency on taxonomic and functional diversity of wet savanna woody species in NNP using a 15-year fire history (2000–2014) across the landscape; high fire frequency (HFF: burnt every 1-2 years), medium fire frequency (MFF: burnt every 3-4 years), and low fire frequency (LFF: burnt every 5-6 years). We hypothesised that woody plants in HFF zones would have relatively thicker bark and higher resprouting capacity compared to MFF and LFF zones. Due to top kill, we predict that woody plants in HFF zones would invest in stem growth instead of height; thus shorter plants are expected in HFF compared to LFF. Taxonomic diversity, species richness, and woody plant density are predicted to be higher in LFF zones compared to the MFF and HFF zones. We expected that fire frequency could act as an environmental filter of plant traits studied here resulting in lower values of functional diversity and redundancy measures in HFF zones.
2. Materials and Methods
2.1. Study Area
The study was carried out in NNP in the eastern highlands of Zimbabwe (Figure 1). The park covers an area of 471 km2 and is characterized by a cool and wet climate with mean annual rainfall of 1,200 mm. Average annual temperatures range from a minimum of 9–12°C to a maximum of 25–28°C. The rainfall period stretches from October to April. NNP contains the largest undisturbed area of montane grasslands in Zimbabwe with a large proportion of the Afro-montane forests, particularly on Nyangani Mountain. The high humidity and low evaporation rates provide good conditions for continuous plant growth throughout the year [20]. The park has fynbos-like vegetation on the plateau summit, miombo woodland, and moist Afro-montane forest on the low altitude forming part of the unique ecoregion which stretches from the Cape Province in South Africa to the Ethiopian highlands.


	
		
			
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
			
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
			
			
			
			
			
			
			
				
			
		
	
	
		
			
				
				
				
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
		
		
		
		
			
		
	

Figure 1: Fire and vegetation map for Nyanga National Park, eastern Zimbabwe.


Historical data based on the period 1990 to 2015 shows that the fire return interval in NNP ranges between 3 and 5 years although areas with good fireguards can go up to 10 years without fire. Extensive grass fires occurring in the high-elevation grasslands from August to November are causing extensive loss of biodiversity [64]. Although the biodiversity in this grassland has developed in association with fire, there has been an increase in fire frequency in recent years caused by poachers and the villagers surrounding NNP. As a result, grass in this area has not had enough time to regenerate causing a cascading loss in herbivores.
2.2. Experimental Design
The study was based on stratified random sampling method on three different fire frequencies which are high fire frequency (HFF), medium fire frequency (MFF), and low fire frequency (LFF). The classification was based on the number of years each area was burnt: every 1 to 2 years (HFF), every 3 to 4 years (MFF), and every 5 to 6 years (LFF) following Kativu and Nyazika et al. [21, 45]. The data was based on a 15-year fire history covering the period 2000 to 2014. Fire history data were obtained from records kept at NNP. We used data from both prescribed and wildfires. Most fires (about 60%) recorded in NNP are wildfires and anthropogenically induced while the remaining 40% of the fires are controlled burns used as a management tool and to control invasive species [15].
Geographical aspects such as rainfall, soil, aspect, slope, and other terrain features can affect vegetation distribution and fire regimes thus shaping savanna ecosystems [6, 55]. To control for these confounding variables, we overlaid the generated fire map onto a generalised vegetation and soil map of NNP to sample areas with approximately the same vegetation and soil type. Then using a digital elevation model, we calculated the aspect and the slope of the park. We then overlaid the resultant map on top of the fire frequency map to sample areas with the same aspect and same gradient. Lastly, using ARCGIS software, we randomly generated points within each patch that satisfied any of the three fire regimes (HFF, MFF, and LFF) as well as having similar vegetation type, soil, aspect, and slope.
2.3. Data Collection
Thirty plots (ten per each fire regime) were sampled for vegetation for a period of three months from March–May 2018 (Figure 1). Each plot measured 20 m × 20 m translating to 0.04 ha. In each plot, all woody plants (trees and shrubs) were counted and identified to species level with the assistance of a botanist and a guidebook by [12]. Trees were defined as rooted, woody, self-supporting plants ≥3 m high and/or with a basal stem diameter ≥ 6 cm, whereas shrubs were defined as rooted, self-supporting <3 m high, and <6 cm in stem basal diameter [3]. All woody plants rooted within the plot were recorded and measured. Woody plants occurring along plot margins were included if at least half of the rooted system was inside the plot [62]. To determine woody plant density (stems/ha), the following formula was used:
All trees were sampled for growth traits using the following methods. We measured the maximum height (Hmax) of trees by placing a calibrated 6 m pole against it. Hmax is the maximum stature a mature individual of a species attains in a given habitat [46]. For trees >6 m, the pole was manually uplifted or height visually estimated by observing it at a distance away from the tree. On multistemmed plants, only the height of the tallest stem was considered. The basal diameter of each stem was measured just above the buttress swelling (to the nearest centimetre) using a flexible 5 m diameter tape.
Bark thickness (to the nearest 0.1 mm) was measured on 10 healthy trees that were randomly selected in each plot [46]. On each tree, bark thickness was measured using a bark gauge (Suunto, Finland) near the base at 40 cm height, the region where most surface fires occur. Because bark thickness is correlated with stem diameter, changing rapidly with taper [22], we calculated the relative bark thickness instead of using absolute bark thickness and basal diameter separately:
Resprouting capacity (0–100, unitless) was recorded based on tree capacity to form new shoots after destruction of most of its above ground biomass using reserves from basal or below ground plant parts following the procedure in Pérez-Harguindeguy et al. [46]. We estimated the average percentage of above ground biomass destroyed (percentage destroyed) and percentage of damaged plant population that has resprouted (percentage resprouters) for a sample of 10 similar species from each fire regime and calculated resprouting capacity as follows:
3. Data Analyses
3.1. Community Composition
Changes in community structure were assessed using community metrics [13]. Richness was measured as the number of different vegetation types of species present. Species diversity was measured using Shannon–Wiener diversity index (H′) while equity was measured using Pielou’s evenness (J). The metrics were calculated for the three fire frequencies using relative frequencies of the identified woody plants in statistical package ESTIMATE S [13]. We then conducted a generalised linear model (GLM) with Poisson distribution for the effects of fire on tree Hmax, woody plant density, and relative bark thickness. Community metrics (richness, diversity, and evenness) were compared for differences among the fire frequencies using a GLM with negative binomial distribution. When differences occurred, a Tukey’s Honest Significant Difference (HSD) post hoc test was used to determine differences among the fire frequencies. The GLM was performed using the “nlme” package [48] in the statistical package R version 3.5.1 [51] with significant levels set at .
We conducted a Canonical Correspondence Analysis (CCA) in CANOCO version 4.5 for Windows [59] to identify the spatial ordination of damage by fire using plots as the spatial factor. The resultant triplot was based on the significant first and second axes.
3.2. Functional Diversity and Redundancy
To calculate functional diversity metrics, we used the trait data from Table 1. In addition to maximum height, relative bark thickness, and resprouting capacity, we included three categorical variables: fire response group, ecological group, and capacity to fix nitrogen. Fire response group was classified into five categories following [32] groups. For ecological group, woody plants were classified as evergreen, deciduous, or semideciduous if they bear their foliage throughout the year, shed their foliage during the dry season, or only shed their foliage for a very short time in late winter and rejuvenating quickly, respectively. Lastly, woody plants were classified as having the capacity to host nitrogen fixing bacteria (nitrogen fixers) or not. Then, using species relative abundances, we calculated two complimentary multidimensional measures of functional diversity: (1) functional richness (FRic), which quantifies the volume of functional space that a set of species occupies [60], and (2) Rao’s quadratic entropy (RaoQ), which measures functional diversity by incorporating both the relative abundances of species and a measure of the pairwise functional differences between species [7]. Since our functional traits were a mixture of continuous, binary, and discrete variables, we calculated a distance matrix using the Gower distance measure which allows individual traits to be weighted differently [49], before running a principal coordinates analysis (PCoA) in the FD package to calculate a new trait matrix of transformed coordinates [60]. The resultant PCoA axes were used to calculate the functional measures using a multidimensional convex hull to position species in functional trait space [63]. All functional diversity indices were calculated using the FD package [29] in R statistical computing.
Table 1: List of functional traits derived from measurements in savanna woodlands of Nyanga National Park and from the literature.
	

	Trait	Variable	Source
	

	Maximum height (Hmax)	Continuous (m)	Measurement
	Relative bark thickness	Continuous (mm/cm)	Measurement
	Resprouting capacity	Continuous (index: 1–100)	Measurement
	Fire response group	Categorical: Group 1–group 5	[32]; literature
	Ecological group	Categorical: Evergreen, deciduous, semideciduous	[12]; literature
	Nitrogen fixation	Binary: Yes/no	[12]; literature
	



Functional redundancy was calculated based on Bello et al. [2] method which defines functional redundancy as the part of the species diversity in the community that has not been explained by functional diversity. As a result, functional redundancy (FR) is the difference between the functional diversity (FD) and the species diversity (SD) given bywhere SD is represented by the Shannon–Wiener diversity (H′) index and FD is represented by RaoQ [7].
4. Results
4.1. Vegetation Composition and Structure
Across the three fire frequencies, we recorded 1,031 woody plants belonging to 24 species in 30 sampling plots (Table 2). Of these species, Acacia mearnsii and Pinus patula are exotic species. Hmax was significantly different among the fire frequency plots  with the tallest trees found in LFF regime and shortest trees in HFF regime. Relative bark thickness significantly increased with increasing fire frequency with thicker barks in HFF than MFF and LFF regimes . Resprouting capacity did not differ across the three fire frequency regimes (Table 3).
Table 2: Tree species (% occurrence) across the three fire frequency strata in Nyanga National Park.
	

	Tree species	Family	HFF	MFF	LFF
	

	Acacia mearnsii	Fabaceae	25	9	21
	Brachystegia glaucescens	Fabaceae	23	6	20
	Brachystegia spiciformis	Fabaceae	79	63	89
	Brachystegia utilis	Fabaceae	16	17	19
	Burkea africana	Caesalpiniaceae	—	26	30
	Cassia petersiana	Caesalpiniaceae	16	—	10
	Combretum molle	Combretaceae	30	15	29
	Combretum zeyheri	Combretaceae	10	—	—
	Cussonia spicata	Araliaceae	3	15	9
	Dichrostachys cinerea	Fabaceae	5	—	—
	Diplorhynchus condylocarpon	Apocynaceae	—	16	—
	Julbernardia globiflora	Fabaceae	45	45	37
	Lannea discolor	Anacardiaceae	—	16	7
	Parinari curatellifolia	Chrysobalanaceae	—	14	—
	Pinus patula	Pinaceae	4	9	—
	Protea gaguedi	Proteaceae	31	7	21
	Prunus africana	Rosaceae	—	8	11
	Rhus lancea	Anacardiaceae	—	21	6
	Syzygium cordatum	Myrtaceae	—	6	4
	Syzygium guineense	Myrtaceae	—	—	8
	Vachellia amythethophylla	Fabaceae	—	8	8
	Vachellia karroo	Fabaceae	15	4	16
	Vachellia tortilis	Fabaceae	20	14	—
	Vangueria infausta	Rubiaceae	18	11	16
	


HFF: high fire frequency; MFF: medium fire frequency; LFF: low fire frequency, and not recorded.


Table 3: Stand structure, diversity metrics, and functional diversity indices measured in high fire frequency (HFF), medium fire frequency (MFF), and low fire frequency (LFF) (mean ± standard error).
	

	Metric/measurement	Fire regime	F2,27	
	HFF	MFF	LFF
	

	Stand structure	 	 	 	 	 
	    Hmax (m)	5.67 ± 0.11a	6.02 ± 0.17a,b	8.22 ± 0.19b	22.49	0.0001
	    Woody plant density (species/ha)	492.76 ± 67.23a,b	476.92 ± 23.22a	542.44 ± 74.89b	16.72	0.004
	    Resprouting capacity	48 ± 4.26a	52 ± 5.73a	53.07 ± 3.28a	1.69	0.41
	    Relative bark thickness (mm/cm)	18.84 ± 0.63a	9.87 ± 0.68b	6.28 ± 0.76c	87.17	0.02
	

	Tree diversity metrics	 	 	 	 	 
	    Species richness	4.40 ± 0.45a	4.3 ± 0.47a	5.80 ± 0.44a	3.39	0.051
	    Shannon–Wiener H′	1.31 ± 0.15a	1.32 ± 0.11a	1.57 ± 0.08a	1.55	0.232
	    Pielou’s evenness J	0.92 ± 0.02a	0.92 ± 0.01a	0.76 ± 0.02b	4.34	0.023
	

	Functional diversity	 	 	 	 	 
	    FRic	1.1 ± 0.001a	0.09 ± 0.03a	0.15 ± 0.03b	7.24	0.003
	    RaoQ	0.05 ± 0.01a	0.03 ± 0.01a	0.05 ± 0.001a	2.44	0.107
	    Functional redundancy	1.26 ± 0.15a	1.28 ± 0.11a	1.52 ± 0.08a	4.62	0.021
	


Means with different superscripts in the same row are significantly different (Tukey’s HSD post hoc ).


Woody plant density was significantly different among the three fire frequency regimes  with the highest species density of 542.44 stems/ha in LFF regime and the lowest of 476.92 stems/ha in MFF regime. Species evenness among the three fire frequency regimes were significantly different , while diversity and richness were not significant (, Table 3).
4.2. Community Multivariate Analysis
CCA 1 (eigenvalue = 0.46) explained 49.21% of variance, while CCA 2 (eigenvalue = 0.15) explained 16.92% of variance in the taxa-environment relations (Figure 2). Both axes were significant (Monte Carlo test, F = 1.38; ). The ordination separated plots in the LFF from those in the HFF. Species like Cassia petersiana, Cussonia spicata, Vachellia tortilis, V. amythethophylla, and Rhus lancea were associated with low frequency fire, while species like Protea gaguedi, Brachystegia utilis, Vangueria infausta, and Combretum spp. showed a strong association with HFF to MFF. Species such as A. mearnsii, Vangueria infausta, and Syzygium cordatum had higher richness in LFF plots. Species with higher sprouting capacity included Protea gaguedi, Combretum zeyheri, C. molle, and Cassia petersiana (Figure 2).


	
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
	
	
		
			
			
			
			
			
			
			
		
		
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
			
				
			
		
	

Figure 2: Triplot based on a CCA (first two axes explaining 66.13% of total variation) illustrating the location of the three fire frequency regimes (HFF), medium fire frequency (MFF), and low fire frequency (LFF), environmental variables (Fric = functional richness; RaoQ = Rao’s Quadratic Entropy; Resprout C = resprouting capacity; Spp. = species) and tree species within multivariate space. Key to species: A. mea = Acacia mearnsii; B.gla = Brachystegia glaucescens; B.spi = Brachystegia spiciformis; B.uti = Brachystegia utilis; B.afr = Burkea africana; C.mol = Combretum mole; C.zey = Combretum zeyheri; C.pet = Cassia petersiana; D.cin = Dichrostachys cinerea; D.con = Diplorhynchus condylocarpon; J.glo = Julbernardia globiflora; L.dis = Lannea discolor; P.cur = Parinari curatellifolia; P.pat = Pinus patula; P.gag = Protea gaguedi; P.afr = Prunus africana; R.lan = Rhus lancea; S.cor = Syzygium cordatum; S.gui = Syzygium guineense; V.Amy = Vachellia amythethophylla; V.kar = Vachellia karroo; V.tor = Vachellia tortilis; V.infa = Vangueria infausta.


4.3. Tree Functional Diversity
FRic was significantly higher in LFF regime than in the other two regimes , while RaoQ remained constant across the three fire frequency regimes. Functional redundancy significantly decreased from 1.52 in LFF regime to 1.26 in HFF regime . From LFF sites to HFF sites, an average of 36% of functionally redundant species was lost. The functional space occupied by tree species in NNP showed constrictions, indicating a loss of some functional traits (Figure 3). In particular, the proportion of nitrogen fixers was 13% lower in HFF sites than in LFF sites.
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(c)
Figure 3: Functional richness of savanna tree community represented as the minimum convex hull enclosing all species in a community (denoted here by the area of the grey polygon), in (a) high fire frequency (HFF), (b) medium fire frequency (MFF), and (c) low fire frequency (LFF) [24].


5. Discussion
Fire is an important driver of vegetation structure and diversity in savanna ecosystems although extreme fire regimes threaten ecosystem functioning [6, 52]. In this study, we explored the effects of fire frequency on savanna community composition and structure by quantifying both taxonomic and functional diversity of this community. Our results showed that maximum tree height decreased with increasing fire frequency. The decrease in tree height with increase in areas of high fire frequency may be attributed to plant tissue top kill on large trees [21] which prevents them from growing taller. When trees fail to escape the fire zone, they will be unable to gain enough height between fire disturbance regimes resulting in them being “trapped” in the fire zone for a long time [61]. This can explain why shorter trees were found in HFF. When trees fail to escape the fire zone, they then develop strategies to survive the intense fires. For example, after a burn, many trees invest energy into growing wider stem at the expense of height and often develop thicker bark to avoid top kill by fire [31]. Studies have demonstrated that relative bark thickness rather than absolute bark thickness is a better indicator of fire-tolerance or resistance in some species [27] better predicting their survival. In this study we used relative bark thickness rather than absolute bark thickness. Charles-Dominique et al. [11] found that high fire frequency was associated with thicker bark and high bark growth rate. This observation is consistent with our results as tree relative bark thickness was higher in HFF than LFF fire regime. Thick bark allows trees to minimize or escape fire damage by insulating meristems and bud primordia [46] especially vascular cambium and xylem tissue [31, 37]. Thus, the probability of survival of individuals with thicker bark is greater [31].
Our results demonstrated that woody plant density was lower in HFF than LFF regime. The decrease in woody density with an increase in fire return intervals corroborates well with other studies in the savanna ecosystem [45, 57]. Repeated fires, for example, biennial fires, can result in tree mortality regardless of the fire-tolerance abilities of the woody species because of limited recovery time [52]. Also, high fire frequencies can kill and prevent the establishment of saplings and seedlings from growing resulting in poor recruitment with time [3]. However, in other studies, woody plant density has been shown to increase with fire frequency as the woody vegetation build resilience to fire through their adaptive capacity to resprout from root stocks [25, 43, 57] and multistemming from basal coppices [21]. Therefore, effects of fire frequency on density of woody species may vary with fire resilience of woody species, local site factors that influence vegetation productivity, and competitive interactions [57].
Lack of significant differences in species richness and diversity among the fire frequency zones suggest that fire frequency does not have a marked effect on woody species composition as also recorded in other studies (e.g., [21, 45]). The response of woody species to fire is woodland and species specific [38]. Woody species response to fire is dependent on the species sensitivity, developmental and physiological state, and the duration and intensity of the fire [52]. However, higher evenness indices at HFF and MFF show that the homogeneity of distribution of abundances among species (evenness) was important in structuring the biological community compared to the diversity of woody tree species. While the Shannon–Wiener diversity indices are sensitive to both relative abundances and number of species, Pielou’s evenness indices are sensitive to homogeneity of distribution of abundances among species [28]. Therefore, in this study, the homogeneity of distribution of species was more important in explaining differences among sites than the diversity of taxa.
Demographic characteristics related to the influence of fire are best explained by whether the species is fire-tolerant or fire-sensitive [38]. The ordination results showed that Julbernardia globiflora, Brachystegia spp., and Vangueria infausta were associated with high fire frequency. These results are consistent with previous findings which showed that miombo woody species are fire-tolerant species [10]. Fire tolerance was also shown by Protea gaguedi and Combretum zeyheri with a strong association with high frequency fires pointing to their anatomical and morphological adaptive strategies. For instance, Protea spp. have high epicormic resprouting potential stimulated by fire and Combretum spp. possess a thick bark [12] which reduces heat conductance [30].
It has been observed that taxonomic species richness is not always a surrogate of functional richness although there is often a positive relationship between them [17]. Functional richness (FRic) were significantly lower in HFF. This is further supported by the convex hull which showed constrictions in the niche space occupied by tree species in MFF and LFF zones. These findings indicate that where functional redundancy is low, increased fire frequency can result in losses of whole functional groups, and this can lead to ecosystem function disturbances.
Functional redundancy evaluates the risk of losing ecosystem functions resulting from the loss of all species from a functional group [42]. As a result, functional redundancy can be used to predict community resilience in the face of perturbations. In the present study, functional redundancy significantly decreased with increase in fire frequency. This implies that the risk of losing whole ecosystem functions can increase as fire frequency increases. For instance, an average of 36% of functionally redundant species were lost from HHF plots. Also, the proportion of nitrogen fixers was much lower (13%) in high fire frequency zones than LFF plots (50%) which suggest that such functions will be lost and the probability of survival of fire-intolerant species is reduced as fire frequency increases [52]. The loss of nitrogen fixers means further perturbations can lead to further losses with a consequence on other species that depend on the presence of trees which host nitrogen fixing bacteria. According to the insurance hypothesis [34], the maintenance of functional redundancy in ecological communities is important for ecosystem stability and resilience after a disturbance as more species performing similar functions will provide insurance to the system through compensatory growth.
In conclusion, our results support our hypothesis that selected plant traits would differ among the different fire frequency regimes. In particular, maximum height and species density were higher in LFF, while relative bark thickness was higher in high fire frequency regimes. In addition, although increase in fire frequency did not alter species diversity and richness, it did reduce functional richness and functional redundancy due to loss of functional traits. This study, therefore, demonstrated that functional diversity rather than taxonomic diversity only can better reflect ecosystem pattern and processes which has implications on wet savanna conservation especially in the face of frequent fires. The results also suggest that certain traits such as nitrogen fixation were partly lost in high fire frequency zones which can potentially reduce the resilience of the community. Although our conclusions are based on historical fire data which may be inaccurate, it provides valuable insight into the impact of fire on savanna ecosystem functioning. The study also contributes to the broader literature on the determinants of savanna ecosystems, in particular how they are shaped by fire regimes. We recommend that (i) NNP staff should continue to maintain a reliable and up-to-date fire database that serves as baseline for fire research and (ii) further research on the effect of other fire regimes (such as intensity) affect functional diversity in a long-term experiment.
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