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Productivity and ecosystem carbon (C) storage are often positively associated with species and/or structural diversity; however, positive relationships in tropical forests and woodlands are not universal and the strength of this relationship may be affected by climate. Diversity-productivity relationships were evaluated in upland and seasonally flooded savanna (Cerrado) of the Cuiaba Basin and Northern Pantanal in southern Mato Grosso, Brazil. Data on wood C increment, tree species composition, and alpha diversity were measured over a 10-year period in nine communities located in the Cerrado-Pantanal transition zone. Communities were composed of a wide spectrum of tropical savanna physiognomies, including mixed grassland (campo sujo), typical wooded savanna (stricto sensu), dense wooded savanna (cerrado denso), seasonal forest (mata seca and mata ciliar), and riparian forest (mata de galeria). We hypothesized that tree species richness and diversity would increase from grassland to forest. We further hypothesized that there would be a positive relationship between woody C storage and diversity, but the strength of this relationship would be higher in wet years and wetter environments, such as the Pantanal, due to an increase in water availability. We found that tree species richness and diversity did not increase from mixed grasslands to forests, as mixed grasslands and riparian forests had similarly low levels of tree species richness and diversity compared to the other physiognomies. However, the rate of annual aboveground wood C increment was positively related to species richness and alpha diversity, and the positive relationship was primarily observed during wet years when the annual precipitation was at, or above, the long-term average for the region. Presumably, the impact of structural and species diversity on productivity declines during dry years when water availability becomes a more important control on stem C increment for tree species in the Cerrado-Pantanal transition. These data suggest that maintenance of diversity in these Cerrado woodlands and forests is important for maximizing aboveground C gain. However, climate change, which is causing warming and drying for the region, may limit the importance of diversity on wood C storage.
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1 Introduction

Brazilian savanna (Cerrado) is a “hotspot” for plant species diversity, with an estimated 10,000 plant species, approximately 45% of which are endemic to the Cerrado biome, but rapid deforestation has led to the destruction of nearly 45% of the original Cerrado vegetation (Alencar et al., 2020; Colli et al., 2020). The high biodiversity of Cerrado is thought to be due to a variety of factors, including spatial variation in climate, topography, water availability, soil type and fertility, and disturbance (Eiten, 1972; Lopes and Cox, 1977; Furley and Ratter, 1988; Ruggiero et al., 2002; Felfili et al., 2004; Vourlitis et al., 2013, 2019). These same environmental factors also introduce a high level of structural diversity, for example, Cerrado can consist of grasslands (campos), woodlands (stricto sensu), or forests (matas) (Eiten, 1972; Lopes and Cox, 1977; Furley and Ratter, 1988; Ribeiro and Walter, 2008), and high beta-diversity due to species turnover that occurs across these climatic, edaphic, or disturbance gradients (Pellegrini et al., 2016; Silva-Souza et al., 2023).

Biodiversity is a major determinant of ecosystem carbon (C) storage (Paquette and Messier, 2011; Tilman et al., 2014), and in tropical forests, there is often a positive relationship between C storage and species diversity (Gilroy et al., 2014; Poorter et al., 2015; Pellegrini et al., 2016). Given the high biodiversity of Cerrado, and the large structural diversity associated with the various landforms, a positive relationship between diversity and productivity presumably occurs in Cerrado as well. However, diversity-productivity relationships in Cerrado and more complex due to the same variables that promote the high structural diversity. Several studies reported that tree species richness increased from grass-dominated to forested Cerrado (Goodland and Pollard, 1973; Vourlitis et al., 2013), but these relationships may not be universal. For example, Cerrado woodlands (stricto sensu) may have higher species richness than Cerrado forests because woodlands contain species that represent extremes of the Cerrado physiognomic gradient (Batalha et al., 2001). Rupestrian grasslands, which are dominated by grasses and shrubs that are typically on rocky, nutrient-poor soils (Ribeiro and Walter, 2008), reportedly have high species diversity and some of the highest levels of plant endemism in the world (Fernandes et al., 2018). Furthermore, Cerrado areas that are under afforestation typically exhibit an increase in total tree species richness; however, richness of Cerrado endemics declines with forest encroachment because many of these endemics are understory or herbaceous species that are more common in grass dominated Cerrado (Pellegrini et al., 2016). Across Cerrado and Amazon Forest transitions, Santos et al. (2015) and Morandi et al. (2020) found that Cerrado forest (Cerradão), typical woodlands (Cerrado sensu stricto), and dense woodlands (Cerrado denso) were floristically similar and had similar alpha-diversity. Thus, even though Cerrado landforms have large differences in structure, trends in alpha-diversity along this structural gradient are less conclusive.

Variations in Cerrado structure also have implications for above- and belowground carbon (C) storage. Several studies reported an increase in stem density, basal area, diameter, and tree height along the grassland-forest structural gradient (Goodland and Pollard, 1973; Vourlitis et al., 2013), causing an increase in aboveground C storage (Ribeiro et al., 2011; Schöngart et al., 2011; Miranda et al., 2014; Vourlitis et al., 2015, 2019; Morandi et al., 2020; Godlee et al., 2021). Similarly, Cerrado areas that are experiencing forest encroachment typically have an increase in ecosystem C storage due to the rapid colonization of forest trees (Pellegrini et al., 2016). Rates of net primary production (NPP) in grass-dominated savanna are often lower than in woodlands or tree-dominated savanna (Grace et al., 2006; Vourlitis et al., 2022); however, Cerrado grasslands often store substantially more C belowground than other Cerrado structural variants (Terra et al., 2023).

Diversity-productivity relationships in tropical savanna, including Cerrado, are also complicated by interactions with other environmental variables such as climate, disturbance, and/or soil properties. For example, aboveground woody C storage in Cerrado was found to be strongly affected by species diversity, but this relationship was modified by variations in soil fertility (Terra et al., 2023). In African savanna, aboveground C storage was positively linked to species richness, but the strength of this relationship was stronger in wetter areas (Mensah et al., 2023). As mentioned above, tree encroachment typically increases both total tree species richness and C storage; however, fire alters aboveground C storage and helps maintain species richness of Cerrado endemics, which fundamentally alters the diversity-productivity relationships in stands exposed to fire (Pellegrini et al., 2016).

Given the uncertainty in the diversity-productivity relationship in Cerrado we evaluated this relationship in Cerrado stands in the Cuiaba Basin and Northern Pantanal located in southern Mato Grosso, Brazil. This area spans a hydrological gradient from the drier upland Cerrado of the Cuiaba Basin to the seasonally flooded (hyperseasonal) Cerrado of the Pantanal. Here, we looked for evidence of the diversity-productivity relationship both within and between these areas, and asked whether annual rates of aboveground woody C increment were related to tree species richness and alpha-diversity. If tree species richness increases from grass-dominated to forested Cerrado (Goodland and Pollard, 1973; Vourlitis et al., 2013), we hypothesize that there will be an increase in tree species richness, alpha diversity, and stand structural diversity from mixed-grasslands to Cerrado forests in both upland (Cuiaba Basin) and hyperseasonal (Pantanal) Cerrado. If C storage is related to community structure (Grace et al., 2006; Ribeiro et al., 2011; Miranda et al., 2014; Vourlitis et al., 2019), then there should be a positive relationship between woody C storage and tree species diversity in both upland and hyperseasonal Cerrado. If the diversity-productivity relationship is affected by water availability (Hofhansl et al., 2020; Godlee et al., 2021; Mensah et al., 2023), then the strength of the relationship will likely be different depending on rainfall variation and/or hydrological differences between the Cuiaba Basin and the Pantanal. Thus, we hypothesize that there will be a positive relationship between woody C storage and diversity but that the strength of this relationship will vary between the upland and seasonally flooded Cerrado and during times of above- vs. below-average annual precipitation.

Evaluating the diversity-productivity relationship, and the potential for this relationship to vary due to water availability, has important implications for Cerrado NPP and ecosystem C storage as the region becomes warmer and drier with climate change. Climate observations indicate warming and drying trends in the Cerrado-Pantanal transition (Lazaro et al., 2020; Marengo et al., 2021; Hofmann et al., 2021), and because some tree species may be more susceptible to warming and drying than others (Esquivel-Muelbert et al., 2019; Vourlitis et al., 2022), changes in climate will undoubtedly cause changes in community composition, diversity, and presumably, productivity.



2 Materials and methods


2.1 Study area

Field measurements were conducted between 2011 and 2021 in five Cerrado stands in the Cuiaba Basin (hereafter referred to as Cerrado) and four Cerrado stands in the Pantanal (hereafter referred to as Pantanal) located in the Cerrado-Pantanal transition of southern Mato Grosso, Brazil. These study areas have been thoroughly described in several papers (see Arruda et al., 2016; Pinto et al., 2018; Pinto et al., 2020; Vourlitis et al., 2013, 2015; Vourlitis et al., 2014; Vourlitis et al., 2023); however, a brief discussion is provided below.

Communities studied comprised a wide spectrum of tropical savanna physiognomies (nomenclature according to Ribeiro and Walter, 2008), including mixed grassland (campo sujo; Cerrado only), typical wooded savanna (stricto sensu: Cerrado and Pantanal), dense wooded savanna (cerrado denso: Cerrado and Pantanal), seasonal forest (mata seca, Cerrado; mata ciliar, Pantanal), and riparian forest (mata de galeria; Cerrado and Pantanal). Mixed grassland was dominated by native and non-native grasses with scattered short (2–3 m) trees and shrubs. Woodlands consisted of trees and shrubs that were taller (ca. 4–5 m) and denser but with a lower understory cover than the mixed grassland, while dense woodlands had a sparser understory and taller, denser trees than the typical wooded savanna. Seasonal forests had a similar stand density as dense wooded savanna; however, trees were taller (ca. 6–8 m) and the understory vegetation was sparser. Finally, riparian forests were seasonally flooded between December and May and were dominated by Vochysia divergens Pohl; however, other sites such as the typical wooded savanna and seasonal forest in the Pantanal also experienced seasonal flooding between December and May.

Soils underlying the Cerrado sites consisted of Oxisols (Latossolos vermelho-amarelos, according to the Brazilian soil classification system) that were shallow (ca. 50 cm) and stony (Radambrasil, 1982; Gonçalves dos Santos et al., 2018), while soils associated with the Pantanal sites were Oxisols (Plintossolos, according to the Brazilian soil classification system) with higher clay content than the Cerrado soils (Couto and Oliveira, 2011; Gonçalves dos Santos et al., 2018). The long-term (ca. 30 year) annual precipitation of the study region is 1,420 mm, with a dry season occurring from May–September when <5% of the annual precipitation is recorded (Nunes da Cunha and Junk, 2001; Vourlitis and Rocha, 2011). Mean annual temperature the region is 26.5°C, with warmer temperatures during the wet season (Vourlitis and Rocha, 2011). All of the study sites have been protected from fire over 35–40 years.



2.2 Data collection

Data were collected along a permanent 100 m long transect that was randomly located within each community (n = 5 transects in the Cerrado of the Cuiaba Basin and 4 transects in the Pantanal, one transect in each community). We used permanent transects instead of large (0.5–1 ha) plots because our sites were in Cerrado fragments, which are common in southern Mato Grosso (Jasinski et al., 2005). Field sampling was conducted during the dry season when all sites were accessible.

Tree inventories were conducted periodically beginning in 2011 (Cerrado) and 2013 (Pantanal) and ending in 2021. The density and basal area of trees >3 cm in diameter was measured every 5 m on each 100-m transect using the point-centered quarter method (Goldsmith and Harrison, 1976). This technique has been used in temperate forestry for several decades and has the advantage of requiring fewer measurement points to obtain an accurate estimate of tree density (Cottam and Curtis, 1956). For this method, each measurement point was divided into four quadrants, and the distance between the measurement point and the nearest tree in each quadrant was measured. Each tree encountered was tagged and identified to species. Trunk circumference at breast height (1.3 m aboveground) was measured using a metric tape for all tagged trees between 2011 and 2013 (Cerrado) and 2013–15 (Pantanal), but after 2016, changes in trunk circumference were measured annually using plastic, spring-loaded dendrometer bands (Marthews et al., 2012) that were installed on all tagged trees (Vourlitis et al., 2019).

Wood cores were extracted in 2013 using an increment borer from 261 trees in the Cerrado and 350 trees in the Pantanal. Tree cores were measured for volume at the time of extraction and dried at 70°C for approximately 1 week to calculate wood density (ρ = g dry wood/cm3). Wood cores were analyzed for C concentration using the Walkley-Black technique at a local commercial laboratory (AgroAnalise, Cuiaba, Mato Grosso, Brazil).

Leaf area index (LAI) was measured in 2011 and 2012 in Cerrado and in 2013 in the Pantanal. Measurements were made at each sample point along the permanent 100 m transects (n = 20 points/transect) using a portable PAR-ceptometer (Vourlitis et al., 2013, 2015). Understory cover was measured along each permanent transect in 2011 and 2013 in the Cerrado and Pantanal stands, respectively using the line-intercept method, and percent cover was calculated as the sum of the intercepted distances divided by the total transect length (Goldsmith and Harrison, 1976).

Precipitation was measured at meteorological towers that were installed at both sites, but gaps in data coverage rendered these data unreliable. Thus, precipitation data were obtained from the Brazilian Instituto Nacional de Meteorologia (INMET; https://bdmep.inmet.gov.br/; accessed on December 1, 2021) for the Cuiabá station (Station no. 83361), which is located between both research sites.



2.3 Data treatment and statistical analysis

The density of trees for each sample point along a 100 m long transect was calculated as 1/dave2, where dave is the average distance between the sample point and the closest tree in each quadrant (Goldsmith and Harrison, 1976; Barbour et al., 1987). Tree basal area for each sample point was calculated as the mean basal area of the four trees sampled at each point multiplied by the tree density at each point. Mean basal area for each tree was calculated from trunk diameter converted from measurements of circumference at breast height, and trunk diameter at breast height (DBH) was converted to basal area as πDBH2/4. Estimates of tree density and basal area at each sample point were averaged for the transect to provide estimates of density and basal area for the entire stand.

Tree density per species i (Di) was estimated from the stand tree density × the proportion of individuals of species i in the stand, pi = ni/N, where ni is the number of individuals of species i and N is the total number of individuals encountered on each 100 m long transect. Absolute cover of each species (Ci) along each transect was calculated as the sum of the basal area of each individual of species i × Di. The frequency of occurrence (Fi) for each species i was calculated as the number of sample points that species i was encountered along each 100 m long transect divided by the total number of sample points (n = 20/transect). Tree species abundances were calculated as importance values (IVs), which equal the relative density (Di/ΣDtotal) + relative cover (Ci/ΣCtotal) + relative frequency (Fi/ΣFtotal). IVs for each species range from 0 (zero abundance) and 3 (maximum abundance).

We calculated a variety of different indices of species richness and diversity because these indices are often differentially affected by species numbers, dominance, evenness, or rare species (Magurran, 1988). Thus, using only one richness or diversity index may bias our conclusion of how diversity varies between stands and limit the ability to assess potential diversity-productivity relationships.

Species richness for each site was defined as the number of species encountered on each 100 m long permanent transect. Species-area curves were generated by randomly resampling each transect 100 times and counting the mean number of species encountered at each sampling point. Coefficients of the species area curve were estimated from linear regression of the log-power model (referred to as the log-linear model), Log (S) = Log (c) + z Log (T), where S is the number of species encountered on the 100 m long transect, T is a consecutive point on the transect (n = 20 points), and Log (c) and z are the y-intercept and slope, respectively of the linear model describing how Log (S) changes with Log (T) (Gould, 1979; Desilets and Houle, 2005). These coefficients have additional information of how species richness varies with spatial scale. For example, the slope (z) has information on the rate of species addition with an increase in sampling scale (Sagar et al., 2003; Desilets and Houle, 2005), in this case the length of the transect. The y-intercept Log (c) is more difficult to interpret but may indicate a relative difference in the number of taxa between regions that have similar values of z (Gould, 1979).

Two different indices were used to estimate alpha diversity, or the diversity of species within each community. The first index, the Shannon-Weiner H′, is an “information statistic index” that considers the evenness of the species relative abundances (Magurran, 1988) and is calculated as H′ =-Σ pi × LN(pi), where LN is the natural log, and pi calculated as ni/N as described above. H′ values were bootstrapped over 1,000 iterations to estimate the mean H′ (± 95% confidence interval) for each transect (Christie, 2004). The second index was the inverse Simpson’s index, 1/D = 1/Σ[(ni × (ni − 1))/(N × (N-1))], which is an index that is weighed toward the most abundant species in the community (Magurran, 1988).

We calculated an index of structural diversity (ΣV) according to Storch et al. (2018) using 10 different structural variables that were measured from 20 points along each permanent 100 m transect. Structural variables included the mean stem density, the standard deviation (SD) of mean stem density, mean stem diameter, the SD of mean stem diameter, mean stem basal area, the SD of mean stem basal area, leaf area index (LAI), the SD of LAI, understory cover, and the SD of understory cover. These variables were then converted to a variable score (Vi) for each variable i as (X-Xmin)/(Xmax-Xmin), where X = the variable of interest (e.g., mean density for a given site) and Xmin and Xmax were the minimum and maximum values, respectively of variable X for all vegetation types. Variable scores for each variable were summed for each site, and the sum was divided by the number of variables (n = 10) to estimate ΣV for each vegetation type.

Aboveground biomass (AGB; kg/tree) was estimated for each tree using Equation 1 for tropical forest trees described by Chave et al. (2014).
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where DBH is the diameter at breast height (1.3 m aboveground) calculated from measurements of trunk circumference, h is an estimate of tree height estimated from measurements of DBH (Schöngart et al., 2011; Vourlitis et al., 2019), and ρ is wood density. AGB was converted to C units (AGC; kgC/tree) by multiplying AGB by the wood C concentration, and the aboveground wood C pool for each site (MgC/ha) was calculated by multiplying AGC by the average stand density (Vourlitis et al., 2019). The annual change in the wood C increment for each stand (MgC ha−1 y−1) was calculated as the difference in the wood C pool over consecutive years (Vourlitis et al., 2019).

Principal components analysis (PCA) was used to characterize relationships between the study sites and their structural characteristics. PCA was run on a correlation matrix using varimax factor rotation, and only factors with eigenvalues >1 were retained for analysis. Repeated-measures ANOVA (RM-ANOVA) was used to assess whether estimates of wood C pool size and annual increment varied as a function of site (Cerrado vs. Pantanal) and time. Data were tested for equality using Box’s M test and compound-symmetry (sphericity) using Mauchly’s test of the between-group covariance matrices, and Greenhouse–Geisser corrections were used for data that failed these assumptions. Analysis of covariance (ANCOVA) was used to quantify linear relationships between indices of species richness, alpha diversity, and structural diversity as co-variates and wood C pool size and annual increment. To assess if diversity-productivity relationships were affected by interannual variations in rainfall (see hypotheses), ANCOVA was also run separately on data collected during wet years (precipitation >1,420 mm, which is the long-term mean precipitation for the region) and dry years (precipitation <1,420 mm). Linear (Pearson-product) correlation was used to determine if correlations between species richness and diversity indices, and correlations between these indices and productivity (wood C storage and increment), were statistically significant. For these analyses we accepted correlations with p < 0.10 to be statistically significant given the low statistical power associated with our sample sizes (n = 5 and 4 for Cerrado and Pantanal, respectively).

Bootstrapping (Christie, 2004) and correlation analyses were conducted using MS Excel V2208. All other statistical tests were conducted using NCSS (version 12.0.16).




3 Results


3.1 Community variations in species richness and diversity

Principal components analysis (PCA) explained 95.3% of the structural variation in the different communities (Figure 1). PCA axis 1 explained 68.6% of the variance and primarily separated the stands according to basal area, stem diameter, and leaf area index (LAI) on the right-hand side of the biplot and understory cover on the left-hand side of the biplot (Figure 1). All of the Cerrado stands in the Cuiaba basin were on the left-side of the PCA biplot reflecting the higher understory cover and lower stem diameter, basal area, and LAI than similar stands in the Pantanal. PCA axis 2 explained an additional 26.7% of the variance and separated stands based on stem density, with woodlands, seasonal forests, and dense woodlands having higher stem densities than mixed grassland and riparian forests (Figure 1).
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FIGURE 1
 Principal components analysis (PCA) of the structural attributes of Cerrado (green symbols) and Pantanal (blue symbols) ecosystems, including understory cover (UC), stem density (Den), stem diameter (Dia), stem basal area (BA), and leaf area index (LAI), for MG, mixed grassland (Cerrado only); W, typical savanna woodlands; DW, dense savanna woodlands; SF, seasonal forest; RF, riparian forests. The percentages in the parentheses of each axis refer to the percent variation explained by each axis.


There was a total of 78 tree species identified at all of our research sites in the Cerrado and Pantanal (Supplementary Table S1). The log-linear model of the species area-curve performed well in characterizing the increase in species encountered per unit transect length (Figure 2), with the coefficient of the determination (R2) > 0.96 for all regression models. Based on the 95% confidence intervals calculated from linear regression, the y-intercept of the log-linear model [Log (c)] varied significantly between the Cerrado and Pantanal and between each vegetation type except mixed grassland, dense woodland, and riparian forest in the Cerrado (Table 1). Similar patterns were observed for the slope of the species area curve (z), however, only dense woodland and seasonal forest in Cerrado had similar values (Table 1). There were also significant (p < 0.05) differences in the Shannon-Weiner index (H′) between vegetation types, based on bootstrapped 95% confidence intervals (Table 1). Mixed grassland and riparian forests in the Cerrado and Pantanal had the lowest values, while H′ values for the other stands ranged between 2.1 (Pantanal woodland) and 3.0 (Cerrado seasonal forest). Many of the richness and diversity indices were positively correlated and had similar patterns across the grassland-forest gradient. H′ was positively correlated with S, 1/D, z, and ΣV in the Pantanal and when for all sites were analyzed together, but in Cerrado, H′ was only significantly correlated with S and z (Table 2).

[image: Figure 2]

FIGURE 2
 Log-number of species vs. Log-transect length for Cerrado (green symbols) and Pantanal (blue symbols) ecosystems. Regression lines represent straight lines (y = mx + b) where b is the y-intercept [Log (c)] and m is the slope (z). All regression lines have r2 > 0.96.




TABLE 1 Tree species richness, including species richness (S) and the y-intercept [Log (c)] and slope (z) calculated from the species-area curve, alpha diversity indices, including the Shannon-Weiner (H′) and inverse Simpson’s index (1/D), and estimated structural diversity (ΣV) for 100 m long permanent transects located in mixed grasslands (MG), typical (W) and dense (DW) woodlands, and seasonal (SF) and riparian (RF) forests of the Cerrado and Pantanal.
[image: Table1]



TABLE 2 Pearson-product correlation matrix for indices of species richness [S, log (c), and z], alpha diversity (H′, and 1/D), and structural diversity (ΣV) for mixed grassland, woodland, dense woodland, seasonal forest, and riparian forest communities of the Cerrado of the Cuiaba Basin and Pantanal.
[image: Table2]



3.2 Links between community diversity and wood C storage and production

Average aboveground wood C storage of woodlands and forests were nearly 3-times higher in the Pantanal than in the Cerrado of the Cuiaba Basin, resulting in a statistically significant difference in wood C storage between the two sites (F1,7 = 20.4; p < 0.01; Supplementary Figure S1). Temporal variations in the wood C pool size were small and not statistically significant (F7,7 = 0.9; p > 0.05) and there was no site × time (S × T) interaction (F7,7 = 0.6; p > 0.05) in wood C pool size (Supplementary Figure S1). In contrast, aboveground annual wood C increment varied significantly (F1,7 = 34.9; p < 0.001) between sites, and interannual variations were large enough to cause a statistically significant (F7,7 = 7.3; p < 0.01) temporal variation in wood C increment (Figure 3). Differences in mean annual C increments between the different sites were larger during wetter years, with many of the differences were statistically significantly (p < 0.05; Figure 3).
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FIGURE 3
 Mean (±se) annual wood increment for Cerrado (green symbols; n = 5) and Pantanal (blue symbols; n = 4) ecosystems (left-hand y-axis) and annual precipitation (grey bars, right-hand y-axis). Repeated measures ANOVA results (F-statistic, degrees of freedom) for site (S), time (T), and the site × time (S × T) interaction are displayed in the upper right-hand corner of the figure (**p < 0.01; ***p < 0.001). Wood increment means with an asterisk (*) above are significantly different (p < 0.05).


Analysis of covariance (ANCOVA) revealed that aboveground wood C storage and production were differentially related to measures of community richness or diversity (Table 3). Aboveground wood C storage was significantly higher in the Pantanal than the Cerrado, but there was no statistically significant relationship between wood C storage and any of the richness or diversity covariates (Table 3). However, wood C storage was significantly positively correlated with S, z, H′, and ΣV in Cerrado, regardless of the annual precipitation regime, and when all sites were included, wood increment was significantly positively correlated with Log (c) regardless of the annual precipitation (Figure 4).



TABLE 3 Analysis of covariance (ANCOVA) F-statistics for aboveground wood carbon (C) and annual aboveground wood C increment as a function of species richness indices, including species richness (S) and the slope and intercept of the species area curves, and diversity indices, including the Shannon-Wiener (H′), inverse Simpson’s index (1/D), and the index of structural diversity (SV), for woodlands and forests in the Cerrado (n = 5 sites) and Pantanal (n = 4 sites).
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FIGURE 4
 Pearson correlation coefficient heat map for mean aboveground wood C pool size and the mean annual wood C increment as a function of species richness indices (species richness (S) and the intercept [Log (c)] and slope (z) of the log-transformed species area curve) and diversity indices [Shannon-Weiner H′, inverse Simpson’s index (1/D), and the index of structural diversity (V)] for all sites together (top panel), Cerrado sites only (middle panel), and Pantanal sites only (bottom panel) for all years, years with annual precipitation >1,420 mm (Wet years), and years with precipitation <1,420 mm (Dry years). The precipitation threshold of 1,420 mm is based in the long-term (30 year) mean precipitation for the region. •p < 0.05; †p < 0.1.


ANCOVA revealed that annual wood C increment was significantly affected by a variety of richness and diversity indices in the wet season and when all years were analyzed together, but except for ΣV, none of the covariates were statistically significant during the dry season (Table 3). In Cerrado, wood C increment was correlated with Log (c), 1/D, and H′ during wet years and 1/D when all years were combined (Table 2). In the Pantanal, wood increment was significantly positively correlated S, H′, and ΣV during wet years and with all years combined, and when all sites were together wood increment was positively correlated with Log (c) during wet years and with all years combined (Figure 4).




4 Discussion


4.1 Community variations in species richness and diversity

We hypothesized that there would be an increase in species richness, alpha diversity, and structural diversity from mixed grasslands to Cerrado forests in both upland (Cuiaba Basin) and hyperseasonal (Pantanal) Cerrado based on previous research that reported similar trends (Goodland and Pollard, 1973; Vourlitis et al., 2013). However, our data did not support our hypothesis. We found that mixed grasslands and riparian forests had lower species richness and diversity than typical woodlands, dense woodlands, and seasonal forests. Furthermore, our index of structural diversity (ΣV) did not exhibit a systematic increase from the mixed grassland to forests as expected (Storch et al., 2018), suggesting that structural diversity encompasses more than differences in tree height and density that occur across the grassland to forest structural gradient.

Riparian forests had lower values of species richness and diversity than the other forests and woodlands due to the dominance of Vochysia divergens Pohl, locally known as cambara. These types of riparian forests are locally recognized as cambarazais due to the monodominance of V. divergens and are very common in the Cerrado-Pantanal transition of southern Mato Grosso (Nunes da Cunha and Junk, 2001). In contrast, woodlands, dense woodlands, and seasonal forests had similar richness and diversity values because these vegetation types share many of the same tree species (Supplementary Table S1) and have similar soil physical and chemical properties (Vourlitis et al., 2013, 2015, 2019). These results are similar to those reported for other transition zones. In the Cerrado-Amazon Forest transition in northern Mato Grosso (Santos et al., 2015) and across several states in Brazil (Morandi et al., 2020), Cerrado forests (Cerradão) and typical (stricto sensu) and dense (denso) woodlands were found to be floristically similar and have similar alpha-diversity. This may be especially true in woodlands and forests where fire has been suppressed because forest taxa are recruiting in these stands (Pellegrini et al., 2016).

There were also regional and community differences in the coefficients of the log species-area curve, implying that the impact of spatial variation on species assemblage varied both within and between the Cerrado and Pantanal (Desilets and Houle, 2005). The slope of the regression (z) is reportedly positively related to spatial heterogeneity causing S to increase in more heterogenous environments (Lomolino, 1989; Sagar et al., 2003; Desilets and Houle, 2005). This suggests that the change in species richness was higher in Cerrado of the Cuiaba Basin than in the Pantanal, which is plausible because Cerrado fragments measured in the Cuiaba basin are smaller and more heterogeneous than those studied in the Pantanal, and variations in substrate are larger in the Cuiaba Basin (Vourlitis et al., 2013; Couto and Oliveira, 2011; Gonçalves dos Santos et al., 2018). However, the y-intercept [Log (c)] also varied significantly both within and between vegetation types so it is difficult to interpret the impact of spatial variability on z (Lomolino, 1989).

In general, many of the richness and diversity indices were positively correlated even though they have different computational sensitivities and biases (Magurran, 1988). While this result is perhaps not surprising, it is interesting to speculate why certain indices were more highly correlated with the structural index (ΣV) than others. For example, S and H′ were highly correlated with ΣV in the Pantanal presumably because all of the sites were woodlands and forests which had similar floristic and structural properties, and they all lacked a significant understory component (Vallejo, 2020). Thus, ΣV was presumably related more to the structural elements (i.e., stem density, basal area) that tend to cause an increase in species diversity as they increase from woodlands to forests (Gilroy et al., 2014; Pellegrini et al., 2016). In the Cuiaba basin, only z was correlated with ΣV, suggesting that higher spatial patchiness in S was important for increasing ΣV.



4.2 Links between community diversity and wood C storage and production

We predicted there would be a positive relationship between woody C storage and species richness and/or diversity in both upland and hyperseasonal Cerrado based on observations that C storage was related to community structure (Grace et al., 2006; Ribeiro et al., 2011; Miranda et al., 2014; Vourlitis et al., 2019; Godlee et al., 2021). We found that aboveground wood C storage was positively correlated with several indices of species richness or diversity in Cerrado but not in the Pantanal, while annual wood C increment was positively correlated with richness or diversity in both regions. There are likely two reasons why wood C storage was positively related to richness and diversity in Cerrado. First, differences in stand species richness (S and z), diversity (H′ and ΣV), and wood C pool size were much larger in the Cuiaba Basin, which presumably increased the potential for observing positive relationships between richness, diversity, and wood C storage, especially with the low sample sizes that were inherent to our study. This was also probably the reason that wood C storage was positively related to Log (c) when all sites were included. Similar results have been observed in the Cerrado-tropical forest transition in the Amazon Basin where spatial differences in diversity were too small to explain variations in aboveground biomass (Morandi et al., 2020). Second, the species-poor riparian forest in the Pantanal had more than 1.3 times higher wood C storage than the next highest community in the Pantanal, and forests dominated by V. divergens, which is a species that can reach a diameter in excess of 35 cm and a height of 17 m, have the capacity to store substantial amounts of C in wood (Schöngart et al., 2011; Vourlitis et al., 2019). While the riparian forest in the Cuiaba Basin was also dominated by V. divergens, individuals were smaller than those in the Pantanal, which might have been due to the shallower, nutrient poor soils associated with the Cuiaba Basin (Vourlitis et al., 2023). These size differences caused aboveground C storage to be significantly lower in the riparian forest in the Cuiaba basin (Vourlitis et al., 2019).

We also hypothesized that if the diversity-productivity relationship is affected by water availability (Hofhansl et al., 2020; Godlee et al., 2021; Mensah et al., 2023), and our data on stem C increment generally supported this hypothesis as the effect of the richness and diversity covariates on wood C increment was statistically significant during years when average annual precipitation was greater than the long-term average (Table 2). However, we did not see any covariate × site interaction, indicating that the positive diversity-productivity relationship was similar for the Cerrado and Pantanal.

Water availability has been found to be a key control on leaf gas exchange in seasonal systems such as Cerrado, and leaf photosynthesis of many of the tree species in our stands is significantly higher during the wet season or during wetter years (Dalmagro et al., 2014; Dalmolin et al., 2018). This pattern even holds for trees in hyperseasonal stands of the Pantanal, which are flooded for up to 6 months of the year, and higher soil moisture during the wet-dry season transition allows leaf gas exchange to be elevated well into the dry season (Dalmagro et al., 2014, 2016). Higher rates of leaf gas exchange during wetter years also increases tree growth (Dalmolin et al., 2015; Sallo et al., 2017; Vourlitis et al., 2022) and reduces mortality (Reis et al., 2022), which increases stand cover, wood C increment (Sankaran et al., 2005; Vourlitis et al., 2019; Godlee et al., 2021; Mensah et al., 2023), and ecosystem C storage (Arruda et al., 2016; Dalmagro et al., 2019). Increases in water availability also increase nutrient availability in these seasonal communities (Bustamante et al., 2006; Vourlitis et al., 2017), which will increase wood C increment (Viani et al., 2011; Morandi et al., 2020; Vourlitis et al., 2019; Godlee et al., 2021; Mensah et al., 2023).

The impact of precipitation on the strength of the diversity-productivity relationship has implications on how climate change may alter future productivity and/or diversity in this region. Climate models predict an intensification of the dry season resulting a longer drought period (Boisier et al., 2015), and climate observations indicate that warming and drying is already occurring in the Cerrado-Pantanal transition (Lazaro et al., 2020; Hofmann et al., 2021; Marengo et al., 2021). Because not all Cerrado tree species have similar sensitivities to warming and drying (Esquivel-Muelbert et al., 2019; Vourlitis et al., 2022), an intensification in the dry season will undoubtedly cause changes in community composition through differential survival/mortality, and as a result, community richness and diversity. Our data suggest changes in diversity will affect rates of wood C increment, but if warming and drying continue, the impact of prolonged drought will likely become more important than diversity in affecting wood C increment in our Cerrado stands.



4.3 Sources of uncertainty

There are several sources of uncertainty that must be considered for interpreting the data presented here. First, while the point-centered quarter method has been used for decades for measuring density and/or basal area in forests (Cottam and Curtis, 1956; Goldsmith and Harrison, 1976; Notarangelo et al., 2023), some authors have cautioned the use of this method when the underlying distribution of trees in the stand are non-random (Goldsmith and Harrison, 1976; Hijbeek et al., 2013). Unfortunately, we do not know the distribution of trees in our stands; however, there is little consensus as to whether the point-center quarter method provides biased estimates of tree density or basal area when the distribution of trees is non-random. For example, Goldsmith and Harrison (1976) warn of the potential for bias in non-random stands but provide no evidence to support this claim, while Hijbeek et al. (2013) demonstrate errors on the order of −31 to −37% using the point-centered quarter method for species that are clumped. However, in other studies Cottam and Curtis (1956) found that the point-quarter method did not suffer from bias in stands that had varying tree dispersion patterns, while Notarangelo et al. (2023) found that the point quarter method accurately estimated density in Italian forests where tree distributions varied from highly clumped to highly uniform. Thus, while all estimated of density and basal are are likely to have some uncertainty, it is unknown whether the use of the point-centered quarter method resulted in biased estimates for our woodlands and forests.

We found that several richness and diversity indices were positively correlated with productivity, but results from the species area-curve indicate that there were likely additional tree species that were not encountered along the 100 m transect. Thus, our estimates of S, H′, and 1/D are probably only appropriate for the area directly surrounding our permanent transects. Furthermore, it is likely that our stands would have higher richness and diversity if the understory component was included (Pellegrini et al., 2016), especially in the mixed-grassland and riparian forest in the Cuiaba basin, which had high understory plant cover.

Finally, our sample size was very low (n = 5 stands in the Cerrado of the Cuiaba Basin and 4 stands in the Pantanal), which caused our statistical power to be very low and caused us to adopt a higher critical p-value (0.10) for some of our analysis. It is also unclear whether our results are applicable to other Cerrado areas. Clearly, given that fire has been suppressed at our study sites for several decades, our results are probably not applicable to Cerrado that is exposed to fire.




5 Conclusion

We used several indices of species richness and diversity and utilized an index of structural diversity to characterize the composition of Cerrado stands in the Cerrado-Pantanal transition of southern Mato Grosso Brazil. We hypothesized that species richness, alpha diversity, and structural diversity would increase from mixed grasslands to Cerrado forests; however, our data did not support our hypothesis as mixed grasslands and riparian forests had similar values of species richness and diversity. Furthermore, although the species richness and diversity indices used here are affected differently by species dominance and/or evenness, many were highly correlated indicating that they shared similar information on stand species composition and/or structure. We also hypothesized that aboveground wood C stocks and wood increment would be positively correlated with richness and diversity, especially during wetter years. In terms of wood C pool size, many of the indices were positively correlated with wood C storage in the Cerrado, where stand differences in wood C storage and stand richness and diversity were larger. However, for wood increment we observed several positive diversity-productivity relationships during years when the annual precipitation was at or above the long-term average for the region. This suggests that positive diversity-productivity relationships for these seasonal biomes only hold for periods when adequate water is available for growth, a result that has been observed for other tropical savannas (Hofhansl et al., 2020; Godlee et al., 2021; Mensah et al., 2023). More research needs to be done across this important transition zone, similar to what has been done across the Amazon Forest-Cerrado transition, to see if the patterns that we observed here are applicable to the region as a whole.
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