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Disentangling regional and local drivers of species richness in communities is a long-term focus of ecology. Regional species pools affect local communities by providing their constituent species. Additionally, the amount and variety of resources enhance diversity locally. Here, we investigated whether the same ecological factor (vegetation complexity) shapes both regional and local species richness and thus drives local diversity both indirectly (via pool size) and directly (via facilitating the coexistence of species). We studied passerine birds of woodlands and forests in eastern Australia. We quantified regional species pool size and sampled local bird communities at 63 transects spanning 3,000 km. We estimated canopy height both regionally using satellite imagery and locally using vegetation sampling in the field. We studied how species pool size changed with regional canopy height and water availability, and how local species richness changed with pool size and local canopy height. Local species richness increased with both local canopy height and the size of the regional species pool. Pool size, in turn, increased with regional canopy height, which itself increased with water availability. Moreover, local species richness expressed as a proportion of the regional pool also increased with local canopy height. In sum, vegetation complexity indexed by canopy height had a doubly positive effect on local species richness: indirectly by promoting a large regional species pool and directly by facilitating the coexistence of disproportionately many species locally. Regional pools were larger in tall forests probably due to the legacy of extensive moist forests that once covered most of Australia, thus providing a sizeable potential for speciation, diversification, and species persistence. Local species richness was greater in tall, more productive forests with more vegetation layers likely due to more and varied resources (i.e., more potential niches), allowing the coexistence of more individuals and species of consumers.
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Introduction

Identifying environmental drivers of local species richness in communities is a long-term focus of ecology (Hutchinson, 1959; MacArthur, 1965). Some species are filtered from local communities due to their limited tolerance to prevailing abiotic conditions (Mittelbach and Schemske, 2015). Simultaneously, interactions among species help determine the final composition of communities (HilleRisLambers et al., 2012), possibly modified by local environments (Song et al., 2020). According to this view, local ecological processes drive the number of coexisting species, with a decisive role played by abiotic tolerances and interspecific competition, both limiting the number of coexisting species (Mittelbach and McGill, 2019). Consequently, repeated patterns in the number and composition of coexisting species have been interpreted as a result of local ecological processes (Diamond, 1975; Weiher and Keddy, 1999).

However, ecologists recognized that large-scale historical processes, including speciation, extinction, and colonization, shape local communities (Ricklefs and Schluter, 1993; Vellend, 2016). More specifically, macroevolutionary and biogeographic processes shape the size and composition of a regional species pool, which then affects local communities in a top-down manner by providing constituent species for local communities (Cornell and Harrison, 2014). In support of this claim, many studies revealed strong positive correlations between local and regional species richness (Szava-Kovats et al., 2013). The shape of these relationships, either linear or saturating, was used to infer the relative contribution of local vs. regional processes in driving local species richness (Cornell and Lawton, 1992; Caley and Schluter, 1997; Srivastava, 1999). However, theoretical studies show that inferring underlying processes from the shape of the curve is difficult (He et al., 2005; Fox and Srivastava, 2006; reviewed in Olivares et al., 2018), which is true in ecology in general (McGill, 2003).

Consequently, attention shifted toward relating local species richness simultaneously to both regional species pool and local environmental conditions (Harrison and Cornell, 2008). Studies showed that both the size of species pool and local environment predicted local species richness in corals, plants, fishes, amphibians, birds, and mammals (e.g., Terborgh and Faaborg, 1980; Karlson et al., 2004; Harrison et al., 2006; Belmaker, 2009; White and Hurlbert, 2010; Belmaker and Jetz, 2012). However, the possibility that, independently of the regional enrichment, the same environmental factor affects both local and regional species richness remains unexplored (Ptacnik et al., 2010). Woodland and forest birds are an ideal system to address this question. First, vegetation complexity in terms of canopy height, total volume of foliage, or the diversity of vegetation layers predicts local species richness in birds (MacArthur and MacArthur, 1961; Recher, 1971; Moss, 1978; Mills et al., 1991; Santillán et al., 2020; Remeš et al., 2021a). Second, the size of the regional species pool often increases with canopy height (Coops et al., 2018; Remeš and Harmáčková, 2018; Feng et al., 2020). Thus, an interesting possibility emerges that species richness increases with canopy height both regionally and locally. If confirmed, the same environmental factor would promote local species richness both directly (via local effects) and indirectly (via regional effects on the size of the species pool).

Here, we evaluated this possibility in passerine birds of woodlands and forests in eastern Australia along a gradient of canopy height. We quantified regional species richness (species pool size) and sampled local bird communities along a 3,000 km long continental-scale transect. We measured canopy height both regionally using satellite imagery and locally using vegetation sampling in the field. Using multiple regressions and structural equation modeling, we studied (1) how species pool size changes with regional canopy height and water availability. We included water availability, because it has been shown to influence vegetation height and the regional number of species (Hawkins et al., 2003; Zhang et al., 2016; Remeš and Harmáčková, 2018). Next, we studied (2) how local species richness changes with pool size and local canopy height. More specifically, based on previous literature (cited above), we expected that both regional and local species richness increase with canopy height, and that local species richness increases also with larger pool size. We thus evaluated the effects of canopy height on species richness across spatial scales and showed that vegetation complexity indexed by canopy height had both direct and indirect positive effects on avian species richness.



Materials and methods


Data acquisition

We sampled local species richness of passerines and vegetation structure of their habitats in the field. We worked at 21 locations in eucalypt woodlands and forests of eastern Australia (Figure 1A and Supplementary Figure 1) during the austral breeding season from September to December in 2016 and 2017 (Supplementary Table 1). We selected habitats in protected areas with native vegetation and without any pastoral activity. At each site, we delimited three transects. Each transect was 2 km long and 50 m wide (10 ha) and was divided into two 25 m wide sides by a centrally running path or narrow forest road along which we walked. We placed the transects such that they were representative of local vegetation and had homogeneous vegetation cover. Each transect was censused twice by two observers with 0–3 days between the two censuses. The two observers worked on different sides of the transect and swapped sides between the two censuses. We started observations shortly after dawn and walked along a transect with roughly constant speed of 100 m per 12 min for the total time of 4 h, thus standardizing the observation effort. We limited our work to days without rain and strong wind. We censused all passerine birds detected by sight or sound. For our analyses, we used the summed abundance of each species from the two censuses of each transect.
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FIGURE 1
Canopy height, species richness, and pool size in eastern Australia. (A) Map of Australia showing the location of our 63 transects (their geographic position was randomly jittered to decrease point overlap). The latitudinal span of the sites is ca. 2,300 km, while the span along the coast is ca. 3,000 km. (B) Observed species richness increased with both canopy height and size of the regional species pool (note that light-colored pool points lie mostly below the regression line and vice versa for dark-colored points). Here, observed species richness and ecological species pool are depicted. Other options (Chao2 richness, and biogeographic and internal pool) showed almost identical relationships.


To quantify vegetation structure at each transect, we used a systematic sampling design by placing 10 points (200 m apart) along each transect. At each point, we delimited a semi-circle with the radius of 25 m (area ca. 0.1 ha or 1,000 m2) with alternating left and right direction from the transect. Thus, the total area surveyed for vegetation structure was ca. 1 ha (i.e., 10,000 m2) on each transect. At each point, we recorded vegetation cover in five height strata (0–1, 1.1–2.0, 2.1–5, and 5.1–10, >10 m) and vegetation cover and height of four vegetation strata (herbaceous, shrub, subcanopy, and canopy). Height strata were delimited by a priori selected height bands, while vegetation strata were determined by major vertical vegetation layers typical of woodlands and forests. Thus, for vegetation strata, besides cover we also needed to measure the height of individual strata. The height of the herbaceous stratum was estimated visually, while the height of shrub, subcanopy, and canopy strata was measured by taking three measurements by a laser rangefinder (Nikon Forestry). Vegetation cover of each band (height strata) or stratum (vegetation strata) was estimated by eye on the scale ranging from 0 (no vegetation) to 10 (fully covered). The estimate was done independently by two observers who then converged on a consensus estimate. We calculated several measures of vegetation complexity based on our field measurements and confirmed by a principal component analysis (PCA) analysis that canopy height (varying from 9.4 to 31.7 m) was a good proxy for how complex the vegetation was in terms of the number of vegetation layers and the amount of foliage available for birds to forage on (see Supplementary Table 2 and Supplementary Figures 2, 3). We thus used it as a predictor in all our analyses, in accordance with previous studies (e.g., Gouveia et al., 2014; Coops et al., 2018; Remeš and Harmáčková, 2018; Feng et al., 2020; Remešová et al., 2020; Remeš et al., 2021b).

Next, we obtained species pools and canopy height data for each transect on a regional geographic scale from appropriate datasets available online. First, we determined the species pool for each transect using digital range maps of all Australian passerines excluding non-native species (BirdLife-International and NatureServe, 2020). We created a 50 km buffer zone around each transect location, overlayed it with range maps, and identified species whose ranges intersected the transect buffer zone. The same results of statistical analyses were obtained when 25 or 75 km buffer was used. Second, we extracted mean canopy height and several environmental characteristics related to water availability, productivity, and vegetation structure (see below) in a circle with a radius of 50 km centered on each transect location (very similar results were obtained when 100 km radius was used). For canopy height, we used a global dataset (Simard et al., 2011) while for the environmental characteristics we used datasets from The Atlas of Living Australia (accessed April 24, 2017).1

The water-related characteristics included mean annual precipitation, moisture index, and precipitation deficit. We chose these variables because water availability is a critical predictor of species richness and canopy height on the southern hemisphere (Hawkins et al., 2003; Zhang et al., 2016; Remeš and Harmáčková, 2018). These environmental variables were highly mutually correlated (r = 0.6–0.9) and thus we retained only the moisture index (Remeš and Harmáčková, 2018). It is defined as the annual mean of the monthly ratio of precipitation to potential evaporation (pan and free water surface). It is a numerical indicator of the degree of dryness of the climate at a given location, whereby high values indicate relatively wet locations while low values indicate relatively dry locations, and thus provides a convenient measure of water availability. The productivity-related measure was net primary productivity (NPP). It correlated strongly with canopy height (r = 0.88), confirming that tall forests had higher NPP and thus likely provided more resources for birds. The vegetation structure-related characteristics were the normalized difference vegetation index (NDVI; a measure of vegetation greenness) and leaf area index (LAI), defined as the one-sided green leaf area per unit ground surface area (in m2/m2). Both these indices correlated strongly with canopy height (0.68 for NDVI and 0.84 for LAI). Thus, having made sure that canopy height is a good proxy of productivity and the overall amount of foliage and the number of vegetation layers present, we selected it for further analyses.

In sum, we obtained several variables at the level of individual transects. First, we obtained local bird densities, species lists, and vegetation structure in the field. Second, we obtained regional species pools, canopy height, and several environmental variables (in circles of 50 km radius centered on transects) using online resources. All the data are available online (Remeš et al., 2022).



Data processing

Several methodological problems must be accounted for when analyzing local and regional species richness. A false curvilinear relationship between local and regional species richness (pseudosaturation) might stem from either underestimating local richness or overestimating regional pool richness (Harrison and Cornell, 2008). Local species richness might be underestimated if rare species are undersampled in species-rich sites (Caley and Schluter, 1997). We ran several checks to ensure this was not so in our data. First, we calculated rarefaction based on sample coverage (Chao and Jost, 2012) using the iNEXT package for R software (Hsieh et al., 2016). Subtracting the sample coverage from unity gives the proportion of the community belonging to unsampled species. In other words, it is the probability that a new, previously unsampled species would be found if the sample were enlarged by one individual. Sample coverage across transects was reasonably high with a median of 0.97 (ranging from 0.90 to 1.00), suggesting that the proportion of the community belonging to unsampled species was low (1–0.97 = 0.03). Moreover, it did not correlate with canopy height (r = 0.16, p = 0.20), showing that high canopy transects with thick vegetation were not comparatively undersampled. Second, total density (the number of all individuals recorded during censuses) increased with canopy height (r = 0.59, p < 0.001). Thus, more species recorded in high canopy sites could have been the result of more individuals sampled. We thus calculated species richness adjusted for unobserved species using the non-parametric Chao2 estimator (called Chao2 richness hereafter; Gotelli and Ellison, 2012). The Chao2 richness correlated well with observed species richness (r = 0.85). Moreover, the difference between Chao2 richness and observed richness (“richness bias”) did not correlate with canopy height, again confirming no systematic undersampling of high canopy transects (r = 0.19, p = 0.13).

Regional species pool can be overestimated if it includes species that do not occur in the habitat of interest (Cornell and Lawton, 1992; Srivastava, 1999). An opposite problem is when the pool is underestimated due to its lacking species excluded by filtering or competition, a case when the pool is constructed exclusively from observed communities (Cadotte and Davies, 2016). Thus, a great attention must be paid to the definition of species pool because it can affect study outcomes (Lessard et al., 2012). We followed the advice of using several definitions of species pool as a kind of sensitivity analysis (Cadotte and Davies, 2016) and defined three species pools. First, a biogeographic species pool included all species whose ranges intersected the 50 km buffer around each transect location (Carstensen et al., 2013). Second, an ecological species pool included a subset of species in the biogeographic pool that were able to occupy habitats on our transects (Zobel et al., 1998). For that, we selected only species with reasonable affinity to forests and woodlands. The included species must have had a habitat selection characteristic of a minimum of 25 points out of 100 assigned to Rainforest, Forest or Woodland (for details on habitat data, see Harmáčková et al., 2019). Using threshold values of 10 or 40 points did not change the results. Third, we defined an internal pool as a subsample of species out of the ecological pool belonging to each transect that occurred at least once on at least one of the transects.



Data analyses

We related local species richness to canopy height measured on transects and the size of the regional species pool. We also related the proportion of pool size that was observed on each transect to local canopy height. We included this latter analysis, because it explicitly shows whether canopy height affects local species richness independently of pool size or not. Furthermore, we related the size of the regional species pool to regional canopy height (mean canopy height in a circle with a radius of 50 km centered on each transect location) and the moisture index. We always used both measures of species richness (observed and Chao2 richness) and all three types of the species pool (biogeographic, ecological, and internal). For statistical modeling, we used linear mixed models as implemented in the nlme package for R software (Pinheiro et al., 2021). We included study location (n = 21) as a random effect. There was no remaining spatial autocorrelation in residuals from our models, so we did not model it. The proportion of variation explained by the mixed models (Rsq) was calculated using the r2beta function of the r2glmm package (Jaeger, 2017) with the “nsj” option giving estimates according to Nakagawa and Schielzeth (2013).

Next, we followed a conceptual framework of Harrison and Cornell (2008) and modeled species richness using a multiscale structural equation models. The reason for using both multiple regressions and structural equation models was that first we wanted to present separately analyses for the two spatial scales (using multiple regressions), and only then to join them into a cross-scale structural equation model. We find this presentation logical and feel that it makes our presentation comprehensive. To fit the structural equation models, we used a piecewise approach in which the causal relationships among variables were statistically defined and evaluated as mutually interconnected equations using the piecewiseSEM package for R (Lefcheck, 2016). We fitted following equations with fixed and random parts using mixed models in the nlme package. The random effect of Site has 21 levels, with three census transects on each site.
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We then united the equations into a single structural model using the psem function of the piecewiseSEM package. We extracted standardized regression coefficients and their statistical significance from the resulting R object using the summary function. We did not evaluate the overall model fit, as our aim was not model selection but rather parameter estimation.

We treated values of species richness as continuous data, because they were reasonably large and it is a common practice (e.g., Hawkins et al., 2003; White and Hurlbert, 2010). In all models, we included quadratic terms for each variable to account for potential non-linear relationships. However, when the quadratic term was not statistically significant, we excluded it from the final model. This was the case in all our models. Otherwise, we retained all predictors in our models. If appropriate, variables were transformed to approach the normal distribution, and these transformations are apparent in figures and tables. We scaled all predictors by subtracting the mean and dividing by one standard deviation.




Results

Across transects, we observed from 10 to 38 species of passerine birds (median = 22). The median size of the species pool ranged from 86 in internal (range 58–104) to 106 in ecological (range 76–134) to 118 in biogeographic pool (range 89–152). Local species richness represented 26.0% of internal, 21.0% of ecological, and 18.6% of biogeographic species pool (median values). Local canopy height ranged from 9.4 to 31.7 m (median = 19.1 m) while regional canopy height ranged from 1.8 to 17.4 m (median = 7.3 m). Lower regional canopy height was caused by interior transects encompassing broad swathes of relatively arid areas with low vegetation (Supplementary Figure 4).

Local species richness increased linearly with both canopy height and the size of the regional species pool (Table 1 and Figure 1B). This was true for both observed and Chao2 species richness and irrespective of the definition of the species pool. The only exception was internal species pool, where the effect of canopy height was no longer statistically significant (Table 1). The size of the species pool increased with canopy height [Figure 2A; biogeographic pool: estimate (SE) = 4.3 (2.0), p = 0.031; ecological pool: 4.6 (1.9), p = 0.017; internal pool: 6.7 (1.4), p < 0.001]. On the contrary, its relationship with the moisture index was never statistically significant (all p-values > 0.05). We then calculated the proportion of species in the species pool that were observed on the transects in the field. This proportion increased linearly with canopy height for both observed and Chao2 species richness and for all three types of the species pool. This increase was always statistically significant (all p-values < 0.05; Supplementary Table 3 and Figure 2B). The likely reason was that while the increase of local species richness with canopy height was linear, the increase of regional species pool was strong until canopy height of ca. 15 m, while it leveled off thereafter (Figure 2A and Supplementary Figure 6).


TABLE 1    Results of linear mixed models relating local species richness to canopy height and the size of the regional species pool.
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FIGURE 2
Species richness in relation to canopy height. (A) Both local species richness and the size of the regional species pool increased with canopy height. Quadratic regression fits are showed for illustration, although the quadratic term was not statistically significant. (B) The proportion of species from the species pool that was recorded on transects increased with canopy height. Here, we show observed species richness as a proportion of a given species pool, while the relationships for Chao2 richness were virtually the same (Supplementary Figure 5).


Structural equation modeling revealed that local species richness increased with both local canopy height and regional pool size; local canopy height was correlated with regional canopy height; and the size of the regional species pool increased with both regional canopy height and the moisture index (Figure 3). The weakest relationship was between pool size and the moisture index, and it was never statistically significant (although for the biogeographic pool only marginally so with p = 0.052; Figure 3 and Supplementary Figure 7). When different species richness metrics (observed vs. Chao2 richness) and regional pool definitions (biogeographic, ecological, and internal) were used, the results were mutually consistent. The only exception was that in case of internal species pool, the path from local canopy height to local species richness was not statistically significant and major part of local species richness was explained by the size of species pool (Supplementary Figure 7).
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FIGURE 3
Results of the multiscale structural equation model (Harrison and Cornell, 2008) relating species richness, pool size, canopy height, and water availability across spatial scales. Local scale is at the level of our study transects (length of 2 km). Regional scale is at the level of circles with a radius of 50 km centered at each transect. This figure shows observed local species richness and ecological species pool. Other options gave mutually consistent results (see Supplementary Figure 7). Arrow width is proportional to the standardized effect size (see the legend for values). Solid lines depict statistically significant effects, while hatched lines show effects with p-value > 0.05. Numbers in parentheses depict the proportion of variability explained (R-squared values).




Discussion

We evaluated effects of canopy height on species richness within and across spatial scales, with the following major results. First, the size of the regional species pool increased with canopy height quantified on a regional scale, while the direct effect of water availability on pool size was negligible. However, water availability promoted canopy height on both regional and local scales; at the local scale, it promoted canopy height indirectly through its correlation with canopy height at the regional scale. Second, local species richness increased additively with both local canopy height and regional pool size. The only exception was a statistically non-significant effect of canopy height when fitted with the internal species pool. The reason might be that the internal pool contained only species that occurred at least once on at least one of the transects, and thus its relation to species richness was tight, probably decreasing the explanatory power of canopy height. Third, local communities in high canopy forests contained not only more species, but also sampled higher proportion of species from the regional species pool. Thus, vegetation complexity had both direct and indirect (via regional pool size) positive effects on local avian species richness.

Species pool size increased with canopy height, confirming previous studies conducted on regional and continental scales (Coops et al., 2018; Remeš and Harmáčková, 2018; Feng et al., 2020). The reason of increasing pool size with canopy height regionally might be niche conservatism, whereby moist forests covered most of Australia for millions of years (Byrne et al., 2011) and consequently many species originated that are adapted to this biome (Miller et al., 2013). Subsequently, as Australia dried up with the development of the Antarctic ice shield, only a limited number of clades produced arid-adapted species of birds (Byrne et al., 2008). Large pool size would thus be a legacy of integrated area-age effect identified as promoting high biome-specific diversity in general (Jetz and Fine, 2012; Belmaker and Jetz, 2015). However, once moist forests have shrunk, the many species associated with these forests must have survived in much smaller biome area. This could have been facilitated by a high number of bird individuals present per area of woodlands and forests, as compared to more arid regions, which should be beneficial for species persistence due to high numbers of individuals preventing species extinction in a long run (Storch et al., 2018). Indeed, many forest species in tropical Australia have inverse range-abundance relationships, being range-restricted and locally abundant at the same time (Williams et al., 2009), which might promote their persistence. In support of this conjecture, we found an increasing total density of passerines with canopy height (see Data processing Section in Materials and Methods), showing that tall, more productive forests with more vegetation layers contained more individuals of birds. Additionally, larger regional species pools in tall forests might be facilitated by their higher floristic diversity (Rice and Westoby, 1983; Andrew et al., 2021), an effect suggested to explain pool size in coral-dwelling fishes (Belmaker, 2009). Indeed, several studies suggested that floristic diversity might be as important as, or even more important than, vegetation structural diversity in promoting bird species richness (e.g., Adams and Matthews, 2019).

Local species richness increased with canopy height and regional pool size (the only exception being a statistically non-significant effect of canopy height when fitted with the internal pool size). Although this has been observed previously in various taxa (Terborgh and Faaborg, 1980; Karlson et al., 2004; Harrison et al., 2006; Belmaker, 2009; White and Hurlbert, 2010; Belmaker and Jetz, 2012), we bring two new aspects. First, we used a multiscale structural equation modeling, which links drivers of species richness across spatial scales (Harrison and Cornell, 2008). More specifically, we showed that canopy height increased with the moisture index on the regional scale, and this carried over to local avian richness via both local canopy height and pool size. Thus, water availability affected local avian species richness indirectly by two different pathways. On the other hand, a pathway from the moisture index to local species richness directly via pool size was very weak and statistically not significant. This suggests that water availability affects the size of avian species pool in Australia mainly due to its effect on vegetation complexity. Second, we showed that local communities in high canopy forests contained not only more species (Recher, 1971; Moss, 1978; Mills et al., 1991; Santillán et al., 2020; Remeš et al., 2021a), but also sampled a higher proportion of species from the regional species pool (this was true even when the internal pool was used). Thus, high canopy had a doubly positive effect on local species richness: due to promoting a large regional species pool and, independently, due to facilitating the coexistence of disproportionately many species locally.

High local species richness in tall forests might be a consequence of (i) a higher number of individuals (Storch et al., 2018) present due to higher productivity and more abundant resources (Sam et al., 2019), (ii) more available niches due to structurally complex vegetation (MacArthur and MacArthur, 1961; Remeš et al., 2021b), or (iii) a combination of these two mechanisms (Hurlbert, 2004; Mönkkönen et al., 2006). Indeed, the total number of individuals recorded during standardized censuses increased with canopy height. Thus, better sampling of tall forests might have biased our estimates of local richness upward. However, using a rarefaction on sample coverage and a non-parametric estimator of species richness adjusted for unobserved species (Chao2), we showed that this was not likely [see Section (Materials and Methods) for details]. Apart from sampling biases, communities with more individuals might include more species in a long run because ecological drift eliminating species is less effective in large samples of individuals (Vellend, 2016). Although definitely true, this is probably not the whole explanation due to at least two reasons. First, the range of resource types is often more important than the total amount of available energy in predicting avian species richness (Hurlbert and Jetz, 2010). This has certainly been a classical explanation for higher avian richness of tropical rain forests as compared to temperate forests, with tropical forests providing more diverse resources (Terborgh, 1980; Bell, 1983; Rosenberg, 1997). Second, in accordance with these previous observations, larger plants offer more types of resources (e.g., more species of insects; Lawton, 1983), more complex vegetation offers more resources to birds (Ferger et al., 2014), and more functional types of birds are present in high canopy forests than expected simply based on total densities increasing with canopy height (Remeš et al., 2021a,b). We thus conclude that at least part of high avian species richness in tall, more productive forests with more vegetation layers is due to non-neutral, niche-based processes (Hurlbert, 2004).
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