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Highlights

•	 We modelled the effect of regional factors on local 
species turnover, an original approach in relation to 
previous studies.

•	 The variation in regional species richness explains 
almost all of the variation in local species turnover.

•	 The effect of regional environmental factors on local 
species turnover is indirect and mediated by regional 
species richness.

•	 The effect of local environmental factors on the 
variation of local species turnover is minimal when 
compared to the effect of regional richness.

•	 Because ferns are an indicator group in tropical 
ecosystems and our dataset spans a vast elevational 
gradient, our results are relevant for a better 
understanding of the spatial distribution of plant 
diversity in general.

Abstract

The question of which factors determine the geographical 
change in species composition and abundance (turnover 
and β diversity) has typically been studied at a single 
scale, so that, e.g., regional-scale factors are used to 
explain regional turnover. But cross-scale effects are 
also important to understand species turnover and the 
spatial distribution of biodiversity in general. Here, we 
explored how regional richness, local forest-structure, 
and regional climatic factors interact to influence local 
species turnover. We analysed a dataset that includes 
the distribution of 916 fern species recorded in 1227 
plots in the Bolivian Andes, forest-structure variables 
collected in the field, and climatic variables extracted 
from global databases. We used path analyses to: (i) select 
the best models explaining the variation in local species 
turnover and (ii) identify the factors that have a direct 
effect on species turnover and those with only indirect 
effects. We contrasted our results against those obtained 
from a null model analysis. The most important variable 
explaining variation in species turnover was regional 
species richness. We consider that this is the result of 
interspecific competition resulting in narrower realized 
ecological niches of species, although further studies are 
needed to confirm the mechanism. We also found that 
the relationship between climatic variables and local 
species turnover is best described by the indirect link 
between climatic factors and regional species richness. 
Our results might appear to be in conflict with previous 
studies finding that climatic and edaphic factors are 
direct predictors of local and regional variation in fern 
turnover. However, this is due to the different scales at 
which turnover was analysed. In contrast to previous 
studies, ours reflects the cross-scale effect of the variation 
in regional factors on local species turnover. Our study 
supports the idea that in regions with high species 
richness, biotic interactions strongly determine local 
community composition.

Keywords: Andes, beta diversity, biodiversity, biotic interactions, elevational gradients, environmental drivers, ferns, 
Neotropics, null models, path analysis.

https://orcid.org/0000-0003-0888-3445
https://orcid.org/0000-0003-4612-9937


Olivares & Kessler Determinants of local species turnover

Frontiers of Biogeography 2020, 12.4, e46818 © the authors, CC-BY 4.0 license  2

Introduction
Much of our understanding about spatial patterns 

in biodiversity is the result of the simplest type of 
measurement: counts of local or regional species 
numbers (α and γ diversity). However, besides species 
counts, the spatial change in species composition is 
also relevant to understand the distribution of diversity. 
Understanding the spatial change in species composition 
entails the study of different phenomena, among them 
β diversity and species turnover. We follow Tuomisto 
(2010b,c), who stated: “…true beta diversity quantifies 
the number of compositional units (compositionally 
distinct virtual sampling units that have the same species 
diversity as the actual sampling units do on average) in 
the dataset”. The study of true beta diversity requires 
species abundance data, which are missing in our 
otherwise extensive dataset. Therefore, we focused 
on the effective species turnover, a component of β 
diversity that “quantifies the number of species that 
change among all compositional units in the dataset” 
(Tuomisto 2010c) and that is quantified using presence-
absence data.

Turnover reflects the variation in spatial arrangements 
of species ranges and communities. Thus, areas with 
high levels of turnover typically have small, patchily 
distributed species populations at local scales, and at 
larger scales concentrations of endemic and range-
restricted species, rendering them important targets 
for conservation. Mountains commonly have higher 
levels of species turnover than lowland areas at both 
regional (Mourelle and Ezcurra 1997, Kessler 2000a, 
Kluge  et al. 2008) and continental (McKnight  et al. 
2007) scales. This is linked to the great variety of habitat 
conditions as well as the topographic complexity of 
mountains, which render them vital for the generation 
and maintenance of biodiversity (Fjeldså et al. 2012, 
Wang et al. 2012, Hoorn et al. 2013, Antonelli 2015, 
Hughes and Atchison 2015), especially under climate 
change conditions (Sandel  et  al. 2011). Mountain 
ecosystems are therefore key priorities for conservation 
using strategies that take into consideration patterns 
of species turnover (Socolar et al. 2016).

Species turnover and β diversity are determined 
by numerous factors, including the biology of the 
studied organism, e.g., their dispersal ability (Linares-
Palomino and Kessler 2009), interspecific interactions 
(Callaway et al. 2002, Wardle 2006), and especially 
environmental gradients, e.g., temperate vs tropical 
areas (McKnight et al. 2007, Qian and Ricklefs 2007), 
and more specifically temperature (Fitzpatrick et al. 
2013), humidity (Richard  et  al. 2000, Karst  et  al. 
2005, Jankowski  et  al. 2009), soils (Tuomisto et  al. 
2002, 2003a,b,c, Jones  et  al. 2006), productivity 
(Harrison et al. 2006), and species richness (Jost 2007, 
2010, Tuomisto 2010a, De Cáceres et al. 2012, Ulrich et al. 
2017). The influence of geographical distance can be 
the result of environmental gradients (Nekola and 
White 1999) or of variation in the dispersal capacity 
of the species (Hubbell 2001). In addition, estimates 
of species turnover depend on sampling design (size, 
number and arrangement of samples) (Kraft et al. 2011, 
Qian et al. 2012, Tuomisto and Ruokolainen 2012).

Previous evidence suggests that species turnover 
also varies along gradients of species richness 
(McKnight et al. 2007, Qian and Ricklefs 2007). Changes 
in species richness can influence species turnover in 
three ways. First, if sampling units are so small that 
they only include a small percentage of the regional 
species pool, then in species-rich regions turnover 
between sampling units will be high because it is less 
likely that two samples will include the same species. 
The opposite occurs if the samples are so large that 
each of them contains most species from the regional 
pool (Jost 2007, Tuomisto 2010b, Karger et al. 2015). 
Second, higher regional species richness can lead to 
more interspecific competition, resulting in narrower 
realized ecological niches of species (Karger  et  al. 
2015) and hence higher turnover. Finally, if sampling 
units have a significant variation in species richness 
independently from their size, we expect turnover 
to vary accordingly, simply because communities 
of different richness by default cannot be identical. 
However, few studies (e.g., Lenoir et al. 2011) have 
explored the relative importance of species richness 
in relation to other ecological gradients.

The study of turnover in plants has established that 
different environmental factors influence their turnover 
according to the ecological requirements of the species 
(Chapin et al. 1987, Svenning 2000, Silvertown 2004, 
Jones et al. 2006, 2011, 2013, Krömer et al. 2007). 
Nevertheless, the strength of this relationship may 
vary along an environmental gradient (Huston 1999, 
Callaway et al. 2002, Duque et al. 2002, Tuomisto et al. 
2003a, Zuquim et al. 2012), and the question is which 
factors dominate under which conditions? Studies 
in tropical areas have found that the importance of 
different factors differs depending on the amount 
of environmental variation. For instance in western 
Amazonia, where there is high topographical structure 
and therefore high environmental heterogeneity 
(Hoorn et al. 2010), species turnover is correlated with 
factors like inundation regime and soils (Tuomisto et al. 
2003a, Kristiansen et al. 2012, Draper et al. 2017), and 
similar results were found in rainforests of Costa Rica 
(Jones et al. 2006) and Panama (Jones et al. 2013). 
In mountain regions, where large environmental 
heterogeneity occurs over relatively small distances, 
besides soil heterogeneity other environmental factors 
like moisture and temperature play an important role in 
explaining species turnover (Kessler 2000a, Kluge et al. 
2008, Jones et al. 2011, but see Jones et al. 2014).

The influence of different factors can also change 
with spatial scale and the environmental factors 
associated with it. Therefore, species turnover and 
beta diversity have been studied at different extents 
and grain sizes (e.g., Condit et al. 2002, Tuomisto et al. 
2003a,b, Jones et al. 2006, 2013, Harrison et al. 2006, 
McKnight  et  al. 2007, Novotny  et  al. 2007, Qian 
and Ricklefs 2007, Soininen et al. 2007, Myers et al. 
2013). Within these studies, the drivers of turnover 
are typically studied at a single scale, so that, e.g., 
regional-scale factors are used to explain regional 
turnover. But cross-scale effects are potentially also 
important to understand the factors determining species 
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turnover. For example, turnover at a local scale varies 
over regional scales with elevation (McKnight et al. 
2007, Melo et al. 2009), temperature, and the size of 
the regional species pool (Mourelle and Ezcurra 1997, 
Tello et al. 2015). However, cross-scale factors have 
received limited research attention so far.

In the present study, we assessed the effect of 
species richness on local species turnover and its relative 
importance in relation to environmental factors at local 
and regional scales. We did so by analysing a data set 
of 1227 plots established in 62 localities across the 
Bolivian Andes that contains 916 fern species (77.3% 
of the Bolivian fern flora; Kessler and Smith 2017) and 
covers the main forest types and climatic variation 
of the country (Fig. 1). Ferns are a suitable group of 
plants for this kind of study because they occur with 
fairly high species numbers across a wide range of 
forest habitats (Kessler 2000a,b, Kessler et al. 2011, 
Salazar et al. 2015), have a reasonably well-known 
taxonomy (PPG I 2016, Kessler and Smith 2017), and 
because their spore dispersal reduces the effects of 
dispersal limitation (Barrington 1993, Linares-Palomino 
and Kessler 2009).

We explored two main questions: Do regional 
climate, regional and local forest structure, and species 
richness relate to local species turnover directly or 
through the interaction between them? And what is 
the relative importance of regional climate, regional 
and local forest structure, and regional species richness 
in explaining the variation in local species turnover? 
We used path analysis to identify the variables and 
interactions determining fern species turnover. 
We included three groups of explanatory factors. 
The first one being the mean number of species per 
plot in each site (hereafter regional species richness); 
the second group included variables related to forest 
structure (bryophyte, canopy, and plant cover) and 
also measured at the plot level; finally, the third group 
included climatic variables (elevation, precipitation, 

temperature, soil cation exchange capacity (CEC) 
and soil pH) extracted for each site at the regional 
scale from the global models CHELSA and SoilGrids. 
Our hypotheses were that: (i) local species turnover is 
best described by a combination of local and regional 
environmental factors that interact between them; ii) 
regional species richness strongly determines local 
species turnover by controlling the amount of species 
to be ‘accommodated’ in each plot; and finally, iii) the 
influence of local environmental factors is higher when 
they are linked to a regional factor that is limiting.

Methods
We used a large dataset of 1227 plots sampled 

in 1995−1997 and fully described in Kessler (2000a,b) 
and Salazar et al. (2015), distributed across 62 sites in 
Bolivia (Fig. 1a). The plots contain a total of 916 fern 
species (77.3% of the Bolivian fern flora; Kessler and 
Smith 2017). Sites ranged from 200 m to 3740 m 
in elevation, 550 mm to 3500 mm in mean annual 
precipitation, and 8°C to 25°C in mean annual 
temperature, thus covering most climatic conditions 
where forests occur in Bolivia (Fig. 1b). Sites covered 
different elevational ranges and forests with varied 
habitat conditions including rock faces, ravines, 
primary and secondary forests. We did not sample 
non-forest biomes (savannahs or alpine vegetation) 
because ferns are very poorly represented in them. 
We attempted to survey 20 plots per site. However, the 
number of plots at each site ranged from 9 to 44 plots 
(mean = 21 plots). The main reason for the variation 
in the number of plots was the lack of habitat in some 
areas and the ease of access and inventory in others. 
Importantly, the number of plots per site did not have 
any relationship to the number of species recorded 
(Fig. S1) and therefore did not bias our results.

Each plot was 400 m2, a size considered as the 
minimum area required for representative sampling 

Figure 1. Study area. Precipitation map of Bolivia showing our 62 study sites (a). Distribution of plots in a density diagram 
representing the climatic conditions (mean annual temperature vs. mean annual precipitation) of Bolivia (b). The solid 
line shows the approximate climatic limit of the tree line following Körner and Paulsen (2004), and the dashed line shows 
the current limit of the tree line mainly determined by human disturbance (Fjeldså et al. 1996). Note that the study sites 
cover most of the available climatic space within the range of extant forest biomes.
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of ferns and small enough to sample a homogeneous 
environment (Kessler and Bach 1999). The environmental 
variables recorded in each plot and used for the present 
study included: elevation, recorded with a handheld 
Eschenbach altimeter and using 1:250.000 topographic 
maps to correct for inaccuracies; epiphytic bryophyte 
cover, visually estimated as the percentage of canopy 
branches covered by bryophytes, and used as a proxy 
for air humidity (Karger  et  al. 2012); canopy cover 
recorded as the percentage of canopy covered by trees; 
and ground plant cover, recorded as the percentage of 
ground covered by plants. We also extracted the regional 
values of mean annual precipitation and mean annual 
temperature from the BIOCLIM V1.1 layers of the global 
CHELSA model at 1 km2 resolution (Karger et al. 2017), 
and the values of cation exchange capacity (CEC) and pH 
from the global ‘SoilGrids’ database at 1 km2 resolution 
and 1 m depth (Hengl et al. 2017). All variable units are 
summarised in Table 1. In each plot, all fern species 
(terrestrial and epiphytic) were identified and counted, 
treating terrestrial and epiphytic plants separately. 
Voucher specimens were collected and deposited in 
the herbaria in La Paz (LPB), Göttingen (GOET), and 
Berkeley (UC). Individuals were classified to the species 
level, and nomenclature was unified according to 
PPG I (2016) and Kessler and Smith (2017) based on 
two decades of taxonomic work on Bolivian ferns by 
M. Kessler and A.R. Smith (UC Berkeley). Unidentified 
individuals (<4%), usually sterile juvenile plants, were 
excluded from analyses. In total, our dataset contained 
information on the distribution of 23029 occurrences 
(plot-records) of 916 species.

Data analysis

Turnover estimates
β diversity can be expressed as a rate or as a difference. 

In the former case, β diversity is considered as the 
fraction of the total (γ) richness distributed among 
local sites (α). In the latter case, β diversity is treated 
as the dissimilarity in species composition between 
sample units (Whittaker 1972, Anderson et al. 2011, 
Tuomisto 2010a). Here we follow the terminology 
of Tuomisto (2010a,b,c) whereby assessing purely 
the change in species composition refers to species 
turnover and not β diversity in the strict sense, which 
also considers changes in species abundances and 
their relation to gamma diversity. As such, here we 
only consider one of the components of β diversity, 
that of compositional differentiation.

Specifically, in this study we defined local turnover as 
the dissimilarity in species composition between plots 
belonging to the same site. We obtained dissimilarity 
values using presence-absence matrices for each site 
(rows = species, columns = plots) and independently 
for terrestrial (62 sites) and epiphytic (58 sites) ferns. 
We used the function ‘vegdist’ from the R package 
vegan (Oksanen et al. 2018) to obtain the dissimilarity 
in species composition between all plots within each 
site using the ‘binary euclidean’ index with the formula:

[ ] ( )  2*d jk sqrt A B J= + −

where j and k correspond to each pair of plots, A and 
B to the number of species in j and k, respectively, 
and J equals the number of species shared between 
both plots.

This index is appropriate for presence-absence 
data and it quantifies the relative number of species 
that change among plots (Tuomisto 2010c). Using this 
index, we calculated the dissimilarity of plot A vs all 
other plots in the same site and then used the mean 
of these dissimilarities as our measure of within-site 
turnover. The mean pairwise distance is a robust 
estimate of species turnover regardless of the number 
of samples (Marion et al. 2017). For further statistical 
analyses, we used this mean dissimilarity value of each 
site, and hereafter refer to it as local turnover. Thus, 
we obtained 62 measurements of local turnover for 
terrestrial ferns and 58 measurements for epiphytic 
ferns. Local turnover varies from low values when 
many species are shared between plots and larger 
values when few species are shared. Because plots 
were assumed to have been fully sampled (i.e., no 
missing species), we did not correct turnover values 
for sampling incompleteness.

Path Analysis
For this analysis we used the climatic variables, 

the mean values for each forest-structure variable 
and mean species richness as a surrogate of regional 
variation between sites, and the coefficient of variation 
of each forest-structure variable and species richness 
as a surrogate of local (plot to plot) variation. We did 
not include elevation in the path analyses due to its 
high correlation (>60%) with annual temperature.

We defined a first set of models to address our 
main questions: Do regional climate, regional and local 
forest structure, and species richness relate to local 
species turnover directly or through the interaction 
between them? And what is the relative importance 
of regional climate, regional and local forest structure, 
and regional species richness in explaining the variation 
in local species turnover? Hereafter we refer to this set 
of models as set 1 or regional + local models. This set 
consists of three models (Fig. 2, left panel). In the first 
one, each group of variables was allowed to interact 
directly with species turnover (‘direct’). The second 
one only allows the direct interaction of local structure 
and richness with turnover, whereas regional climate 
must first interact with regional structure and richness 
and these with local variables (‘indirect’). Finally, the 
third model allows both regional and local variables 
to interact directly with species turnover, whereas 
regional climate can only act through a link with regional 
structure and richness (‘direct + indirect’). These path 
analyses were performed using the R packages lavaan 
(Rosseel 2012) and semPlot (Epskamp 2019).

The results of the first set of models showed that 
regional factors were more important in explaining 
local species turnover (see Results). Therefore, we 
defined a second set of models (Fig. 2, right panel, 
hereafter referred to as set 2 or regional models) to 
address the following specific queries: is variation in 
local species turnover better explained by: (i) a model 
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where climatic variables, regional forest-structure, 
and regional species richness interact directly with 
it (‘direct’), (ii) a model where climate is first linked 
to regional variables and only the latter are linked to 
species turnover (‘indirect’), or (iii) a model where 
climatic variables and species turnover are allowed 
to interact directly and also through the interaction 
with regional variables (‘direct + indirect’). We tested 
the goodness of fit of the resulting models using a 
X2 (Chi-square) test and separately for each set of 
models. The extraction of climatic and soil variables 
and all statistical analyses were carried out in the 
programming environment R (version 3.5.3, R Core 
Team, 2019).

Null models
To assess if regional richness is a consistent predictor 

of the variation in local species turnover we carried 
out a null model analysis. First, to test the effect of 
local variation in species richness, we randomised all 
presence-absence matrices using the algorithm ‘Sim2’ 
from the R package EcoSimR (Gotelli and Ellison 2013). 
Sim2 is recommended for plot datasets and was 
suitable for our test because it preserves differences 
in the frequency of species across sites, i.e., the row 

sums, but assumes that all plots are equiprobable 
(Gotelli 2000). Using these null matrices, we again 
calculated local species turnover and performed the 
path analysis, as described above. We expected that 
regional richness would be the main predictor of the 
random local turnover because by making all plots 
equiprobable, we randomised the effect of local 
variation, thus the variation in local species turnover 
should still be determined by the differences in the 
number of species in each site.

Second, we randomised the values of regional 
richness in the data frame used to calculate the path 
analysis and ran the analysis again. Here, we expected 
that the relationship between local species turnover 
and regional richness would be disrupted and therefore 
other factors would predict the variation of the former.

Finally, to discard the possibility that our results 
were an artefact of the large habitat variation covered 
by our sampling, we re-ran all our analyses using a 
subset of data that contained only plots located in 
zonal forests (758 plots), i.e., in mature forests without 
the presence of rock faces, ridges, lakeshores, ravines, 
swamps, grasslands, or plantations. These results did 
not differ significantly from those obtained using the 
complete dataset and therefore are not shown.

Figure 2. Models tested using path analyses. Set 1 (left) includes both regional and local predictors; this set showed 
that mostly regional factors were important predictors, thus Set 2 (right) tests the interactions and importance of only 
regional predictors.
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Results
The first set of models showed that the ‘direct model’, 

which allowed the direct interaction of all variables 
with species turnover, explained a large proportion of 
variation in species turnover, but this model had the 
worst fit to the data. The ‘indirect model’, allowing the 
interaction first from regional-climate then to regional 
factors and finally to local factors, explained a small 
amount of the variation in local species turnover for 
terrestrial and epiphytes and had the second-best 
fit to the data. Finally, the ‘direct + indirect’ model, 
where regional climatic factors interacted only with 
regional forest-structure variables and without a link 
between regional and local variables, explained a large 
proportion of the variation in species turnover for both 
terrestrial and epiphytes and had the best fit to the 
data. In these three models, regional species richness 
was the most important factor explaining the largest 
percentage of variation (Table 2, Fig. 3).

The second set of models confirmed that for both 
epiphytes and terrestrial ferns, regional richness is the 
factor controlling almost the totality of the variation 
in species turnover. Certainly, the best fitted models 
were those where climatic variables interacted both 
directly with species turnover and also through the 
interaction with regional species richness (Table 2). 
In consequence, local turnover was highly dependent 
on regional species richness, and also in a small but 
significant proportion to regional climatic factors 
(Fig 3.) Figure 3 shows the path diagrams for the best 
fitted models and statistics for the rest of models can 
be found in Tables S1 and S2.

According to the best fitted models (i.e., Set 2 
‘direct + indirect’), after regional species richness, the 
factors that were significantly related to fern turnover 
differed for terrestrial and epiphytic ferns. These factors 

explained a very small percentage of variation in local 
turnover and were regional bryophyte cover and CEC 
for terrestrial ferns and soil pH for epiphytes (Fig. 3).

Regarding environmental covariates in models for 
terrestrial ferns, CEC and pH were important covariates 
of terrestrial regional species richness, and annual 
temperature and annual precipitation were important 
covariates of bryophyte cover. Similarly, the models 
for epiphyte ferns showed CEC and pH were important 
covariates of epiphytic regional species richness (see 
Table S2 ‘Observed results’ for all factor loadings).

The null models corroborated that regional richness 
is the main predictor of the variation in local species 
turnover and that this relationship is not merely the 
result of a numerical autocorrelation between species 
turnover and species richness. In the first test, where 
local variation in species richness was randomised, 
regional species richness was maintained as the most 
important predictor of local species turnover. In the 
second test, where regional species richness was 
randomised across all sites, other factors different 
to regional richness were the best predictors of local 
species turnover (see Table S2 ‘Null models’ for all 
factor loadings).

The specific relationship between local species 
turnover (within site) and regional species turnover 
is shown in Fig. 4a,c. In addition, panels b and d show 
that the variation in local species richness could not 
bias our results because there is not a positive response 
of local turnover to an increasing local richness.

Discussion
In agreement with our hypothesis (ii), we found 

that by far the strongest predictor of local species 
turnover was the variation in regional species richness. 
In response to our questions on the relative importance 

Table 2. Summary of models fit and X2 tests for models explaining species turnover of ferns in local plots across 62 (terrestrial 
ferns) and 58 (epiphytic ferns) study sites along an elevational gradient in the Bolivian Andes. See figures 2 and 3 for details 
about models set (1 or 2) and type ((a), (b) or (c)). Tucker-Lewis Index (TLI), Root Mean Square Error of Approximation 
(RMSEA). **p-value < 0.001, *** p-value <0.0001

Habit Model TLI RMSEA (confidence interval) X2 test
SET 1

Terrestrials (a) Direct 1 0
(b) Indirect 0.325 0.246 (0.216 – 0.277) *** 88.365 ***

(c) Direct + indirect 0.739 0.263 (0.223 – 0.304) *** 158.223 ***
Epiphytes (a) Direct 1 0

(b) Indirect 0.214 0.274 (0.242 – 0.306) *** 111.64 ***
(c) Direct + indirect 0.716 0.290 (0.248 – 0.334) *** 162.22 ***

SET 2
Terrestrials (a) Direct 1 0

(b) Indirect 0.615 0.233 (0.175 – 0295) *** 19.041 **
(c) Direct + indirect 0.512 0.263 (0.188 – 0343) *** 42.196 ***

Epiphytes (a) Direct 1 0
(b) Indirect 0.678 0.214 (0.156 – 0.275) *** 2.010

(c) Direct + indirect 0.551 0.253 (0.188 – 0.322) *** 55.787 ***
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Figure 3. Best fitted models for the factors determining local species turnover along an elevational gradient in Bolivia. For 
both terrestrial and epiphytic ferns and in both sets of models, the best goodness of fit was found for ‘direct + indirect 
models’, which correspond to models C in Fig. 2. Only significant relationships were included as lines, line discontinuity 
and boldness represent the strength of the relationship. (See Table 2 for summary statistics and Tables S1 and S2 for 
statistics of the rejected models and individual factor loadings for all models including the non-significant coefficients 
excluded from this figure).

and interaction between local and regional factors, 
we found that regional factors were relatively more 
important than local factors in explaining local species 
turnover. However, we did not find support for our 
hypotheses (i) and (iii) because the explanatory power 
of local factors was minimal compared to regional 
species richness.

Overall, we found that sites with high species 
richness had high turnover between study plots, 
whereas sites with low richness had low turnover. 
This pattern, which has also been found in previous 
studies on plant species turnover (McKnight et al. 2007, 
Qian and Ricklefs, 2007), could be the result of three 
different and mutually non-exclusive mechanisms.

First, sampling units might be so small that they 
can only contain a limited number of fern individuals, 
thereby limiting the potential number of species in 
each plot (Jost 2007, Tuomisto 2010b, Karger et al. 

2015). We consider this to be unlikely in our case 
because ferns are typically quite small and we have 
recorded up to several thousand individual plants in 
single plots of 400 m2, which is much higher than the 
number of species recorded (about 10 on average per 
plot, with a maximum of 82 species). This is further 
supported by the fact that in our data the number of 
species per site does not increase with its number of 
plots (Fig. S1). However, to truly test this mechanism, 
we would need to sample plots of different sizes to 
assess the effect of plot size and number of individuals 
on species turnover.

Second, the effect of differences in species 
richness on species turnover may be a sampling effect 
(Baselga 2007, Tuomisto 2018): two samples (plots) 
with very different species richness cannot have high 
compositional similarity, even if the species-poor sample 
is a perfect subsample of the species-rich one. Thus, 
two samples can only have high similarity if they have 
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similar species richness, although of course they can 
also be dissimilar. Again, we consider that this effect 
is unlikely in our case because it would have been 
captured by the variability of species richness between 
plots at a site and this factor was not recovered as 
important in our path models (Fig. 3). Moreover, the 
relationship was negative (Fig.  4b,d), so that sites 
with large variation in richness between plots had low 
turnover, and vice versa, which is opposite to what 
this mechanism predicts. Rather, it was the regional 
variation in species richness, i.e., differences between 
sites rather than between plots at a site, that was the 
important predictor of turnover.

Third, higher regional species richness might lead to 
more interspecific competition, resulting in narrower 
realized ecological niches of species and hence higher 
turnover, or alternatively, narrower niches might 
lead to less competition, greater niche packing and 
greater richness. While our data does not allow us to 
test these possibilities directly, we consider them as 
likely causes since Karger et al. (2015), using a similar 
sampling approach, found that the realized niches of 
fern species were narrower on large tropical islands with 
a high regional species richness than on small islands 
with a limited species number. In addition, a study in 
Ecuador found that plots with high numbers of fern 
individuals tend to have lower species numbers than 

plots with fewer individuals because in the former a 
few species excluded weaker competitors (Kessler et al. 
2014). Both of these studies point to the importance of 
interspecific competition in species-rich tropical fern 
assemblages. Thus, although additional studies would 
be needed to specifically test the different potential 
mechanisms, we consider that the high spatial turnover 
in species-rich fern assemblages is largely the result 
of interspecific competition and resulting narrower 
realized niches of the individual species.

In addition to regional species, we also found a 
significant - even if indirect - influence of climatic 
factors in our models, which is in line with previous 
studies showing that patterns of species turnover 
in mountains are strongly influenced by climatic 
and habitat conditions (Mourelle and Ezcurra 1997, 
Kessler 2000a, Kessler  et  al. 2001, McKnight  et  al. 
2007, Jones et al. 2011, Tello et al. 2015). This is the 
direct result of microhabitat changes in factors like 
temperature and light (Cortés and Wheeler, 2018) 
that result from the high spatial variability of factors 
such as elevation, aspect, inclination, and landscape 
arrangement in mountain systems (Fjeldså et al. 2012, 
Wang et al. 2012, Hoorn et al. 2013, Antonelli 2015, 
Hughes and Atchison 2015). However important all these 
effects are, we found that the relationship between 
the climatic variables and species turnover is better 

Figure 4. Local (within site) species turnover in relation to regional and local species richness. The relationship is shown 
for terrestrial ferns (upper panels) in 62 sites and for epiphytic ferns (bottom panels) in 58 sites distributed across the 
Bolivian Andes. Here, regional species richness is a surrogate that corresponds to the mean number of species per plot 
in each site, whereas local species richness corresponds to the coefficient of variation in the number of species per plot 
in each site. Shaded areas indicate the 0.95 confidence intervals. We produced three types of models: linear, logarithmic, 
and polynomial. We then selected and plotted the best fit using the Akaike Information Criterion (AIC) (see Table S3 for 
model formulas, statistics and AIC values). Plots were produced with the R package ggplot2 (Wickham 2016).
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described by the indirect link between climatic factors 
and regional species richness. Fern species richness is 
strongly influenced by climatic variables, being high in 
cool and humid regions, low in regions with very low 
or high temperatures, or low precipitation (Kreft et al. 
2010, Kessler et al. 2011, Weigand et al. 2020).

The strong influence of regional species richness on 
local species turnover in Andean fern assemblages might 
at first glance appear to be in conflict with previous 
studies finding that climatic and edaphic factors are 
direct predictors of local and regional variation in 
fern turnover, as summarized in Box 1. However, this 

Box 1. Turnover and beta diversity studies of ferns and their spatial scales. Previous studies used local predictors to study 
differences in fern species composition and diversity at local sales (a) or regional predictors to explain differences at 
regional scales (b). In our study, we attempted to use both local and regional predictors to understand the differences in 
local fern species turnover (c). The best predictors of species turnover or beta diversity in each study are given in italics. 
*Studies at broader than regional scales.

(a) Local species turnover or beta 
diversity vs Local predictors

(b) Regional species turnover or 
beta diversity vs Regional predictors

(c) Local species turnover vs 
Regional predictors

Diagrams legend: squares = plots within sites, circles = sites, EL = variation in local environment, ER = variation 
in regional environment, RR = Variation in regional richness, TL = local species turnover, TR = regional species 
turnover, green arrows = effect of local factors, grey arrows = effect of regional factors.
da Costa et al. 2018: Local 
temperature, luminosity, soil 
moisture.

de Gasper et al. 2013: Air humidity, 
geographic distance. This study: Regional richness

da Costa et al. 2019: soil base cation 
content, rock cover.

Harrison et al. 1992: Day length, 
temperature, rainfall.

Jones et al. 2006: Soil nutrient 
content, drainage, canopy 
openness.

Kessler 2000a: Rainfall, soil texture 
and nutrient content, vegetation 
structure.

Jones et al. 2008: Soil nutrients 
content, slope, topography.

Kluge et al. 2008: Humidity, forest 
structure.

Jones et al. 2011: Microclimatic 
conditions associated to 
temperature, humidity, slope and 
aspect, soil conditions.

*Qian and Ricklefts 2007: 
geographic distance at the 
continental scale, environmental 
distance at the regional scale.

Jones et al. 2013: Dry season length, 
soil nutrients (P, pH, Ca).

*Qian 2009: Dispersal ability 
(measured as latitude).

Jones et al. 2014: Soil nutrients (Ca, 
Mn), elevation.

Tuomisto et al. 2003a: Soil type and 
content of exchangeable bases (Ca, 
K, Mg, and Na).

Nettesheim et al. 2014: Local 
climate associated to topography.

Tuomisto 2006: Soil inundation, soil 
base cation content, soil texture.

Schietti et al. 2014: vertical distance 
from water table.

* Tuomisto et al. 2019: Soil base 
cation concentration, climate.

Tuomisto et al. 2003b: Topography 
and general soil characteristics. Watkins et al. 2006: Elevation.

Tuomisto et al. 2003c: Soil 
characteristics (Ca, K, Mg, clay, 
sand, organic material).

Zuquim et al. 2012: Soil base cation 
and clay content.
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is due to the different scales at which turnover was 
analysed. Our results reflect the cross-scale effect of 
the variation in regional factors (between sites) on 
local species turnover (between plots). In contrast, 
e.g., Tuomisto et al. (2003a) studied regional turnover 
between sites in relation to environmental differences 
between sites, whereas other studies like Jones et al. 
(2006, 2011, 2014) looked at local variation in community 
composition in relation to local factors. It would thus 
appear that at a given scale (either regional or local), 
turnover in species assemblages is closely linked to 
environmental factors. However, our models also 
allowed for a direct effect of all local variation in 
forest-structure parameters, including local species 
richness on turnover, but their effect was minor and 
overridden by the regional effect of species richness.

Finally, the variation that was not explained either by 
our main or residual models might reflect the lack of data 
on important environmental variables (Harrison et al. 
2006, Zuquim  et  al. 2012), biotic interactions such 
as competition or facilitation between ferns as well 
as with other plants or animals (Callaway  et  al. 
2002, Wardle 2006), and stochastic variation (De 
Cáceres et al. 2012, Karst et al. 2005). For example, 
studies in Ecuador have shown that around half the 
fern species in plots of 400 m2 are only represented 
by a few sterile individuals, most likely as the result of 
sporadic colonization events that are unlikely to result 
in persistent populations in a given plot (Kessler et al. 
2014) but that can greatly influence the perception of 
diversity patterns (Kessler et al. 2011). In our study, we 
were unable to decide which species in a plot would 
belong to the “core” flora and which ones were only 
transient “visitors”, so we were unable to assess the 
potential influence of the latter.

Conclusions
In combination with a series of other studies, 

our results provide evidence that spatial turnover of 
tropical plant assemblages is driven by different factors 
at different scales. On the one hand, there is the self-
evident importance of environmental heterogeneity in 
determining patterns of biodiversity and community 
composition, especially in mountain settings (Fjeldså et al. 
2012, Hoorn et al. 2013, Wang et al. 2012, Hughes 
and Atchison, 2015, Sandel et al. 2011). On the other 
hand, we found that there is also an important effect 
of regional variation in species richness on local 
species turnover, presumably driven by interspecific 
competition. Ecologists have long debated the relative 
importance of abiotic and biotic factors in determining 
the richness of tropical plant communities and their 
spatial variation, and our study provides support for the 
idea that in species rich communities the importance 
of biotic interactions increases. This is because on the 
one hand species-rich communities typically have 
environmental conditions that are not overly stressful 
for the organisms under consideration and on the 
other hand because high species richness increases 
the opportunities for biotic interactions.

Acknowledgements

We thank Daniela Aros for her help in a previous design 
of the figures in Box  1, Dave Jenkins and another 
anonymous reviewer for their critical review of previous 
versions of this manuscript, which significantly improved 
its quality. Michael Kessler’s studies of Bolivian ferns 
have been supported by many colleagues from Bolivia 
and abroad, including Stephan G. Beck, Jasivia Gonzales, 
Sebastian Herzog, Iván Jimenez, and Alan R. Smith. 
This work was supported by the Swiss National Science 
Foundation (SNSF) grants number P2ZHP3_181473 to 
IO and 31003A_169199 to MK.

Supplementary Materials
The following materials are available as part of 

the online article from https://escholarship.org/uc/fb
Figure S1. Regression model for the number of 

plots and the total number of species recorded in 
each of 62 study sites along an elevational gradient 
in the Andean mountains.

Table S1. General estimates and significance of all 
models tested to explain species turnover of ferns in 
local plots across 62 (terrestrial ferns) and 58 (epiphytic 
ferns) study sites along an elevational gradient in the 
Andean mountains.

Table S2. Summary of statistics and individual factor 
loadings for all models tested using the observed and 
random (null) data.

Table S3. Evaluation of local turnover vs regional 
richness models.

References

Anderson, M. J., Crist, T. O., Chase, J. M., et al. (2011) 
Navigating the multiple meanings of β diversity: 
a roadmap for the practicing ecologist. Ecology 
Letters, 14, 19–28.

Antonelli, A. (2015) Biodiversity: multiple origins 
of mountain life. Nature, 524, nature14645.

Barrington, D. S. (1993) Ecological and historical 
factors in fern biogeography. Journal of 
Biogeography, 20, 275–279.

Baselga, A. (2007). Disentangling distance decay of 
similarity from richness gradients: response to 
Soininen et al. 2007. Ecography, 30, 838–841.

Callaway, R. M., Brooker, R. W., Choler, P., et al. (2002) 
Positive interactions among alpine plants 
increase with stress. Nature, 417, 844.

Chapin, F. S., Bloom, A. J., Field, C. B. & Waring, 
R. H. (1987) Plant responses to multiple 
environmental factors. BioScience, 37, 49–57.

Condit, R., Pitman, N., Leigh, E. G., et al. (2002) 
Beta-diversity in tropical forest trees. Science, 
295, 666.



Olivares & Kessler Determinants of local species turnover

Frontiers of Biogeography 2020, 12.4, e46818 © the authors, CC-BY 4.0 license  12

da Costa, L.E.N., Farias, R.P., Santiago, A.C.P., Silva, 
I.A.A. & Barros, I.C.L. (2018) Abiotic factors drive 
floristic variations of fern’s metacommunity in 
an Atlantic Forest remnant. Brazilian Journal of 
Biology, 78, 736–741.

da Costa, L.E.N., Arnan, X., de Paiva Farias, R. & Barros, 
I.C.L. (2019) Community responses to fine-scale 
environmental conditions: ferns alpha and beta 
diversity along Brazilian Atlantic forest remnants. 
Acta Oecologica, 101, 103475.

Cortés A.J. & Wheeler, J.A. (2018) The environmental 
heterogeneity of mountains at a fine scale in 
a changing world. In: Mountains, Climate and 
Biodiversity (ed. by Hoorn, Perrigo & Antonelli), 
pp. 187–199. (1st Ed.). John Wiley & Sons Ltd.

De Cáceres, M., Legendre, P., Valencia, R., et al. (2012) 
The variation of tree beta diversity across a 
global network of forest plots. Global Ecology 
and Biogeography, 21, 1191–1202.

Duque, A., Sánchez, M., Cavallier, J. & Duivenvoorden, 
J.E. (2002) Different floristic patterns in woody 
understorey and canopy plants in Colombian 
Amazonia. Journal of Tropical Ecology, 18, 
499–525.

Draper, F. C., Coronado, E. N. H., Roucoux, K. H., et al. 
(2017) Peatland forests are the least diverse 
tree communities documented in Amazonia, 
but contribute to high regional beta-diversity. 
Ecography, 41, 1–14.

Epskamp S. (2019) semPlot: path diagrams and visual 
analysis of various SEM packages’ output. R 
package version 1.1.2. https://CRAN.R-project.
org/package=semPlot

Fitzpatrick, M. C., Sanders, N. J., Normand, S., Svenning, 
J.-C., Ferrier, S., Gove, A. D. & Dunn, R. R. (2013) 
Environmental and historical imprints on beta 
diversity: insights from variation in rates of species 
turnover along gradients. Proceedings of the 
Royal Society B: Biological Sciences, 280, 1768.

Fjeldså, J., Kessler, M., Engblom, G. & Driesch, P. (1996) 
Conserving the biological diversity of Polylepis 
woodlands of the highland of Peru and Bolivia: 
a contribution to sustainable natural resource 
management in the Andes. Nordeco Copen-
hagen. Retrieved from http://www.sidalc.
net/cgi-bin/wxis.exe/?IsisScript=AGRUCO.
xis&method=post&formato=2&cantidad=1&-
expresion=mfn=004750

Fjeldså, J., Bowie, R. C. K. & Rahbek, C. (2012) The 
role of mountain ranges in the diversification 

of birds. Annual Review of Ecology, Evolution, 
and Systematics, 43, 249–265.

Gotelli, N.J. (2000) Null model analysis of species co‐
occurrence patterns. Ecology, 81, 2606–2621.

Gotelli, N.J & Ellison A.M. (2013) EcoSimR 1.00. http://
www.uvm.edu/~ngotelli/EcoSim/ EcoSim.html

Harrison, S., Ross, S. & Lawton, J. (1992) Beta diversity 
on geographic gradients in Britain. Journal of 
Animal Ecology, 61, 151–158.

Harrison, S., Davies, K. F., Safford, H. D. & Viers, J. H. 
(2006) Beta diversity and the scale-dependence 
of the productivity-diversity relationship: a test 
in the Californian serpentine flora. Journal of 
Ecology, 94, 110–117.

Hengl, T., de Jesus, J.M., Heuvelink, G.B., Gonzalez, 
M.R., Kilibarda, M., Blagotić, A., Shangguan, W., 
Wright, M.N., Geng, X., Bauer-Marschallinger, B. 
& Guevara, M.A. (2017) SoilGrids 250m: global 
gridded soil information based on machine 
learning. PLoS ONE, 12, e0169748.

Hoorn, C., Wesselingh, F. P., ter Steege, H. et al. (2010) 
Amazonia through time: Andean uplift, climate 
change, landscape evolution, and biodiversity. 
Science, 330, 927-931.

Hoorn, C, Mosbrugger, V., Mulch, A. & Antonelli, A. 
(2013) Biodiversity from mountain building. 
Nature Geoscience, 6, ngeo1742.

Hubbell, S.P. (2001) The Unified Theory of Biodiversity 
and Biogeography. Monographs in Population 
Biology 32. Princeton University Press, Princeton. 
392 pp.

Hughes, C. E. & Atchison, G. W. (2015) The ubiquity 
of alpine plant radiations: from the Andes to 
the Hengduan Mountains. New Phytologist, 
207, 275–282.

Huston, M. A. (1999) Local processes and regional 
patterns: appropriate scales for understanding 
variation in the diversity of plants and animals. 
Oikos, 86, 393–401.

Jankowski, J. E., Ciecka, A. L., Meyer, N. Y. & Rabenold, 
K. N. (2009) Beta diversity along environmental 
gradients: implications of habitat specialization 
in tropical montane landscapes. Journal of 
Animal Ecology, 78, 315–327.

Jones, M.M., Tuomisto, H., Clark, D.B. & Olivas, P. (2006) 
Effects of mesoscale environmental heterogeneity 
and dispersal limitation on floristic variation in 
rain forest ferns. Journal of Ecology, 94, 181–195.

Jones, M. M., Tuomisto, H., Borcard, D., Legendre, P., Clark, 
D. B. & Olivas, P. C. (2008) Explaining variation 
in tropical plant community composition: 



Olivares & Kessler Determinants of local species turnover

Frontiers of Biogeography 2020, 12.4, e46818 © the authors, CC-BY 4.0 license  13

influence of environmental and spatial data 
quality. Oecologia, 155, 593–604.

Jones, M. M., Szyska, B. & Kessler, M. (2011) Microhabitat 
partitioning promotes plant diversity in a 
tropical montane forest. Global Ecology and 
Biogeography, 20, 558–569.

Jones, M.M., Ferrier, S., Condit, R., Manion, G., Aguilar, 
S. & Pérez, R. (2013) Strong congruence in tree 
and fern community turnover in response to 
soils and climate in central Panama. Journal of 
Ecology, 101, 506-516.

Jones, M.M., Cicuzza, D., van Straaten, O., Veldkamp, 
E. & Kessler, M. (2014) Determinants of fern 
and angiosperm herb community structure in 
lower montane rainforest in Indonesia. Journal 
of vegetation science, 25, 1216–1224.

Jost, L. (2007) Partitioning diversity into independent 
alpha and beta components. Ecology, 88, 
2427–2439.

Jost, L. (2010) Independence of alpha and beta 
diversities. Ecology, 91, 1969–1974.

Karger, D.N., Kluge, J., Abrahamczyk, S., Salazar, L., 
Homeier, J., Lehnert, M., Amoroso, V.B. and 
Kessler, M. (2012) Bryophyte cover on trees as 
proxy for air humidity in the tropics. Ecological 
Indicators, 20, 277–281.

Karger, D.N., Tuomisto, H., Amoroso, V.B., Darnaedi, D., 
Hidayat, A., Abrahamczyk, S., Kluge, J., Lehnert, 
M. & Kessler, M. (2015) The importance of 
species pool size for community composition. 
Ecography, 38, 1243–1253.

Karger, D.N., Conrad, O., Böhner, J., Kawohl, T., Kreft, 
H., Soria-Auza, R.W., Zimmermann, N.E., Linder, 
H.P. and Kessler, M. (2017) Climatologies at high 
resolution for the earth’s land surface areas. 
Scientific Data, 4, 170122.

Karst, J., Gilbert, B. & Lechowicz, M. J. (2005) Fern 
community assembly: the roles of chance and 
the environment at local and intermediate scales. 
Ecology, 86, 2473–2486.

Kessler, M. (2000a) Altitudinal zonation of Andean 
cryptogam communities. Journal of Biogeography 
27, 275–282.

Kessler, M. (2000b) Elevational gradients in species 
richness and endemism of selected plant groups 
in the central Bolivian Andes. Plant Ecology, 
149, 181–193.

Kessler, M. & Bach, K. (1999) Using indicator families 
for vegetation classification in species-rich 
Neotropical forests. Phytocoenologia, 29, 485–502.

Kessler, M. & Smith, A. R. (2017) Prodromus of a fern 
flora for Bolivia. I. General introduction and key 
to families. Phytotaxa, 327, 57–89.

Kessler, M., Parris, B. S. & Kessler, E. (2001) A comparison 
of the tropical montane pteridophyte floras of 
Mount Kinabalu, Borneo, and Parque Nacional 
Carrasco, Bolivia. Journal of Biogeography, 28, 
611–622.

Kessler, M., Kluge, J., Hemp, A. & Ohlemüller, R. (2011) 
A global comparative analysis of elevational 
species richness patterns of ferns. Global Ecology 
and Biogeography, 20, 868–880.

Kessler, M., Salazar, L., Homeier, J. & Kluge, J. (2014) 
Species richness–productivity relationships of 
tropical terrestrial ferns at regional and local 
scales. Journal of Ecology, 102, 1623–1633.

Kluge, J., Bach, K. & Kessler, M. (2008) Elevational 
distribution and zonation of tropical pteridophyte 
assemblages in Costa Rica. Basic and Applied 
Ecology, 9, 35–43.

Körner, C. & Paulsen, J. (2004) A world-wide study of 
high altitude treeline temperatures. Journal of 
Biogeography, 31, 713–732.

Kraft, N. J. B., Comita, L. S., Chase, J. M., et al. (2011) 
Disentangling the drivers of β diversity along 
latitudinal and elevational gradients. Science, 
333, 1755.

Kreft, H., Jetz, W., Mutke, J. & Barthlott, W. (2010) 
Contrasting environmental and regional effects 
on global pteridophyte and seed plant diversity. 
Ecography, 33, 408–419.

Kristiansen, T., Svenning, J.C., Eiserhardt, W.L., Pedersen, 
D., Brix, H., Munch Kristiansen, S., Knadel, M., 
Grández, C. & Balslev, H. (2012) Environment 
versus dispersal in the assembly of western 
Amazonian palm communities. Journal of 
Biogeography, 39, 1318–1332.

Krömer, T., Kessler, M. & Gradstein, S. R. (2007) Vertical 
stratification of vascular epiphytes in submontane 
and montane forest of the Bolivian Andes: the 
importance of the understory. Plant Ecology, 
189, 261–278.

Lenoir, J., Virtanen, R., Oksanen, J., Oksanen, L., Luoto, M., 
Grytnes, J.-A. & Svenning, J.-C. (2011) Dispersal 
ability links to cross-scale species diversity 
patterns across the Eurasian Arctic tundra. 
Global Ecology and Biogeography, 21, 851–860.

Linares-Palomino, R. & Kessler, M. (2009) The role of 
dispersal ability, climate and spatial separation in 
shaping biogeographical patterns of phylogenetically 
distant plant groups in seasonally dry Andean 



Olivares & Kessler Determinants of local species turnover

Frontiers of Biogeography 2020, 12.4, e46818 © the authors, CC-BY 4.0 license  14

forests of Bolivia. Journal of Biogeography, 36, 
280–290.

Marion, Z.H., Fordyce, J.A. and Fitzpatrick, B.M. 
(2017) Pairwise beta diversity resolves an 
underappreciated source of confusion in calculating 
species turnover. Ecology, 98, 933–939.

McKnight, M. W., White, P. S., McDonald, R. I., Lamoreux, J. 
F., Sechrest, W., Ridgely, R. S. & Stuart, S. N. (2007) 
Putting beta-diversity on the map: broad-scale 
congruence and coincidence in the extremes. 
PLOS Biology, 5, e272.

Melo, A. S., Rangel, T. F. L. V. B. & Diniz-Filho, J. A. F. 
(2009) Environmental drivers of beta-diversity 
patterns in New-World birds and mammals. 
Ecography, 32, 226–236.

Mourelle, C. & Ezcurra, E. (1997) Differentiation 
diversity of Argentine cacti and its relationship 
to environmental factors. Journal of Vegetation 
Science, 8, 547–558.

Myers, J. A., Chase, J. M., Jiménez, I., Jørgensen, P. M., 
Araujo-Murakami, A., Paniagua-Zambrana, N. & 
Seidel, R. (2013) Beta-diversity in temperate and 
tropical forests reflects dissimilar mechanisms 
of community assembly. Ecology Letters, 16, 
151–157.

Nekola, J. C. & White, P. S. (1999) The distance decay of 
similarity in biogeography and ecology. Journal 
of Biogeography, 26, 867–878.

Nettesheim, F.C., Damasceno, E.R. & Sylvestre, L.S. (2014) 
Different slopes of a mountain can determine the 
structure of ferns and lycophytes communities 
in a tropical forest of Brazil. Anais da Academia 
Brasileira de Ciências, 86, 199–210.

Novotny, V., Miller, S. E., Hulcr, J., et al. (2007) Low 
beta diversity of herbivorous insects in tropical 
forests. Nature, 448, 692–695.

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., 
Legendre, P., McGlinn, D., Minchin, P.R., O’Hara, 
R. B., Simpson, G.L., Solymos, P., Stevens, M.H.H. 
Szoecs, E. & Wagner H. (2018) vegan: community 
ecology package. R package version 2.5-3. 
https://CRAN.R-project.org/package=vegan

PPG I. (2016) A community-derived classification for 
extant lycophytes and ferns. Journal of Systematics 
and Evolution, 54, 563–603.

Qian, H. (2009) Beta diversity in relation to dispersal 
ability for vascular plants in North America. 
Global Ecology and Biogeography, 18, 327–332.

Qian, H. & Ricklefs, R. E. (2007) A latitudinal gradient 
in large-scale beta diversity for vascular plants 
in North America. Ecology Letters, 10, 737–744.

Qian, H., Wang, X. & Zhang, Y. (2012) Comment on 
“Disentangling the drivers of β diversity along 
latitudinal and elevational gradients.” Science, 
335, 1573.

R Core Team (2019) R: a language and environment 
for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. URL: 
https://www.R-project.org/.

Richard, M., Bernhardt, T. & Bell, G. (2000) Environmental 
heterogeneity and the spatial structure of fern 
species diversity in one hectare of old-growth 
forest. Ecography, 23, 231–245.

Rosseel Y. (2012) lavaan: An R package for structural 
equation modeling. Journal of Statistical Software, 
48, 1–36.

Salazar, L., Homeier, J., Kessler, M., Abrahamczyk, S., 
Lehnert, M., Krömer, T. & Kluge, J. (2015) Diversity 
patterns of ferns along elevational gradients 
in Andean tropical forests. Plant Ecology & 
Diversity, 8, 13–24.

Sandel, B., Arge, L., Dalsgaard, B., Davies, R. G., Gaston, 
K. J., Sutherland, W. J. & Svenning, J.-C. (2011) 
The influence of late quaternary climate-change 
velocity on species endemism. Science, 334, 660.

Schietti, J., Emilio, T., Rennó, C.D., Drucker, D.P., Costa, 
F.R., Nogueira, A., Baccaro, F.B., Figueiredo, F., 
Castilho, C.V., Kinupp, V. & Guillaumet, J.L. (2014) 
Vertical distance from drainage drives floristic 
composition changes in an Amazonian rainforest. 
Plant Ecology and Diversity, 7, 241–253.

Silvertown, J. (2004) Plant coexistence and the niche. 
Trends in Ecology and Evolution, 19, 605–611.

Socolar, J. B., Gilroy, J. J., Kunin, W. E. & Edwards, D. 
P. (2016) How should beta-diversity inform 
biodiversity conservation? Trends in Ecology 
and Evolution, 31, 67–80.

Soininen, J., McDonald, R., & Hillebrand, H. (2007). 
The distance decay of similarity in ecological 
communities. Ecography, 30, 3–12.

Svenning, J.-C. (2000) Small canopy gaps influence 
plant distributions in the rain forest understory. 
Biotropica, 32, 252–261.

Tello, J. S., Myers, J. A., Macía, M. J. et al. (2015) Elevational 
gradients in β-diversity reflect variation in the 
strength of local community assembly mechanisms 
across spatial scales. PLoS ONE, 10, e0121458.

Tuomisto, H. (2006) Edaphic niche differentiation 
among Polybotrya ferns in western Amazonia: 
implications for coexistence and speciation. 
Ecography 29: 273–284.



Olivares & Kessler Determinants of local species turnover

Frontiers of Biogeography 2020, 12.4, e46818 © the authors, CC-BY 4.0 license  15

Tuomisto, H. (2010a) A consistent terminology for 
quantifying species diversity? Yes, it does exist. 
Oecologia, 164, 853–860.

Tuomisto, H. (2010b) A diversity of beta diversities: 
straightening up a concept gone awry. Part 1. 
Defining beta diversity as a function of alpha 
and gamma diversity. Ecography, 33, 2–22.

Tuomisto, H. (2010c) A diversity of beta diversities: 
straightening up a concept gone awry. Part 2. 
Quantifying beta diversity and related phenomena. 
Ecography, 33: 23–45.

Tuomisto H. (2018) Different ways of defining diversity, 
and how to apply them in montane systems. 
In: Mountains, Climate and Biodiversity (ed. 
By Hoorn, Perrigo & Antonelli), pp. 295–308. 
(1st Ed.). Wiley & Sons Ltd.

Tuomisto, H., & Ruokolainen, K. (2012) Comment on 
“Disentangling the drivers of β diversity along 
latitudinal and elevational gradients.” Science, 
335, 1573.

Tuomisto, H., Ruokolainen, K., Poulsen, A. D., Moran, 
R. C., Quintana, C., Cañas, G. & Celi, J. (2002) 
Distribution and diversity of pteridophytes and 
Melastomataceae along edaphic gradients in 
Yasuní National Park, Ecuadorian Amazonia. 
Biotropica, 34, 516–533.

Tuomisto, H., Ruokolainen, K. & Yli-Halla, M. (2003a) 
Dispersal, environment, and floristic variation 
of western Amazonian forests. Science, 299, 
241-244.

Tuomisto, H., Ruokolainen, K., Aguilar, M. & Sarmiento, 
A. (2003b) Floristic patterns along a 43-km long 
transect in an Amazonian rain forest. Journal of 
Ecology, 91, 743–756.

Tuomisto, H., Poulsen, A. D., Ruokolainen, K., Moran, 
R. C., Quintana, C., Celi, J. & Cañas, G. (2003c) 
Linking floristic patterns with soil heterogeneity 
and satellite imagery in Ecuadorian Amazonia. 
Ecological Applications, 13, 352–371.

Tuomisto, H., Van Doninck, J., Ruokolainen, K., Moulatlet, 
G.M., Figueiredo, F.O., Sirén, A., Cárdenas, G., 
Lehtonen, S. & Zuquim, G. (2019) Discovering 

floristic and geoecological gradients across 
Amazonia. Journal of Biogeography, 46, 1734–1748.

Ulrich, W., Baselga, A., Kusumoto, B., Shiono, T., 
Tuomisto, H. & Kubota, Y. (2017) The tangled 
link between β- and γ-diversity: A Narcissus 
effect weakens statistical inferences in null 
model analyses of diversity patterns. Global 
Ecology and Biogeography, 26, 1–5.

Wang, L., Schneider, H., Zhang, X.-C. & Xiang, Q.-P. 
(2012) The rise of the Himalaya enforced the 
diversification of SE Asian ferns by altering the 
monsoon regimes. BMC Plant Biology, 12, 210.

Wardle, D. A. (2006) The influence of biotic interactions 
on soil biodiversity. Ecology Letters, 9, 870–886.

Watkins, Jr, J.E., Cardelús, C., Colwell, R.K. & Moran, 
R.C. (2006) Species richness and distribution 
of ferns along an elevational gradient in Costa 
Rica. American Journal of Botany, 93, 73–83.

Weigand, A., S. Abrahamczyk, I. Aubin, C., et al. (2020) 
Global fern and lycophyte richness explained: how 
regional and local factors shape plot richness. 
Journal of Biogeography, 47, 59–71.

Wickham, H. (2016) ggplot2: elegant graphics for 
data analysis. Springer-Verlag New York, USA.

Whittaker, R. H. (1960) Vegetation of the Siskiyou 
Mountains, Oregon and California. Ecological 
Monographs, 30, 279–338.

Whittaker, R. H. (1972) Evolution and Measurement 
of Species Diversity. Taxon, 21, 213–251.

Zuquim, G., Tuomisto, H., Costa, F.R., Prado, J., Magnusson, 
W.E., Pimentel, T., Braga‐Neto, R. & Figueiredo, 
F.O. (2012) Broad scale distribution of ferns 
and lycophytes along environmental gradients 
in Central and Northern Amazonia, Brazil. 
Biotropica, 44, 752–762.

Submitted: 4 February 2020 
First decision: 19 March 2020 
Accepted: 17 September 2020

Edited by Robert J. Whittaker and Janet Franklin




