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Old, climatically buffered, infertile landscapes (OCBILs) have been hypothesized to harbour an elevated number of 
persistent plant lineages and are predicted to occur across different parts of the globe, interspersed with other types 
of landscapes. We tested whether the mean age of a plant community is associated with occurrence on OCBILs, as 
predicted by climatic stability and poor soil environments. Using digitized occurrence data for seed plants occurring 
in Australia (7033 species), sub-Saharan Africa (3990 species) and South America (44 482 species), regions that 
comprise commonly investigated OCBILs (Southwestern Australian Floristic Region, Greater Cape Floristic Region 
and campos rupestres), and phylogenies pruned to match the species occurrences, we tested for associations between 
environmental data (current climate, soil composition, elevation and climatic stability) and two novel metrics 
developed here that capture the age of a community (mean tip length and mean node height). Our results indicate 
that plant community ages are influenced by a combination of multiple environmental predictors that vary globally; 
we did not find statistically strong associations between the environments of OCBIL areas and community age, 
in contrast to the prediction for these landscapes. The Cape Floristic Region was the only OCBIL that showed a 
significant, although not strong, overlap with old communities.

ADDITIONAL KEYWORDS:   Australia – campos rupestres – climatic stability – GCFR – infertile soils – OCBIL 
theory – seed plant community age – South America – sub-Saharan Africa – SWAFR.

INTRODUCTION

The Earth’s surface is a patchwork of ancient and 
recently formed landscapes, shaped by geological 
processes over millions of years that in turn shape 
today’s biota. For example, the flora of North 
America reflects continent-wide landscape dynamics 
(Mishler et al., 2020); geologically stable eastern 
North America supports forest communities that are 
phylogenetically overdispersed (with species more 

distantly related than expected by chance), while 
relatively recent orogeny, volcanism and other large-
scale changes in western North America have driven 
recent speciation in many clades, resulting in a flora 
that is phylogenetically clustered (with species more 
closely related than expected by chance). Although the 
impacts of landscape dynamics on patterns of species 
radiation emerge in individual areas (e.g. rapid 
floristic diversification accompanying recent orogeny 
in the Andes; Bell et al., 2012; Lagomarsino et al., 
2016), a generalizable relationship between landscape 
age and biotic attributes remains unclear. OCBIL 
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theory (Hopper, 2009) sets out seven predictions to 
characterize the biota of old, climatically buffered, 
and infertile landscapes (OCBILs): (1) reduced 
dispersibility, increased endemism and prevalent 
rarity; (2) accentuated persistence of old lineages and 
old individuals; (3) selection of heterozygosity; (4) 
prolonged speciation at the margins; (5) adaptations 
to saline soils; (6) nutritional and other biological 
specialization; and (7) particular vulnerability (e.g. 
to soil removal) and enhanced resilience (e.g. to 
fragmentation).

Whereas the ecological and environmental 
differences between OCBILs and young, often 
disturbed, fertile landscapes (YODFELs) are clearly 
defined conceptually, empirically establishing 
geographical limits between these landscapes is not 
straightforward (Mucina & Wardell-Johnson, 2011). 
OCBILs typically occur in elevated areas formed 
either by granite outcrops or by laterite, ironstone or 
sandstone hilltops, and are found interspersed with 
YODFELs and OCFELs (old, climatically buffered, 
fertile landscapes), forming complex and heterogeneous 
assemblies (Hopper et al., 2016).

Hopper (2009) highlighted three regions across the 
globe with landscapes he identified as OCBILs: the 
Southwestern Australian Floristic Region (SWAFR), 
the Greater Cape Floristic Region (GCFR) of South 
Africa [comprising the Cape Floristic Region (CFR) 
and the Succulent Karoo] and the Pantepuis of north-
eastern South America. Subsequently proposed regions 
where OCBILs could be commonly found include the 
campos rupestres in Brazil, the Hawkesbury basin 
sandstone vegetation of Sydney (Australia), Western 
Tasmania, New Caledonia, Madagascar and Indian 
Ocean Islands (Hopper et al., 2016). Not surprisingly, 
these areas are all situated in the Southern 
Hemisphere, where climatic conditions generally 
have long been more stable than in the Northern 
Hemisphere (Dynesius & Jansson, 2000) and where 
biodiversity hotspots prevail (Myers et al., 2000).

Together, the SWAFR, GCFR and campos rupestres 
occupy only ~0.4% of the Earth’s land surface 
(Pidwirny, 2006), but they contain over 27 000 vascular 
plant species (Hilton-Taylor, 1996; Goldblatt et al., 
2005; Silveira et al., 2016; Gioia & Hopper, 2017) 
corresponding to ~7.4% of the estimated 366 000 
vascular plant species on Earth (Judd et al., 2008; 
Paton et al., 2008). Traditionally, productive warm 
and humid habitats, such as tropical forests, have 
received more attention from researchers interested in 
understanding patterns of high plant species diversity 
(Furley & Metcalfe, 2007). Recently, drier, nutrient-
impoverished regions such as OCBILs have been 
recognized as important centres of floristic diversity, 
yet diversification patterns for these areas remain 
unclear (Werneck, 2011).

Beyond contributions to understanding the 
biological attributes of species in ancient landscapes, 
OCBIL theory could be useful to promote formulation 
of conservation strategies for these highly unusual 
areas (Hopper, 2009). To date, conservation efforts have 
instead largely focused on YODFELs. Understanding 
how OCBIL and YODFEL landscapes differ will result 
in more effective conservation strategies that consider 
the specific ecological and environmental conditions of 
each landscape. For example, conservation strategies 
to improve soil nutrition in young landscapes 
focus on nitrogen as the main limiting nutrient, 
whereas phosphorus levels are more important in 
old landscapes (Mucina & Wardell-Johnson, 2011). 
OCBILs and YODFELs also host very distinct biotas; 
while generalists tend to predominate in YODFELs 
(Hopper, 2009), OCBILs commonly contain localized 
specialists and endemics that face a higher risk of 
extinction (Myers et al., 2000). Human activities 
involving the exploitation of several metals (iron, 
cobalt and nickel are commonly mined in OCBILs) 
also increase extinction risk (Hopper et al., 2016).

According to the second prediction of OCBIL theory, 
the SWAFR, GCFR, campos rupestres and other OCBIL 
regions should contain both ancient lineages and old 
individual organisms (Hopper, 2009). A more stable 
climate would allow for persistence of ancient lineages 
that diversified deeper in time, particularly lineages 
surviving from the supercontinent Gondwana, and for 
individual genets to persist longer through selfing, 
clonality and underground resprouting structures 
(Hopper, 2009). Mucina & Wardell-Johnson (2011) 
further developed this hypothesis, proposing that 
OCBIL regions should host ‘mature radiations’ and 
preserve old lineages via low extinction rates.

Recent studies support this second prediction of 
OCBIL theory. A fossil dating from the Late Eocene, 
Banksia paleocrypta R.J.Carp., McLoughlin, R.S.Hill, 
McNamara & G.J.Jord (Proteaceae), was found in the 
SWAFR (Carpenter et al., 2014), where Banksia L. now 
contains 170 extant species (Cardillo & Pratt, 2013). 
This fossil presents anatomical structures suggesting 
adaptation to xeromorphic conditions, indicating that 
the Late Eocene climate was similar to contemporary 
climate in that area (Carpenter et al., 2014). In the 
GCFR, Mesembryanthemoideae, a clade within the 
flowering plant family Aizoaceae, is hypothesized 
to have radiated during the Plio-Pleistocene (Klak 
et al., 2014), and in the campos rupestres, the monocot 
Vellozia L.  (Velloziaceae) has experienced higher 
diversification rates since the Early Miocene, around 
23 Mya (Alcantara et al., 2018). Long-lived trees and 
herbs have also been reported in the campos rupestres; 
clonal Jacaranda decurrens Cham. (Bignoniaceae) 
has been conservatively estimated to be ~4000 years 
old (Alves et al., 2013), while a single plant of Vellozia 
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kolbekii Alves was estimated to be over 500 years old 
(Alves, 1994).

Lineage age varies significantly among OCBILs. 
In the GCFR, the Succulent Karoo is dominated by 
lineages no older than 17.5 Mya, whereas the fynbos 
presents a more complex flora, with age estimation for 
lineages ranging from 60 to 15 Mya (Verboom et al., 
2008). This difference is probably related to areas of 
refugia in the fynbos, where moister, cooler and higher 
elevation habitats enabled persistence of lineages, 
emphasizing complex and heterogeneous plant 
diversity patterns in OCBILs (Verboom et al., 2008).

Although research supports the prediction that 
OCBILs will harbour both older lineages and long-lived 
individuals, most studies have focused on only a few 
taxonomic groups or on a specific geographical region 
(e.g. Alves et al., 2013; Cardillo & Pratt, 2013; Alcantara 
et al., 2018). A global approach would be valuable in 
testing the generalizability of OCBIL theory. The 
combination of digitized herbarium data and large-
scale phylogenies is an efficient tool for utilizing large 
quantities of botanical data to characterize spatial 
patterns from continental to regional scales (Thornhill 
et al., 2016, 2017; Zappi et al., 2017; Lu et al., 2018; 
Allen et al., 2019; Dagallier et al., 2020; Mishler et al., 
2020) and to delimit phytochoria, geographical areas 
that each have a relatively uniform composition of 
plant species (Born et al., 2007).

Present biodiversity patterns cannot be understood 
as a product solely of current climatic conditions 
or biotic factors such as dispersal. To understand 
plant diversification patterns at any spatial scale, 
simultaneous consideration of contemporary and 
historical environmental factors is necessary. 
Speciation and extinction processes reflect changes 
occurring over millions of years (Eisenhardt et al., 
2015), and present-day factors filter current community 
composition. According to Cowling & Lombard 
(2002), climatic stability during the Pleistocene is 
a hypothetical driver of plant diversity patterns 
observed across the eastern and western CFR. Climate 
stability during the Pleistocene potentially reduced 
extinction rates in the western area of the CFR 
(Cowling & Lombard, 2002) and increased speciation 
rates, probably through persistence and occupancy 
of diversified niches (Valente & Vargas, 2013). In 
the Cerrado of Brazil (one of the phytogeographical 
domains where campos rupestres occur), diversification 
patterns are also influenced by climatic stability; 
high levels of endemism are associated with stable 
and central high-elevation areas, which coincide with 
patches of campos rupestres (Vidal et al., 2019).

In addition to climatic  stability, precipitation 
seasonality may also influence plant diversification 
patterns (Mucina & Wardell-Johnson, 2011; 
Eisenhardt et  al., 2015). Seasonal precipitation 

during winter is a defining characteristic of the GCFR 
(Born et al., 2007) and has probably contributed to 
greater species diversity by favouring non-sprouter 
plants (dominant in the CFR) (Cowling & Lombard, 
2002). Other environmental factors, such as fire, are 
related to patterns of tree species distribution in the 
Atlantic forest of Brazil; patches of campos rupestres 
occurring in this phytogeographical domain are very 
prone to fire, which limits tree growth (Neves et al., 
2017). Phytophysiognomic variation is another factor 
influencing plant diversity patterns in the campos 
rupestres with open vegetation areas presenting a 
pattern of phylogenetic clustering (Zappi et al., 2017).

The goal of the present study was to test a component 
of the second prediction of OCBIL theory, that OCBILs 
will be characterized by the persistence of old lineages. 
Geographically, we focused on Australia, sub-Saharan 
Africa and South America (SWAFR, the GCFR and 
the campos rupestres, respectively); these areas have 
been included in multiple studies testing OCBIL 
predictions (see Hopper et al., 2016, for a compilation 
of examples). We characterized these areas based 
on present and past environmental and climatic 
conditions to test whether ancient lineages are more 
common in regions identified as OCBILs compared 
to surrounding geographical regions. Unlike previous 
studies, which focused on developing OCBIL theory 
(e.g. Hopper et al., 2016), we provide for the first time 
a global quantitative framework to test the second 
hypothesis of OCBIL theory. We predict that an 
association between persistent seed plant lineages and 
OCBIL landscapes will be supported if environmental 
characteristics of OCBILs are significantly and 
consistently correlated with older community ages. 
Conversely, if these environmental characteristics are 
not significantly correlated with older community ages 
or results are dependent on the area, persistent seed 
plant lineages are not more likely to occur in OCBILs 
than in other landscapes.

MATERIAL AND METHODS

Description of OCBIL regions: SWAFR, GCFR 
and campos rupestres

The SWAFR and GCFR have served as background 
for numerous investigations conducted within the 
scope of OCBIL theory (Hopper et al., 2016), and 
the campos rupestres has recently drawn attention 
from researchers interested in testing this theory’s 
predictions (Silveira et  al., 2016; Morellato & 
Silveira, 2018). Moreover, all three areas have been 
classified, along with other regions, as ‘pre-Pleistocene 
climatically stable landscapes’ by Mucina & Wardell-
Johnson (2011), in a critical appraisal of OCBIL theory.
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Apart from exhibiting similar environmental 
characteristics, all three regions are known for 
their high species diversity with many endemics 
distributed in relatively small areas (Hilton-Taylor, 
1996; Goldblatt et al., 2005; Gioia & Hopper, 2017). 
The unusually high levels of diversity and endemism 
found in these three regions are thought to be related 
to the occurrence of many microhabitats (Valente 
& Vargas, 2013; Marques et al., 2014). The floras 
of the SWAFR, GCFR and campos rupestres are 
all dominated by shrubs and grasses and unusual, 
species-rich families, such as Proteaceae (SWAFR 
and GCFR), Restionaceae (GCFR) and Velloziaceae 
(campos rupestres) (Born et al., 2007; Cardillo & 
Pratt, 2013; Silveira et al., 2016).

Among these three regions, the SWAFR and GCFR 
are more similar to each other than to the campos 
rupestres in terms of both floristic composition and 
climate, with both being considered Mediterranean-
type ecosystems (Mucina & Wardell-Johnson, 2011; 
Linder, 2014). However, topography is less variable in 
the SWAFR than the GCFR (Cardillo & Pratt, 2013). 
The campos rupestres resembles the GCFR more than 
it does the SWAFR, with similar altitudinal ranges 
and a few shared species-rich plant lineages, such as 
Velloziaceae (Alcantara et al., 2018).

The SWAFR occupies 300 000 km2 and contains 
more than 8300 plant species, nearly half of which are 
endemic (Gioia & Hopper, 2017). It is the largest in 
area of these three OCBILs, yet not the most species-
rich. The GCFR comprises around 14 000 plant species; 
9000 occur in the CFR (70% endemic) and nearly 5000 
species occur in the Succulent Karoo (40% endemic) 
(Hilton-Taylor, 1996; Goldblatt et al., 2005). The GCFR 
occupies 190 250 km2; the CFR comprises 90 000 km2 
and the Succulent Karoo 100 250 km2 (Hilton-Taylor, 
1996; Goldblatt et al., 2005). According to Valente 
& Vargas (2013), the CFR is so disproportionately 
diverse that it contains ‘double the number of species 
predicted by global models of biodiversity’. Lastly, the 
campos rupestres occupies ~65 000 km2 distributed 
across disjunct mountain chains in central, south-
eastern and north-eastern Brazil, and is home to more 
than 5000 plant species (Silveira et al., 2016). The 
campos rupestres is the only region among the three 
that exhibits this disjunct pattern, and it is spread 
across a wider latitudinal range than the SWAFR and 
GCFR.

Retrieving phylogenetic, spatial and 
environmental data

We used the dated seed plant phylogeny of Smith 
& Brown (2018) as an estimate of phylogenetic 
relationships. This phylogeny contains over 350 000 
seed plant species and was assembled based on the 

Open Tree of Life (Hinchliff et al., 2015); backbone 
relationships were inferred based on DNA sequence data 
from GenBank, and taxa for which no such data were 
available were added based on taxonomic placements 
(version ‘ALLOTB’; see Smith & Brown, 2018).

Occurrence data were retrieved from herbarium 
specimen records in iDigBio (https://www.idigbio.
org/portal, 2020) and GBIF (GBIF.org, 2020; https://
www.gbif.org/), the two largest online databases 
for georeferenced occurrence data (see Supporting 
Information 1 for detailed references of occurrence 
points). To define the study area, we used bounding 
boxes to delimit the biogeographical regions to be 
included in the analyses, and occurrence records were 
downloaded from within these bounding boxes. To 
ensure adequate sampling of occurrence records from 
both OCBIL and non-OCBIL regions, we selected all 
of Australia and all of South America for analyses 
of OCBILs on those continents. Delimitation of the 
GCFR was less straightforward given the greater 
continuity of African geography and biotas with 
adjacent continents, so we considered two alternatives: 
sub-equatorial Africa and sub-Saharan Africa. Sub-
equatorial Africa is large enough to include the OCBIL 
of interest as well as adjacent non-OCBIL regions; 
however, this designation cuts through biological 
communities and does not reflect a biogeographically 
relevant area. We therefore selected the larger, but 
more biologically meaningful region of sub-Saharan 
Africa. Because the dimensions of the bounding 
box determine the species that will be sampled, and 
therefore affect the results, we performed a secondary 
more focused analysis using sub-equatorial Africa for 
comparison (see Supporting Information 2, Figures S1, 
S2). We defined WGS84 bounding boxes [min x, min 
y, max x, max y – values reflecting latitude (x) and 
longitude (y)] corresponding to the entire continent of 
South America (−82, −56, −32, 15), Australia (112, −44, 
154, −10) and sub-Saharan Africa (−18, −36, 52, 15). We 
performed data cleaning to ensure quality of records, 
a crucial step when dealing with large datasets (Sosef 
et al., 2017). Cleaning scripts (available at https://
github.com/lifemapper/lmpy/) ensured occurrence 
data were retained only for accepted species (324 009) 
in the phylogeny of Smith & Brown (2018) occurring 
within the limits of the bounding boxes described 
above with further filtering steps as follows. First, 
occurrence points were required to include at least 
four decimal places. For a species to be included, it 
had to be represented at 12 or more distinct localities. 
These requirements decreased the number of species 
to 171 377 (~53%). Then, we removed points with 
GBIF or iDigBio quality flags (invalid, mismatched 
and suspect taxonomy, datum missing and errors, 
geocode errors, points at the origin), reducing the 
number to 171 168 species. Duplicate collections of a 
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plant specimen are commonly made and distributed to 
multiple herbaria, resulting in the same locality being 
counted redundantly in data aggregators. Duplication 
can also derive from overlap between our two main 
occurrence sources, iDigBio and GBIF, as they contain 
many of the same records. Thus, we removed duplicate 
localities and constrained occurrence data to the limits 
of each bounding box described above.

We used species range data from the Plants of the 
World Online (POWO, 2019; http://powo.science.
kew.org/), accessed via Kew Python APIs, to retain 
only localities thought to represent the native range 
of the study species. To do this, we intersected the 
occurrence data retrieved from iDigBio and GBIF with 
regions specified as level 3 geographical descriptors 
from the World Geographical Schema for Recording 
Plant Distributions (WGSRPD; https://www.tdwg.org/
standards/wgsrpd/). These regions define localities 
where the taxa are found based on expert opinion; 
POWO also distinguishes between native and 
anthropogenic areas of species ranges. Therefore, if a 
locality point for a given taxon was situated outside 
of its expert-assessed geographical range, we removed 
it from our records. We included in the analysis all 
occurrence points from taxa for which there was no 
information available on POWO on expert-assessed 
geographical range. After this step, 44 482 species 
(represented by 4 166 988 occurrence points) remained 
for South America, 7033 species (represented by 
1 410 804 occurrence points) for Australia and 3990 
species (represented by 135 873 occurrence points) for 
sub-Saharan Africa. Before filtering steps there were 
6 955 497 occurrence points for 69 981 species for 
South America, 6 588 920 occurrence points for 24 135 
species for Australia and 2 906 103 occurrence points 
for 51 963 species for sub-Saharan Africa.

Contemporary environmental data were retrieved 
from three different databases: WorldClim (Fick & 
Hijmans, 2017; https://worldclim.org/data/bioclim.
html), Soil Grids (https://www.isric.org/explore/
soilgrids) and Global 30 Arc-Second Elevation 
(GTOPO30) (https://www.usgs.gov/centers/eros/
science/usgs-eros-archive-digital-elevation-global-
30-arc-second-elevation-gtopo30?qt-science_center_
objects=0#qt-science_center_objects). From WorldClim, 
we used Bioclim 1 (annual mean temperature), Bioclim 
7 (temperature annual range), Bioclim 12 (annual 
precipitation) and Bioclim 17 (precipitation of driest 
quarter). From Soil Grids, we used sand content, soil 
organic carbon content, soil pH in water and coarse 
fragment volumetric percent. From GTOPO30 (https://
doi.org/10.5066/F7DF6PQS), we used elevation.

We calculated a novel metric representing relative 
climatic stability from the mid-Pliocene to the present. 
From Paleoclim (Dolan et al., 2015; Hill, 2015; Karger 

et al., 2017; Brown et al., 2018; http://www.paleoclim.
org/), we obtained six time points [specifically the 
models Current (0  kya), Last Glacial Maximum 
(0.021 Mya), Last Interglacial (0.13 Mya), MIS19 
(0.787 Mya), mid-Pliocene Warm Period (3.205 Mya) 
and M2 (3.3 Mya)] and then calculated pairwise 
distances between all pairs of the six different time 
frames, performing these calculations separately 
for all available temperature and precipitation data. 
The resulting environmental datasets therefore are a 
measure of climatic stability via temporal variation in 
temperature and precipitation.

Integrating spatial, phylogenetic and 
environmental data

Only species with locality records that satisfied the 
filters described above were used to produce species 
distribution models (SDMs) in Maxent (Phillips 
et al., 2017) using the Lifemapper platform (Beach 
et al., 2020). SDMs expand the use of locality data 
by providing broader geographical distributions that 
help alleviate incomplete sampling biases (Barthlott 
et  al., 2007). Each of the three study areas was 
organized into a grid of 0.5° square cells, with each cell 
representing a local plant community (although we 
recognize that a cell may actually comprise multiple 
biological communities). SDMs for species occurring 
at the community level were overlaid to produce 
a presence–absence matrix (PAM). We required at 
least 10% coverage of a grid cell with non-zero model 
probability as the criterion of presence of a given 
species in a grid cell.

For each grid cell, a community subtree was 
trimmed from the phylogeny of Smith & Brown (2018) 
to calculate phylogenetic metrics. The ‘age’ of a plant 
community can be interpreted in multiple ways, such 
as the age of extant species or of higher level clades. To 
attempt to capture both of these concepts, we defined 
two novel community metrics, tip age, corresponding 
to the age of the immediate parent node of each tip, 
and node height, corresponding to the age of every 
internal node in the phylogeny. As defined, each of 
these returns a vector of ages for each grid cell, that 
is a list of tip or node ages, which we summarized by 
calculating a series of summary statistics, including 
four different percentiles (2.5, 25, 75 and 97.5%), as 
well as means and medians. Unless otherwise noted, 
we focus discussion hereafter on mean values. Overall, 
higher summary statistics capture older community 
ages, while the lower percentiles capture younger 
age estimates. These metrics are similar to measures 
used in previous investigations. Mean node height 
is similar to the age metric in a recent investigation 
of grid cell ages of angiosperms in China (Lu et al., 
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2018), which was specifically defined for a phylogeny 
collapsed to higher level clades with species richness 
data, while mean tip age is similar to the age metric 
in a recent investigation of diversification in rosids 
(Sun et al., 2020).

Finally, we combined the grid cell age metrics with 
the environmental variables described above and 
exported metrics as a single matrix for each bounding 
box. The analyses described above were conducted 
using the workflow available through Lifemapper 
lmpy, at https://github.com/lifemapper/lmpy/, https://
github.com/biotaphy/BiotaPhyPy/ and https://github.
com/biotaphy/projects/.

Regression analyses

We performed univariate and multiple linear 
regressions using community age as a response 
variable (specifically, mean node height and mean 
tip length) and the set of environmental variables 
as predictors. For the multivariate analyses, we 
implemented model comparison using four different 
variable combinations: all variables, climatic stability 
variables (‘temperature distance’ and ‘precipitation 
distance’), bioclimatic variables (‘annual mean 
temperature’, ‘temperature annual range’, ‘annual 
precipitation’ and ‘precipitation of driest quarter’), and 
just soil variables (‘coarse fragments’, ‘sand percent’, 
‘soil pH’ and ‘organic carbon’).

Before performing the linear regression analysis, 
we executed further cleaning steps to remove missing 
data values. After this final filtering step, we had at 
most 5778 grid cell values for sub-Saharan Africa, 
2313 grid cells for Australia and 5189 grid cells for 
South America. Calculations and plots were conducted 
in R (R Core Team, 2013; https://www.r-project.org/). 
Maps were plotted in QGIS (QGIS.org, 2019) using 
publicly available shapefiles for South America (South 
America shapefile, 2015; http://tapiquen-sig.jimdo.
com), Australia (Australia shapefile, 2020; https://
www.igismap.com/australia-shapefile-download/) 
and Africa (Africa shapefile, 2020; https://open.
africa/dataset/africa-shapefiles). The shapefiles for 
the SWAFR, CFR (part of the GCFR) and campos 
rupestres were obtained from previously published 
studies (Mucina & Rutherford, 2006; Silveira et al., 
2016; Gioia & Hopper, 2017).

RESULTS

Understanding the combined effect of 
multiple environmental predictors

For South America, sub-Saharan Africa and 
Australia, the full multiple regression models 

explained substantial amounts of variation for both 
tip and node age metrics. The adjusted R2 values 
for mean tip length were 0.510 for South America, 
0.257 for sub-Saharan Africa and 0.644 for Australia. 
Similarly, adjusted R2 values for mean node height 
were 0.591 for South America, 0.270 for sub-Saharan 
Africa and 0.603 for Australia. For South America 
and sub-Saharan Africa, the multivariate analysis 
including only soil variables as predictors yielded 
the second highest adjusted R2 values: 0.429/0.522 
and 0.203/0.210, respectively (values displayed as 
mean tip length/mean node height). For Australia, 
the second highest adjusted R2 was observed for 
the analyses including only bioclimatic variables, 
0.585/0.547. For all areas, the lowest adjusted R2 
values observed included the variables representing 
climatic stability (Table  1). Interestingly, mean 
tip length models generally captured more of the 
variance in the data. For example, the analysis for 
Australia including only soil variables produced an 
adjusted R2 value of 0.416 when age was measured in 
terms of mean node height, but 0.542 when measured 
in terms of mean tip length.

Understanding the individual effect of 
environmental predictors

We also executed a series of univariate linear 
regression analyses to understand age relationships 
with individual environmental predictors. In general, 
these models had low adjusted R2 values, suggesting 
limited explanatory power for individual variables, 
but many relationships were significant. Moderately 
strong adjusted R2 values were arbitrarily defined as 
values > 0.1. While some predictors were important 
across the three regions, the nature of the relationship 
was sometimes idiosyncratic. For example, soil pH 
was a positive and relatively strong predictor of age in 
South America (0.145/0.217), but a negative and also 
relatively strong predictor for Australia (0.247/0.135). 
Overall, univariate linear regression analysis 
exhibited no clear and consistent pattern across the 
three regions (Table 2).

Although individual predictors were inconsistently 
correlated with age in the three regions, results using 
the two age metrics were generally consistent within a 
single region. For example, in South America, elevation 
had a positive relationship with an adjusted R2 value 
of 0.238 for mean tip length and 0.291 for mean node 
height (Table 2). Only two predictor variables produced 
conflicting results for the same area when comparing 
the two age metrics: annual mean temperature and 
coarse fragments. However, the differences were not 
significant. For Australia, for example, annual mean 
temperature was not a predictor of mean tip length 
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(adjusted R2 = 0) but showed a significant, weak and 
slightly positive relationship (adjusted R2 = 0.027) as a 
predictor of mean node height (Table 2).

Overall, South America and Australia had higher, 
more significant adjusted R2 values compared with 
sub-Saharan Africa, suggesting that the predictors 
we assembled explain less of the community age 
variation in the latter area. For most analyses, the 
relationships observed for sub-Saharan Africa were 
close to zero; the analyses with the highest adjusted 
R2 values and most significant relationships included 
the predictor variables: soil pH (0.037/0.031, 
positive association), elevation (0.014/0.024, positive 
association), annual precipitation (0.018, negative 
association for mean tip length) and annual mean 
temperature (0.020, negative association for mean 
node height) (Fig. 1 and Table 2). For South America, 
the analyses producing the highest adjusted 
R2 values and most significant relationships 
included the predictor variables: coarse fragments 
(0.262/0.332, positive association), elevation 
(0.238/0.291, positive association) and annual mean 
temperature (0.166/0.249, negative association) 
(Fig.  2 and Table  2). For Australia, the highest 
adjusted R2 values and most significant relationships 
were obtained for the predictor variables: annual 
precipitation (0.356/0.195, positive association), sand 
percent (0.317/0.154, negative association) and soil 
pH (0.247/0.135, negative association) (Fig. 3 and 
Table 2). Supporting Information 3 provides graphs 
corresponding to the remaining regressions (Figures 
S3–S50).

For Australia, the univariate analysis using mean 
tip length as the response variable showed consistently 
higher adjusted R2 values, regardless of the predictor 
variable. For example, with precipitation of driest 
quarter as a predictor variable and mean node height 
as the response variable, an adjusted R2 value of 0.026 
was observed, while this value increased to 0.154 
when the response variable was mean tip length 
(Table 2). For sub-Saharan Africa, the difference in 
adjusted R2 values between analyses including mean 
tip length or mean node height was very small and 
followed no consistent trend. For South America, the 
analysis using mean tip length as a response variable, 
regardless of predictors, presented lower, but still 
significant, adjusted R2 values.

Visualizing community age on a map

To visualize areas corresponding to old communities in 
South America, sub-Saharan Africa and Australia, we 
plotted six different maps, three displaying statistics 
for mean node height and three for mean tip length. 
For South America and sub-Saharan Africa, both 
age metrics yielded similar spatial patterns. Old 
communities overlapped mostly with the Andes and a 
few areas in the Amazon in South America (Fig. 4). For 
sub-Saharan Africa, most of the oldest communities 
are concentrated in (1) western and southern coastal 
regions in the south, (2) western Zambia and central 
eastern/north-eastern Angola, (3) western Guinea, (4) 
south-eastern South Sudan, (5) northern Kenya and 

Table 1.  Adjusted R2 values and Akaike information criterion (AIC) scores for each of the multiple linear regression 
analyses conducted

Area Mean node height Mean tip length Type of analysis

R2 AIC score R2 AIC score

South America 0.591 32 160.12 0.510 34 757.68 All variables
0.031 36 096.53 0.013 38 362.52 Climate stability
0.390 33 986.2 0.318 36 456.39 Bioclimatic
0.522 32 861.94 0.429 35 533.1 Soil

Sub-Saharan Af-
rica

0.270 46 566.24 0.257 478 98.78 All variables
0.002 48 334.37 0.008 49 536.6 Climate stability
0.116 47 646.55 0.092 49 036.14 Bioclimatic
0.210 46 997.87 0.203 48 284.31 Soil

Australia 0.603 10 628.91 0.644 11 507.67 All variables
0.054 12 293.26 0.154 13 479.63 Climate stability
0.547 10 868.31 0.585 11 842.75 Bioclimatic
0.416 11 364.24 0.542 12 071.7 Soil

The all variables analyses included all the environmental predictors, climate stability analyses included temperature distance and precipitation dis-
tance, bioclimatic analyses included annual mean temperature, temperature annual range, annual precipitation and precipitation of driest quarter, 
and soil analyses included coarse fragments, sand percent, soil pH and organic carbon.
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(6) the Horn of Africa (Fig. 5). For Australia, tip- and 
node-based metrics gave contrasting results. The map 
based on mean node height showed old communities 
concentrated near the south-eastern coast and in some 
areas of the western desert, such as the Gibson Desert. 
For the map based on mean tip length statistics, old 
communities are mostly concentrated near the south-
eastern coast, with fewer old communities scattered 
across the north of Australia, including the western 
desert (Fig. 6). We did not observe a significant overlap 
between old communities and either the campos 
rupestres or the SWAFR. A higher incidence of old 
communities was observed in the CFR compared to the 
other OCBIL areas (Fig. 7).

DISCUSSION

Our analyses suggest that plant community ages are 
influenced by small effects from many environmental 
predictors with no one predictor predominantly 
determining community composition (Table  1). 
A similar conclusion was reached for plant species 
in the Cerrado of Brazil, where a high incidence 
of endemism is correlated with central areas, high 
elevation and climate stability (Vidal et al., 2019).

Different variables were predictors of community 
age in different areas, sometimes with opposing effects 
(Table 2). For example, annual precipitation and soil 
pH were significant predictors of community age for 
South America and Australia, but these relationships 
had opposite effects in each area. Whereas old 
communities seem to occur in dry areas with alkaline 
soils in South America, in Australia they tend to 
occur in humid areas and where soils are acidic. 
Interestingly, extremely acidic, and alkaline soils 
lead to soil infertility because pH conditions impact 
availability, absorption, and retention of nutrients and 
other materials in the soil (Merry, 2009).

In general, climate stability (as captured by 
temperature distance and precipitation distance) 
did not strongly predict community age, even when 
relationships were significant. The multiple linear 
regressions including temperature distance and 
precipitation distance had the lowest adjusted R2 values 
among all multiple regression analyses. Even when 
these predictors were analysed individually, results 
were generally not significant. One exception was 
observed; temperature distance showed a relatively 
strong, negative relationship with community age 
for Australia (e.g. more climatic disturbance predicts 
lower mean tip length) (Table 2). Climatic stability 

Table 2.  Results obtained with the univariate linear regression analyses are organized by area investigated (South 
America, sub-Saharan Africa, Australia) and community age metric (mean node height and mean tip length).

Area South America Sub-Saharan Africa Australia

Variable Mean node 
height 

Mean tip 
length 

Mean node 
height 

Mean tip 
length 

Mean node 
height 

Mean tip 
length 

Temperature 
distance

N 0.003 *** N 0.001 . P 0.000 P 0.000 . N 0.054 *** N 0.154 ***

Precipitation 
distance

N 0.031 *** N 0.013 *** N 0.003 *** N 0.008 *** N 0.006 *** N 0.025 ***

Annual mean 
temperature

N 0.249 *** N 0.166 *** N 0.020 *** N 0.006 *** P 0.027 *** N 0.000  

Temperature 
annual range

P 0.082 *** P 0.024 *** P 0.004 *** P 0.001 ** N 0.123 *** N 0.195 ***

Annual  
precipitation

N 0.161 *** N 0.110 *** N 0.014 *** N 0.018 *** P 0.195 *** P 0.356 ***

Precipitation 
of driest 
quarter

N 0.092 *** N 0.063 *** N 0.007 *** N 0.005 *** P 0.026 *** P 0.154 ***

Elevation P 0.291 *** P 0.238 *** P 0.024 *** P 0.014 *** P 0.000  P 0.000  
Coarse  

fragments
P 0.332 *** P 0.262 *** P 0.014 *** P 0.009 *** P 0.001  N 0.018 ***

Sand percent P 0.012 *** P 0.005 *** N 0.006 *** N 0.005 *** N 0.154 *** N 0.317 ***
Soil pH P 0.217 *** P 0.145 *** P 0.031 *** P 0.037 *** N 0.135 *** N 0.247 ***
Organic carbon P 0.000  P 0.000  P 0.001 ** P 0.001 ** P 0.052 *** P 0.157 ***

N = negative and P = positive (direction) and numbers correspond to adjusted R2 values. ‘*’, ‘.’ and ‘ ’ indicate significance of P-values: *** (0), ** (0.001), 
* (0.1), ‘.’ (0.1) and ‘ ’ (1).
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has been considered an important driver of other 
diversification patterns across the globe, including 
endemism (Jansson, 2003), but our results suggest it 
is not universally associated with the occurrence of 
old plant communities. Nevertheless, generating high-
resolution estimates of palaeoclimate is challenging, 
and alternative ways to calculate the influence of 
climatic stability could have yielded different results 
(Eiserhardt et al., 2015).

For South America, five environmental variables 
significantly and relatively strongly predicted 
community age: annual precipitation, soil pH, annual 
mean temperature, elevation and coarse fragments, 
with the last three showing the strongest relationships 
(Fig. 2 and Table 2). This means that old communities 
in South America occur in dry, cool and elevated areas, 
where the soil is alkaline and contains a high volume 
of coarse fragments. Surprisingly, in our analyses most 

of the old communities in South America overlap with 
the Andes (Fig. 4). The orogenic history of the Andean 
Plateau has either been understood as a recent and 
rapid event, with some areas undergoing uplift of 
approximately half of their height over the last 
10 Myr (Gregory-Wodzicki, 2000), or as a more gradual 
uplift, starting around 25 Mya (Ehlers & Poulsen, 
2009). Under either of these models, the Andes are 
geologically young compared to the campos rupestres; 
most of the campos rupestres mountain chains date 
from the Precambrian and are over 540 Myr old 
(Schaefer et al., 2016; Walker et al., 2018).

Although surprising, our finding that the oldest 
communities overlapped with the Andes may relate to 
the heterogeneous geological formations across this 
mountain range. The Southern and Central Andes 
probably formed earlier than the Northern Andes, and 
mid-elevation areas probably harbour older lineages than 

Figure 1.  Univariate linear regression graphs for the four most significant variables for sub-Saharan Africa: soil pH (A, 
D), elevation (B, E), annual mean temperature (C) and annual precipitation (F). The upper row (A–C) and the lower row 
(D–F) show relationships between these environmental variables with mean node height and mean tip length, respectively.
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high-altitude areas (Luebert & Weigend, 2014). A finer 
scale grid-cell resolution would be required to test if old 
communities are prevalent at mid-elevations, but most of 
the old communities did overlap with the Southern and 
Central Andes rather than with the Northern region, 
consistent with this explanation. The occurrence of old 
seed plant communities does not appear to be strongly 
associated with geologically ancient landscapes in 
South America, but they do tend to occur in rocky soils 
as measured by coarse fragment volumetric percent. 
Such soils are resistant to erosion and may favour low 
moisture accumulation, which can lead to soil infertility 
(Darmody et al., 2004; Rodrigue & Burger, 2004). Hence, 
soil composition may be a major feature driving the 
locations of old communities in South America.

For Australia, four environmental predictors had 
significant and relatively strong relationships with 
community age, in terms of both mean node height 
and mean tip length: annual precipitation, sand 

percent, soil pH and temperature annual range (Fig. 3 
and Table 2). Three other variables were significant 
predictors of community age when measured in terms of 
mean tip length: organic carbon, temperature distance 
and precipitation of driest quarter. When considering 
only the four strong predictors of both age metrics, old 
communities in Australia tend to occur in humid, non-
sandy, acidic and cooler areas. When incorporating the 
three predictors of community age measured in terms 
of mean tip length, old communities in Australia also 
tend to occur in areas where organic carbon is high, and 
temperature has been stable through time. Australia’s 
map based on mean node height indicates that old 
communities overlap both with mesic areas on the 
eastern coast, as well as with desert areas in western 
Australia (Fig. 6). However, when the map is plotted 
based on mean tip length, old communities overlap 
predominantly with mesic areas on the eastern coast, 
with only a few in the arid western region (Fig. 6).

Figure 2.  Univariate linear regression graphs for the three most significant variables for South America: coarse fragment 
(A, D), elevation (B, E) and annual mean temperature (C, F). The upper row (A–C) and the lower row (D–F) show relationships 
between these environmental variables with mean node height and mean tip length, respectively.
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This difference between the east and west of 
Australia indicates crown diversification in mesic areas 
is probably older than in desert areas in Australia. 
This idea is supported by suggestions that the mesic 
biome is ancestral to the semi-arid regions and deserts 
in Australia (Byrne et al., 2011). In fact, evidence from 
drilled cores suggests that aridification began only 
around 2 Mya in stony desert areas and intensified 
around 1 Mya in the Simpson Desert, when dune 
formation initiated (Fujioka et al., 2009). Many older 
lineages probably went extinct during aridification, 
which would have resulted in younger extant lineages 
in desert areas, as recovered in our results. Moreover, 
relative phylogenetic diversity (RPD) calculated for 
90% of angiosperm genera across Australia revealed 
high values for the Wet Tropics, New England, 
Tasmania and the Australian Alps, indicating the 
presence of long branches for communities in these 

areas (Thornhill et al., 2016). When plotting our map 
over the 89 biogeographical regions of Australia (IBRA 
version 7, 2012), we recovered a similar pattern, 
with all of the areas cited above also showing a high 
incidence of old communities. All of these areas are 
more mesic than desert areas occupying central and 
western Australia.

For Africa, most of the environmental variables 
were significant, yet weak, predictors of community 
age. Soil pH, elevation, annual mean temperature (for 
mean node height) and annual precipitation (for mean 
tip length) showed the highest adjusted R2 values 
among the predictors tested (Fig. 1 and Table 2). These 
results indicate that old communities in Africa occur 
where soils are acidic, elevation is high, and annual 
mean temperature and precipitation are low. However, 
these results should be interpreted cautiously given 
the relatively weak relationships observed.

Figure 3.  Univariate linear regression graphs for the three most significant variables for Australia: annual precipitation 
(A, D), sand percent (B, E) and soil pH (C, F). The upper row (A–C) and the lower row (D–F) show relationships between 
these environmental variables with mean node height and mean tip length, respectively.
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Figure 4.  Maps of South America colour coded by community age in terms of mean tip length (A) and mean node height 
(B). Communities are represented by grid cells. Older communities are coloured in darker tones of red. The campos rupestres 
are coloured in blue. Age is measured in millions of years.
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Figure 5.  Maps of sub-Saharan Africa colour coded by community age in terms of mean tip length (A) and mean node 
height (B). Communities are represented by grid cells. Older communities are coloured in darker tones of red. The Cape 
Floristic Region (CFR) is coloured in blue. Age is measured in millions of years.
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Figure 6.  Maps of Australia colour coded by community age in terms of mean tip length (A) and mean node height (B). 
Communities are represented by grid cells. Older communities are coloured in darker tones of red. The Southwestern 
Australian Floristic Region (SWAFR) is coloured in blue. Age is measured in millions of years.
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Figure 7.  The OCBIL regions investigated in detail colour coded in terms of mean tip length. From top to bottom: part of 
South America and the campos rupestres (in blue), part of sub-Saharan Africa and the Cape Floristic Region (CFR – in blue), 
and part of Australia and the Southwestern Australian Floristic Region (SWAFR – in blue). Age is measured in millions of 
years.
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Our analyses based on mean tip length and mean 
node height metrics indicate that old communities in 
sub-Saharan Africa mainly overlap with six different 
areas (Fig. 5). Southern sub-Saharan Africa (1) is 
framed by the Great Escarpment, an ~5000-km-long 
discontinuous assembly of mountains rich in 
biodiversity, extending from Angola to Mozambique 
(Clark et  al., 2011). The area between northern 
Zambia and central Angola (2) is influenced by the 
Zambezi and Congo watershed and is characterized by 
miombos rich in biodiversity and endemism (Linder, 
2001). Western Guinea (3) is affected by the West 
African monsoon and is dominated by rainforests 
(Couvreur et al., 2020). South-eastern South Sudan (4) 
is dominated by a tropical savanna climate, advancing 
into northern Kenya (5), where it mostly intermingles 
with a warm arid climate (Beck et al., 2018). The Horn 
of Africa (6) is dominated by a warm desert climate 
(Beck et al., 2018).

The areas described above exhibit variable 
environmental characteristics, reflected in the weak 
relationships observed for sub-Saharan Africa. 
Elevation, however, seems to play an important role; 
apart from occupying the Great Escarpment, some of 
the old communities identified through our analyses 
are also situated near or at the Ethiopian Dome and the 
Guinea Rise (Couvreur et al., 2020). In fact, mountains 
in tropical Africa have been found to harbour both 
recent and anciently diversified lineages, serving as 
both cradle and museum (Dagallier et al., 2020).

Another important ‘museum’ in tropical Africa is 
the Guineo-Congolian region; significantly high RPD 
values were identified across this region (Dagallier 
et al., 2020), reinforcing the idea that lowland forests 
in Africa harbour the oldest lineages in the continent 
(Linder, 2014). This finding agrees with the geological 
history of Africa; physiognomic evidence suggests that 
forests were formed before woodlands and savannas 
(Jacobs, 2004). Fossil records date to as early as the 
Palaeocene (65.5 Mya) for forests, Middle Eocene 
(46  Mya) for woodlands and Early Miocene for 
savannas (17–23 Mya) (Jacobs, 2004). Although some 
of the old communities in our analyses overlapped 
with western Guinea (part of the Guineo-Congolian 
region), the pattern observed is not as clear as that 
presented by Dagallier et al. (2020). This difference 
may be related to the different metrics employed in 
each study, but it is more likely to be a consequence of 
different sources for occurrence data.

Given the large-scale focus of our study, we used 
only GBIF and iDigBio as sources of occurrence 
records and not more specialized databases, such as 
RAINBIO (Dauby et al., 2016, for tropical Africa, used 
by Dagallier et al., 2020), SpeciesLink (for Brazil, 
SpeciesLink, 2020; http://www.splink.org.br/) and the 
Atlas of Living Australia (ALA) (for Australia, Atlas 

of Living Australia, 2020; https://www.ala.org.au/). 
Although most records in ALA and SpeciesLink are also 
included in GBIF, the same is not true for RAINBIO 
(Dauby et al., 2016). Including these resources in 
future studies could improve data completeness; data 
deficiency is a problem often associated with studies 
investigating regional and global biodiversity patterns. 
Biased collections have also been suggested as another 
limiting factor; non-random sampling leads to poorly 
sampled areas that are usually filtered out due to 
insufficient data, leading to under-representation 
of these areas (Barthlott et al., 2007; Sosef et al., 
2017). However, digital collections of natural history 
specimens are currently the best providers of large 
datasets (Gioia & Hopper, 2017), particularly for 
studies capturing regional and/or global patterns.

A more accurate geographical delimitation of 
OCBIL and non-OCBIL areas would enable more 
fine-scale geographical analyses at a global extent. 
Studies at local (Ball et al., 2020) and regional (Zappi 
et al., 2017) scales reveal patterns associated with 
fine-scale geographical differences. For example, old 
lineages in the campos rupestres are more prevalent 
in quartzitic soils than forested ironstones, consistent 
with the second OCBIL prediction (Zappi et al., 2017). 
Conversely, adopting a finer resolution can also hinder 
precision; artificially empty cells are more easily 
generated, leading to distortion in regression analyses 
(Linder, 2001), which have largely been used in this 
study. In this context, improvement both in sampling 
efforts and in mapping technologies (i.e. through 
remote sensing; Schut et al., 2014) will provide further 
opportunities to test OCBIL theory, allowing for a 
comparison between patterns revealed by both large- 
and small-scale studies, ideally more appropriate for 
comparing OCBIL and non-OCBIL areas.

Our study revealed that community age, regardless 
of how it is measured, is influenced by a combination of 
different environmental predictors in different areas 
of the world. No single predictor showed consistently 
meaningful results for the three areas investigated 
(South America, Australia and sub-Saharan Africa), 
and results for these regions were very different. 
Climatic stability predictors showed the least 
meaningful results overall. According to our analyses, 
old communities in South America are associated 
with dry, cool, elevated areas, where soil is alkaline 
and the volume of coarse fragments is high, with our 
maps indicating an overlap of these areas with the 
Andes. Old communities in Australia are associated 
with humid, cool areas, and with non-sandy, acidic soil, 
and analyses based on mean tip length also indicated 
a relationship with high organic carbon content and 
stable temperatures through time. Australia showed 
different patterns; mesic areas such as the Wet Tropics, 
New England, Tasmania and the Australian Alps 
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overlapped with old communities, and desert areas in 
western Australia overlapped with old communities 
only when the map was plotted in terms of mean 
node height. Our results for sub-Saharan Africa were 
not comparatively as significant as those obtained for 
South America and Australia, but elevation seems 
to influence the occurrence of old communities; our 
analyses indicated overlap with the Great Escarpment, 
the Guinea Rise and the Ethiopian Dome. Finally, 
although old communities appear not to be associated 
with OCBILs, some limitations associated with the 
global scope of this study have probably influenced 
our results. Thus, further continental-scale tests of 
OCBIL theory should focus on improved sampling (by 
including specialized databases) and use of finer grid 
cells to differentiate between OCBIL and surrounding 
non-OCBIL areas.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Part 1
Detailed references for the data retrieved from GBIF and iDigBio
Part 2
Figure S1. Map of subequatorial Africa colour coded by community age in terms of mean tip length.
Figure S2. Map of subequatorial Africa colour coded by community age in terms of mean node height.
Part 3
Figures S3–S50. Graphs showing the relationship between community age (measured in terms of both mean tip 
length and mean node height) and the following environmental predictors: annual mean temperature, temperature 
annual range, annual precipitation, precipitation of driest quarter, coarse fragments, elevation, organic carbon, 
precipitation distance, sand percent, soil pH and temperature distance. Figures S3–S18 depict graphs for Africa, 
Figures S19–S34 for Australia and Figures S35–S50 for South America.
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