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Research on global patterns of diversity has been dominated by
studies seeking explanations for the equator-to-poles decline in
richness of most groups of organisms, namely the latitudinal di-
versity gradient. A problem with this gradient is that it conflates
two key explanations, namely biome stability (age and area) and
productivity (ecological opportunity). Investigating longitudinal
gradients in diversity can overcome this problem. Here we inves-
tigate a longitudinal gradient in plant diversity in the megadiverse
Cape Floristic Region (CFR). We test predictions of the age and area
and ecological opportunity hypotheses using metrics for both tax-
onomic and phylogenetic diversity and turnover. Our plant dataset
includes modeled occurrences for 4,813 species and dated molec-
ular phylogenies for 21 clades endemic to the CFR. Climate and
biome stability were quantified over the past 140,000 y for testing
the age and area hypothesis, and measures of topographic diver-
sity, rainfall seasonality, and productivity were used to test the
ecological opportunity hypothesis. Results from our spatial regres-
sion models showed biome stability, rainfall seasonality, and to-
pographic heterogeneity were the strongest predictors of
taxonomic diversity. Biome stability alone was the strongest pre-
dictor of all diversity metrics, and productivity played only a mar-
ginal role. We argue that age and area in conjunction with
non–productivity-based measures of ecological opportunity ex-
plain the CFR’s longitudinal diversity gradient. We suggest that
this model may possibly be a general explanation for global diver-
sity patterns, unconstrained as it is by the collinearities underpin-
ning the latitudinal diversity gradient.

Cape Floristic Region | longitudinal gradient | beta diversity | phylogenetic
diversity | spatial models

The roles of contemporary ecological factors vs. Cenozoic
environmental stability in determining large-scale biodiver-

sity patterns continue to generate lively debate (1–7). Research
on this topic has been dominated by studies of the latitudinal
decline in richness toward the poles of most taxa. The many
hypotheses invoked to explain the latitudinal gradient have been
elegantly distilled by Schluter (5) into two—one mainly ecolog-
ical (ecological opportunity), and the other historical (age and
area). The former argues that diversity patterns are underpinned
by differences in ecological opportunity associated with gradients
in habitat heterogeneity, productivity, and the intensity of biotic
interactions, all of which influence the length of niche axes: This
hypothesis predicts a positive relationship between diversity and
speciation rate. The age and area hypothesis posits that high
diversity is a consequence of areas—sufficiently large to support
viable populations of the focal taxa—having high environmental
stability over evolutionary timescales, which reduces extinction
rates and results in the accumulation of species both in old

lineages and more recent radiations (2, 5, 7). Area and stability
combine to increase rates of speciation and reduce rates of ex-
tinction. Large areas, being more heterogeneous, provide longer
niche axes than small areas and offer more opportunities for
speciation and reduced risks of extinction, and overall will affect
the total number of species (8–10). Environmental stability
promotes high speciation rates owing to increased opportunities
for niche differentiation in stable selective mosaics but also en-
sures lower rates of extinction, and will affect the total number of
species and their spatial arrangement (11–13). Although these
two hypotheses have primarily been tested against species rich-
ness patterns, the recent increase and availability of regional
species and phylogenetic datasets have enabled the testing of
predictions for other diversity metrics, such as beta and phylo-
genetic diversity, which are central to our understanding of
global diversity patterns (7, 14–18).
The age and area hypothesis predicts that biotas would have

high beta diversity (changes in species composition along eco-
logical gradients) owing to the accumulation of habitat specialists
associated with both early- and later-diverging lineages. In this
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case, spatial turnover (species replacement), rather than species
loss (nestedness), should prevail as the driver of beta diversity
(17, 19, 20) (Fig. 1 A and B). The ecological opportunity hy-
pothesis predicts the same patterns, but for a different reason:
Richness accumulates in areas of high ecological opportunity
that foster rapid, ecological speciation in numerous clades
(Fig. 1 A and C). Beta diversity is largely driven by recently
evolved species that have subdivided the long niche axes char-
acteristic of high-opportunity regions. Spatial turnover should be
high in areas of high ecological opportunity and high stability,
allowing for the evolution of numerous range-restricted, habitat-
specialist species, whereas areas of high ecological opportunity
and low stability should have higher nestedness due to recolo-
nization of empty niches after events of instability (19).

The two hypotheses make different predictions for phyloge-
netic diversity-based metrics. For equivalent species richness, the
age and area hypothesis predicts high phylogenetic diversity,
owing to the preservation of older lineages, which are widely
dispersed on phylogenetic trees (Fig. 1B), whereas ecological
opportunity predicts lower phylogenetic diversity, owing to the
preponderance of younger, recently evolved species swarms,
which are mostly clustered on phylogenetic trees (Fig. 1C) (2, 7,
16, 21–23). Phylogenetic beta diversity, which measures phylo-
genetic turnover (i.e., turnover in branch length) (24), will vary
depending on the proportion of range-restricted species present
in a given area and their distribution within the phylogenetic tree
(i.e., the phylogenetic distance separating them). For areas with
similar species richness, phylogenetic beta diversity is predicted
to be similar under the age and area hypothesis and the ecological
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Fig. 1. Hypothetical examples depicting the possible scenarios by which the ecological opportunity hypothesis, which focuses upon gradients in, for example,
topographic diversity, seasonality, and water–energy, and/or the age and area hypothesis, here considered in terms of Late Pleistocene climate and biome
stability, can explain plant diversity patterns in the CFR. Areas where both hypotheses would influence diversity achieve the highest values for all diversity
metrics (A), except possibly for phylogenetic beta diversity (PBD), the value of which will vary depending on the proportion of range-restricted species and
their distribution on the tree. In A, scenario 1 has a high proportion of range-restricted, recently diverged species and thus a low PBD, while in scenario 2 the
range-restricted species are predominantly older, resulting in a higher PBD. The effect of the age and area hypothesis alone is shown in B, while the outcomes
of the ecological opportunity hypothesis alone are depicted in C. In B and C, PBD will increase with higher proportions of range-restricted species but will be
less affected by the distribution of these species (contrary to the situation in A); range-restricted taxa are expected to be more prevalent in C. An area that is
ecologically homogeneous and with unstable biome and climate (D) has the lowest diversity metrics. Black dots and circles depict the distribution on the
phylogenetic tree of the species present in each scenario.
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opportunity hypothesis (15, 17, 20), although driven by different
phylogenetic patterns, namely fewer deeper branches for the
former (Fig. 1B) and many shallower branches for the latter
(Fig. 1C). However, one would expect a larger proportion of
widespread taxa to be present under the age and area hypothesis
because of the longer time for range expansion to occur
(Fig. 1B). Environmental stability fosters the large-scale preser-
vation of clades (i.e., low extinction; Fig. 1 A and B), whereas in
regions of high ecological opportunity, high diversification rates
produce fewer, but more species-rich, phylogenetic groups
(Fig. 1 C and D) (1, 5, 7, 21–23).
The two hypotheses, however, are not necessarily mutually

exclusive (5). A system where both hypotheses have traction
(i.e., a stable biome with high ecological heterogeneity) would
show high beta diversity and both high phylogenetic diversity and
phylogenetic beta diversity, a consequence of high speciation and
low extinction rates (Fig. 1A). In this scenario, phylogenetic beta
diversity can also be low if most narrow-ranged species are re-
cently evolved (Fig. 1A) (1). On the other hand, a stable biome
with an ecologically homogeneous environment and an unstable
biome with an ecologically heterogeneous environment would
both have high phylogenetic diversity, but it would be over-
dispersed in the former (i.e., principally formed of isolated
lineages) (Fig. 1B) and clustered in the latter (i.e., generally
comprising fewer, but more speciose, lineages) (Fig. 1C). Like-
wise, under these two scenarios, phylogenetic beta diversity
would be high, although higher in the first case, driven princi-
pally by deep branches (Fig. 1B), than in the second case, which
will be driven mostly by shallower branches (Fig. 1C).
The age and area and ecological opportunity hypotheses have

seldom been tested simultaneously and never for a diversity
gradient within an extratropical megadiversity center; most re-
search has focused on the latitudinal gradient, which conflates
the predictions of historical and ecological hypotheses: The
productive tropical rainforest biomes, which offer high oppor-
tunities for ecological speciation (e.g., epiphytes in tall, multi-
layered forests) (4, 25, 26), have also experienced the highest
stability throughout the Cenozoic (2, 5, 27, 28). This problem can
be overcome by researching diversity gradients where environ-
mental stability and ecological heterogeneity are uncoupled, as
occurs along many longitudinal diversity gradients. Examples
include comparisons of diversity in temperate biomes of southeastern
North America and eastern Asia (3, 29), between Europe and
eastern Asia/North America (30), and among the Mediterranean-
climate regions across the globe (13). These studies conclude that
historical events and biogeographic idiosyncrasies play a more
important role in explaining diversity than ecological factors as-
sociated with contemporary environments. However, the world’s
most diverse regions, the mountainous areas of tropical Asia and
the Neotropics (1, 5, 7, 31), combine the environmental features
predicted by both the age and area and the ecological opportunity
hypotheses to be associated with megadiversity.
The Cape Floristic Region (CFR), a Mediterranean-climate

region, provides an excellent opportunity to investigate simul-
taneously the ecological and historical drivers of diversity (32).
First, the CFR flora is the richest extratropical flora in the world,
comprising 9,383 species (68% endemic) in just 90,760 km2.
Second, the CFR flora is well-known taxonomically, spatially,
and phylogenetically. Third, biological heterogeneity is relatively
homogeneous throughout the region; the diversity and structure
of plant communities are relatively similar for analogous land-
scapes throughout the CFR. Fourth, the region shows a pro-
nounced longitudinal gradient in regional-scale (1 to 10,000 km2)
diversity: The numbers per unit area of taxa associated with
clades endemic to the CFR, as well as regional-scale richness of
entire floras, decline markedly in a longitudinal pattern, from
southwest to southeast (32). Fifth, longitudinal gradients of
Pleistocene climate and biome stability are evident across the

CFR, with more stable climates in the west, where Mediterra-
nean climates persisted over much of the region, and less stable
climates in the east, where the CFR flora was replaced at times
by a subtropical flora (33–35).
Here, we use the longitudinal plant diversity gradient in the

CFR to test the predictions of the age and area and ecological
opportunity hypotheses by modeling several key diversity met-
rics, incorporating both species richness and evolutionary history,
in relation to variables reflecting ecological and historical phe-
nomena. Our analysis was conducted at the regional scale; our
mapping unit is a 2-minute grid cell (ca 12 km2), sufficiently large
to include, in all parts of the CFR, substantial environmental
gradients and several floristically distinct plant communities.
Since our focus is on the evolution of CFR plant diversity, we
included in our analysis only species associated with “Cape
clades,” groups largely endemic to the CFR and which have their
diversity centered within the region (36). Our comprehensive
dataset includes modeled occurrences across 8,347 2-minute grid
cells for 4,813 species (∼51% of total CFR species) and dated
molecular phylogenies for 21 Cape clades. Patterns of Cape
clade species richness are strongly correlated with overall CFR
plant richness (SI Appendix, Fig. S1) and we therefore consider
them reflective of taxonomic patterns for the entire flora. We
used measures of topographical heterogeneity, productivity
(evapotranspiration), and rainfall seasonality as surrogates for
ecological opportunity (4, 6, 25, 37). For historical measures,
climate and biome stability were assessed using an ensemble of
general circulation model experiments to calculate climate var-
iability and biome persistence over the last 140 ka (kiloannum)
(35). This time span is appropriate for our study since many
Cape clades have speciated massively during the Pleistocene
(38); almost half (48.6%) of all divergence events in the current
study took place in the last 2 Ma.
If the ecological opportunity hypothesis explains the CFR’s

species and evolutionary diversity gradients, we would expect
significant positive relationships between richness and both to-
pographical heterogeneity and productivity and a negative rela-
tionship between richness and rainfall seasonality (more seasonal
environmental precipitation becomes limiting in different sea-
sons [i.e., precipitation only during the cool season vs. precipi-
tation only during the warm season], whereas less seasonal
environments provide greater opportunities for niche speciali-
zation to warm- and cool-season precipitation) (32). We also
expect similar relationships for beta diversity because rapid,
ecological speciation should result in high spatial turnover of
ecological specialists along habitat gradients. For evolutionary
diversity, we expect richness hotspots to be correlated with low
phylogenetic diversity per species (made up of fewer but more
speciose lineages) and relatively low phylogenetic beta diversity,
owing to the predominance of recently radiating clades likely
comprising range-restricted species. On the other hand, for the
age and area hypothesis, we expect richness, the spatial turnover
component of beta diversity, and phylogenetic diversity all to be
associated with areas of high climate and biome stability, owing
to the preservation of clades, a consequence of low extinction
rates. For the same reason, phylogenetic beta diversity is more
likely to be positively associated with climate and biome stability
because of the prevalence of deeper branches, despite species
being also more likely to exhibit wider distributions. We also
predict that in regions with stable biomes and climates and with
ecologically heterogeneous landscapes, both hypothesized
mechanisms will have influenced diversity patterns.

Results
Ecological and Stability Predictors. The spatial patterns for the five
covariates used to test our predictions are shown in Fig. 2. Two
nodes of high Late Pleistocene climate stability were identified,
one in the west and a less pronounced one in the east CFR
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(Fig. 2A). However, a clear west–east gradient of biome stability
was retrieved (Fig. 2B). The node of high climate stability in the
east does not translate into high biome stability since eastern
climates are currently marginal for Cape vegetation (32, 34) so
that even small climatic shifts can cause biome replacement;
thus, biome persistence was lower in the eastern CFR. There is
little evidence of a topographic heterogeneity gradient across
the CFR; areas of high and low values are evenly spread across
the region (Fig. 2C). Productivity was highest in the south-
eastern and southwestern CFR, and medium to low in the
central and interior regions (Fig. 2D). A strong west–east sea-
sonality gradient exists (Fig. 2E), with the west showing pre-
dominance of a winter seasonal moisture regime (SI Appendix,
Fig. S1), whereas precipitation seasonality was less pronounced
in the southwest and low in the east, where rainfall occurs
throughout the year.

Species and Evolutionary Diversity Patterns. The spatial patterns
across the region for species and evolutionary diversity of CFR-
centered plant clades are shown in Fig. 3. We recovered a
marked west–east gradient in species richness across the south-
ern CFR, with the highest concentrations of species in the
southwest (>380 species per grid cell) (Fig. 3A). Species richness
declined eastward into the year-round rainfall region (SI Ap-
pendix, Fig. S2), where we recorded 65 to 100 species per grid
cell. Total taxonomic beta diversity showed consistently high
values (∼0.65) across almost the entire CFR (Fig. 3B) and was
predominantly the result of species turnover (SI Appendix, Fig.
S3). Nodes of high beta diversity were associated with lower
mountain slopes and adjacent lowlands, areas of rapid transition
of the CFR’s major vegetation types, namely fynbos, renosterveld,
and succulent karoo (39).

Highest values of phylogenetic diversity were concentrated in
the southwestern CFR (Fig. 3C) and were broadly concordant
with the patterns of species richness. Residuals of phylogenetic
diversity over species richness showed a clear concentration of
positive residuals in the eastern CFR (Fig. 3E), indicating that
phylogenetic diversity is generally overdispersed in the east
and more clustered in the west. High values of phylogenetic
beta diversity were somewhat patchily distributed across the
CFR (Fig. 3D) but showed an obverse pattern to phylogenetic
diversity; the southwestern CFR had comparatively low phy-
logenetic beta diversity, most likely caused by a concentration
of closely related and narrow-ranged endemics (40) (as in
Fig. 1A, scenario 1). Positive residuals of phylogenetic beta
diversity over taxonomic beta diversity were mostly concen-
trated in northern parts of the CFR (Fig. 3F), where high
phylogenetic beta diversity occurs without high taxonomic beta
diversity (Fig. 3B). Areas of high positive residuals indicate
high phylogenetic beta diversity associated with turnover of
deeper branches on the phylogenetic tree (as in Fig. 1A, sce-
nario 2). This suggests that these areas hold a high proportion
(but a low absolute number) of small-ranged species belonging
to older clades.

Spatial Regression Models. A separate full model including all
covariates was run for each of the four metrics of diversity, re-
moving one covariate at a time, and covariate support was
assessed using CIs and widely applicable information criterion
(wAIC) statistics (Materials and Methods, Table 1, and SI Ap-
pendix, Table S1). The direction of the relationship and the
strength of the effect the covariate has on a diversity variable are
summarized in Table 1 and Fig. 4 (full details are in SI Appendix,
Fig. S4 and Tables S1 and S2).
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Fig. 2. Spatial patterns of the five predictor variables (A–E) plotted for the Cape Floristic Region (F).
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For species richness, we found strong evidence (support both
from CIs and wAIC statistics) for a positive relationship with
both biome stability and topographic heterogeneity and a nega-
tive relationship with seasonality (areas with moderate seasonality
in the southwestern and southern CFR generally had higher

richness whereas high-seasonality areas in the northwestern
CFR were relatively species-poor, as were the areas of lowest
seasonality in the east) (Fig. 2). Species richness showed
marginal positive relationships with productivity and climate
stability.
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Fig. 3. Spatial patterns of the four diversity variables (A–D) and of residuals from linear regressions of phylogenetic diversity on species richness (E) and of
phylogenetic beta diversity on taxonomic beta diversity (F), plotted for the Cape Floristic Region.

Table 1. Raw mean effects of the INLA analysis for raw diversity variables and controlling for the effects of species richness

The sets of historical and ecological covariates best explaining the spatial diversity patterns are shown by well-supported effects (in bold font) and wAIC
values: Shaded cells indicate a wAIC value increase of ≥3 when a covariate is removed from a model with a full set of covariates (see SI Appendix, Tables S1
and S2 for full model results). Medians with lower (0.025) and upper (0.975) quantiles are shown in parentheses. SR, species richness.

Colville et al. PNAS Latest Articles | 5 of 11

EC
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915646117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915646117/-/DCSupplemental


Before controlling for species richness, we found that eco-
logical covariates were the best predictors for taxonomic beta
diversity; however, the direction of these relationships did not all
match the direction of our predictions (Fig. 1). We recorded a
negative effect with topographic heterogeneity and productivity
and a positive effect with seasonality; topographic heterogeneity
and seasonality also received support from wAIC statistics.
Controlling for species richness altered these relationships and
only topographic heterogeneity (negative relationship) was
retained as a marginally significant ecological predictor, whereas
both historical stability predictors showed well-supported posi-
tive effects. Biome stability received additional support from
wAIC statistics and therefore emerged as the most robust pre-
dictor of taxonomic beta diversity.
For metrics of evolutionary diversity, we found a similar pat-

tern for phylogenetic diversity to that observed for species rich-
ness, with all covariates having a strong effect (Table 1). Other
than seasonality, which was negatively related to phylogenetic
diversity, all covariates showed positive relationships with this
metric. As was the case for species richness, models excluding
climate stability or productivity received more support from

wAIC statistics than the full model, indicating that the positive
effects of biome stability and topographic heterogeneity and the
negative effects of seasonality are best at predicting phylogenetic
diversity. However, when controlling for species richness, almost
all of the strong effects of covariates disappeared, except for the
positive relationship with biome stability.
For phylogenetic beta diversity, we found well-supported

negative relationships with all covariates, except for season-
ality. Seasonality showed a well-supported positive relationship,
with areas of high seasonality (the strongly winter-rainfall,
northwestern CFR) having high phylogenetic beta diversity. Af-
ter accounting for species richness, the model retained a well-
supported negative relationship between phylogenetic beta di-
versity and biome stability and productivity. Climate stability
offered marginal support for a negative relationship with phy-
logenetic beta diversity, while seasonality retained marginal
support for a positive relationship. Phylogenetic beta diversity,
therefore, appears highest in less stable and low-productivity
environments such as the northern fringes of the eastern CFR.
Overall, results from our spatial regression models supported

our predictions of greater species and phylogenetic diversity
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energy, and (E) seasonality. (F) Simplified plots of the relationship of these covariates with the remaining diversity variables controlling for species richness
(species turnover, phylogenetic diversity, and phylogenetic beta diversity; see SI Appendix, Fig. S4 for detailed plots). Within each plot, the results are shown
with the median estimate and 95% confidence intervals (shaded). Confidence intervals are computed from models that include all fixed and spatially explicit
random effects: The presence of strong spatial effects generates wider scatter in the points than may be expected from plotted confidence intervals. A large
asterisk indicates well-supported effects with confidence intervals that exclude 0; a small asterisk indicates that models excluding a specific covariate received
more support from wAIC statistics than a full model including all covariates. For example, excluding climate stability or energy received more support from
wAIC statistics than the full model, suggesting the positive effects of biome stability and topographic heterogeneity and the negative effects of seasonality on
species richness are the most robust.
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(Fig. 1A) and lower phylogenetic beta diversity (Fig. 1A, scenario
1) associated with the areas of high biome stability, namely the
southwestern CFR. These areas support the highest numbers of
taxa, many of which are range-restricted and recently diversified
(SI Appendix, Fig. S3 and Table S3). We also found well-
supported evidence consistent with the prediction that the
turnover component of taxonomic beta diversity would be posi-
tively related to biome stability (Fig. 1 A and B). We found
mostly marginal support for the role of ecological predictors in
patterns of diversity, and the directions of the individual
diversity–covariate relationships did not always follow expected
predictions. Although topographical heterogeneity showed a
strong positive relationship with species richness (Fig. 1A), it had
a strong negative relationship with beta diversity, contrary to our
predictions (Fig. 1 A and C). Our prediction that topographical
heterogeneity would have a strong, positive relationship with
evolutionary diversity metrics (Fig. 1 A and C) was also rejected.
Our prediction that productivity would be positively related to
species richness was only marginally supported, and we retrieved
little support for our prediction of a positive relationship be-
tween phylogenetic diversity and productivity (Fig. 1 A and C).
We also did not find support for the prediction that taxonomic
beta diversity would be positively related to productivity; instead,
we found some support for a negative relationship. Contrary to
our predictions (Fig. 1A, scenario 2), phylogenetic beta diversity
was negatively associated with climate and biome stability and
productivity.

Discussion
As an extratropical center of plant megadiversity, the CFR has
puzzled evolutionary biologists for decades. A relatively recent
model for predicting global plant diversity patterns, which used
measures of productivity and topographic heterogeneity as ex-
planatory variables while explaining diversity patterns for other
bioregions, predicted half the observed species richness of the
CFR (37). Here we show that biome stability (age and area) in
combination with low seasonality and high topographic hetero-
geneity (ecological opportunity) were the best predictors of
taxonomic plant richness in the CFR (Fig. 1A). Importantly,
productivity, widely invoked as a key driver of global patterns of
richness (4, 25, 37), played only a marginal role in explaining
these patterns (see also ref. 7). We recognize, however, that we
have presented a set of verbal predictions that may not fully
capture how different processes map to patterns. Further testing
of our predictions by simulation with a wider range of parame-
ters would help to confirm the importance of biome stability in
shaping regional diversity patterns.
Our results go to the heart of one of the most enduring pat-

terns in ecology and evolution: Areas of high productivity (such
as the humid tropics) are repositories of large amounts of di-
versity. While the CFR has long been seen as an exception to this
rule (13, 32), we demonstrate this analytically. The relationship
between energy and diversity is largely the historical legacy of a
warm and wet world during the Cenozoic (2, 5, 7), which was
disrupted since the Middle Miocene by progressive aridification
and cooling. Tropical areas may well be diverse not primarily
because of high water–energy regimes but because of age and
area; their biotas have persisted in vast equatorial regions for the
past 60 My, resulting in a far greater accumulation of species
than in the younger temperate and arctic zones (1, 5, 6, 41). In
this sense, the CFR appears not to be an exception but an ex-
ample of a general model for explaining regional-scale taxo-
nomic diversity gradients: Richness patterns can be best
predicted by measures of Cenozoic environmental stability.
Other important metrics of diversity also appear best

explained by measures of stability, with positive correlations re-
trieved for all but one diversity metric, namely phylogenetic beta
diversity. High values of species turnover (∼60% changes in

species composition) were recorded throughout the CFR and
showed a strong positive correlation with biome stability. Con-
trary to our predictions (e.g., Fig. 1A), greater ecological op-
portunity did not necessarily equate to higher values of species
turnover. This pattern is likely a consequence of biome stability
allowing the persistence in and generation of habitat specialists
(greater niche filling) in the southwestern CFR, from both young
and old lineages. The pattern cannot be attributed to topo-
graphical heterogeneity per se since this is essentially invariant
across the CFR (32, 42). The low ratio of species loss (the
nestedness component of beta diversity) in the less stable areas
of the eastern CFR is surprising, considering the findings by
other studies where high nestedness was associated with areas
experiencing climate instability (e.g., refs. 17, 21, 43, 44). How-
ever, by focusing only on Cape clades, which tend to be habitat
specialists, we do not fully capture the many habitat generalists
associated with widespread clades that are best represented in
the eastern CFR (33, 39), and which may contribute more to
nestedness.
Phylogenetic diversity in the CFR shows patterns similar to

species richness, with a concentration of high values in the
western part of the region. Our results confirm that overall, phy-
logenetic diversity is more evenly distributed in the phylogenetic
tree, and generally on longer branches (i.e., overdispersed), in the
eastern CFR (45, 46). Our finding of a strong positive relationship
of phylogenetic diversity with biome stability (Table 1) supports this
pattern, which can be explained by the presence in the western part
of the CFR of a high number of closely related taxa that accu-
mulated over time in a relatively stable environment (45). The
strong relationship of phylogenetic diversity with biome stability
may suggest high speciation rates coupled to lower extinction rates
for the southwestern CFR (e.g., ref. 42) (Fig. 1A). However, owing
to the high incidence of range-restricted taxa in the western CFR
(40, 42), extinction rates may likely be high (47). On the other hand,
the eastern CFR has experienced greater biome instability, leading
to limited speciation and increased extinction compared with the
western part of the region, as exemplified by the presence of fewer
species from more disparate lineages positioned on long branches
in the phylogenetic tree (e.g., ref. 45) (Fig. 1D). Importantly, pa-
leoecological data-modeling studies suggest more stable biomes
and environments in the western than eastern CFR during the Late
Pleistocene; during glacial periods, CFR biomes persisted or even
expanded in the west; in the east, large areas were replaced by
subtropical grassland (e.g., refs. 44, 48–50).
The phylogenetic beta diversity patterns revealed here are

somewhat more difficult to explain and need to be considered in
parallel with taxonomic beta diversity (24). High levels of phy-
logenetic beta diversity and positive residuals (i.e., excess phy-
logenetic beta diversity above and beyond that expected from
taxonomic beta diversity) were found mostly in the north of the
CFR, with low levels of phylogenetic beta diversity (and negative
residuals) concentrated in the southwest corner of the region.
This suggests that these areas hold a high proportion (but a low
absolute number) of small-ranged species (40, 42) belonging to
older clades (Fig. 1A, scenario 2). However, some species near
the northern boundaries of the CFR may be present in only a few
localities within the CFR but have a much wider range extending
outside of the region. This would bias the results toward higher
phylogenetic beta diversity values in the northern part of the
CFR because these potentially wider ranges would not be
accounted for in the present calculations. On the other hand, the
coastal regions of the CFR are mostly characterized by negative
residuals and high taxonomic beta diversity (Fig. 3 B and E),
which indicates the presence of a high proportion of range-
restricted species, mostly from recently diversified clades
(Fig. 1A, scenario 1).
Using a region of extraordinarily high plant richness and en-

demism, we suggest that age and area best explain large-scale
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patterns of plant diversity. We further argue that far from being
the exception, the CFR model suggests that environmental sta-
bility may be the primary predictor of plant megadiversity. This
explanation, retrieved for a longitudinal gradient, appears
equally applicable to the intensively researched latitudinal di-
versity gradient (1, 2, 5, 21). Our use of a longitudinal gradient of
diversity is important in that it allowed us to explore predictors
of regional-scale diversity not necessarily concordant with gra-
dients of productivity. Given sufficient biome stability in com-
bination with high ecological opportunity, we see no reason why
megadiversity should not evolve in low-production bioregions.
An illustrative example is the extraordinarily high biodiversity of
South Africa’s winter-rainfall desert—the Succulent Karoo—
which, like the adjacent CFR, enjoyed a relatively stable Pleistocene
climate (51).

Materials and Methods
Cape Plant Database. We built a plant species distributional database for
South African angiosperms incorporating data from national plant atlas and
citizen science projects and databased herbarium specimens (52–55). The
final database comprised 19,622 taxa (ca 96% of South African taxa) (56)
and just over 1.8 million point locality records. In order to account for the
inherent biases in such presence-only or “atlas-type” data, we employed a
geospatial modeling technique (57) to interpolate the distribution records
for each plant species and to calculate a continuous probability of occur-
rence surface for each species at a 2-minute grid cell scale (∼12 km2), with an
associated measure of uncertainty. We followed the same modeling proce-
dures (“spatial model 1”) described in detail by ref. 57, using code provided
in spatial model 1 that built on earlier models by ref. 58. For each species, we
built a model at 2-minute resolution combining point pattern analysis
methods with environmental niche information to account for ecological
similarity, inferred observer effort, and geographical distance. Briefly, this
process involved two stages, each consisting of a number of separate steps.
The first stage involved selecting a sample of nonfocal species records to act
as pseudoabsences (reflecting the pattern of observation in the dataset),
and the second stage involved interpolating distributions based on presence
and pseudoabsence records. In slightly more detail, the first stage required
1) mapping all records of the focal species and generating a kernel density
estimate for records of this species; 2) identifying all records of all other
plant species (not just representatives of Cape clades) >100 m from records
of the focal species and generating similar kernel density estimates; 3)
computation of the difference in density estimates between focal and
nonfocal species (an approximate index of the probability of encountering
the focal species); 4) computation of an environmental envelope within a
principal-component analysis of rainfall (mean annual rainfall and rainfall
season) (59) and temperature variables (mean winter and mean summer
temperature) (59) and soil covariates (60) (means taken from aggregating
original soil data resolution of ca 1 km2 to our ca 12-km2 grid cell size; soil
properties: % calcium carbonate, % clay, % silt, % sand; and pH); 5) com-
puting the environmental distance between all 2-minute raster cells and the
centroid of the environmental envelope occupied by the focal species; and 6)
sampling records of the nonfocal species using the environmental distance
and geographic probability of encountering the focal species to bias selec-
tion toward locations where absence was most likely. With pseudoabsence
records selected, the second stage of analysis involved regression kriging of
the presence/absence points onto the 2-minute raster surface, using the
rainfall, temperature, and soil covariates. For species recorded from <5 lo-
cations in the database, we were unable accurately to interpolate distribu-
tion and simply generated a raster map with presence (1) and assumed
absence (0) directly from the recorded data. We sought to verify distribu-
tions for well-known species, sending maps to colleagues with detailed
knowledge of the species groups concerned and asking for expert opinion
on the map quality. Our estimated species richness patterns were consistent
with expert opinion. Once the surfaces for probability of occurrence of all
species were calculated, we then selected only those species associated with
predefined Cape clades (following the criteria of ref. 36: CFR origin
and >50% of species native to the CFR) and for which phylogenetic data
were available (SI Appendix, Table S3). Finally, the calculated probability
of occurrence surfaces for all Cape clade species was clipped to the extent of
the CFR as defined by ref. 61. Our final Cape clade database consisted of
modeled occurrences across 8,347 2-minute grid cells for 4,813 taxa [51%
of total CFR species (62)]. These probabilities of occurrence surfaces were
used in all our metrics of contemporary and evolutionary diversity. All data

analyses and geospatial modeling were undertaken in R (63) using the
packages spatstat (64), sp (65, 66), rgdal (67), and gstat (68).

Taxonomic Plant Diversity. We calculated two measures of taxonomic species
diversity: species richness and beta diversity. Species richness was calculated
for each grid cell as the summed probability surfaces for all our Cape clade
species. Three different measures of beta diversity were calculated using the
indices presented by ref. 19: Sorenson’s beta diversity [βsor = b + c/(2a + b + c)]
and its two component parts of Simpson’s spatial turnover, βsim = min(b,c)/
[a + min(b,c)], and nestedness, βnes = βsor − βsim. Variable a is the number of
species common to a focal and neighbor grid cell, b is the number of species
that occur only in the focal grid cell, and c is the number of species that occur
only in the adjacent cell. In each case, we computed a, b, and c based on
probabilities of presence: a is simply the sum of the probability of presence
of all species; b is the sum of the product of the probabilities that a species
was present in the focal cell but absent in a neighbor; and c is the sum of the
product of the probabilities that a species was absent in the focal cell but
present in a neighbor. Using interpolated species distributions offered ad-
vantages over and above raw presence-only data, as our beta diversity in-
dices were not overly biased by gaps in the data (i.e., false absences).
Calculated beta diversity for each grid cell represented the mean value of
probabilities between the focal cell and all its neighbors (maximum of
eight). We specifically partitioned beta diversity into its two component
parts across the CFR, as the processes associated with species loss and gain
(nestedness) and replacement (turnover) can be fundamentally different
and can offer contrasting insights into the generation of diversity
(17, 19, 43).

Phylogenetic Plant Diversity. Phylogenetic diversity metrics were computed
for 21 Cape clades for which molecular data were available (SI Appendix,
Table S3). Phylogenetic trees were compiled from one of three data sources:
1) trees acquired directly from the publication or provided by the authors; 2)
matrices obtained from the publication or from the authors; and 3) se-
quence data downloaded from GenBank. Trees acquired directly from their
published source were made ultrametric using the function chronos (69) as
implemented in the R package APE (70), which implements the penalized
likelihood method (71). The “correlated” model of substitution rate varia-
tion among branches was applied and the root of the tree was assigned a
value of 1.0. If an ultrametric tree was obtained directly from the original
publication, it was standardized so that its root was given a value of 1.0. For
cases for which either matrices or sequence data were obtained, the soft-
ware RAxML (version 8.2.8), as implemented on the CIPRES portal (https://
www.phylo.org), was used to reconstruct a phylogenetic tree under the
maximum-likelihood (ML) criterion, with 1,000 rapid bootstrap replicates
followed by the search of the best ML tree; the GTRCAT model was used and
all other parameters were set up with their default settings. DNA sequence
data were retrieved from GenBank using Geneious (version 7.1.2) (72) and
aligned using the MUSCLE (73) algorithm. The approach used for each Cape
clade is described in SI Appendix, Table S3.

The 21 individual species-level Cape clade trees were grafted onto a
previously published genus-level phylogeny of the Cape flora (45). This ap-
proach was favored for several reasons. First, accurately calibrating phylo-
genetic trees from Cape groups is particularly difficult due to the limited
information available in the fossil record for the vast majority of these clades
(e.g., ref. 36). Second, the comparison of phylogenetic diversity metrics be-
tween clades would be invalid if all clades were in effect assigned the same
age, as performed here (i.e., all root ages assigned a value of 1.0), which they
are evidently not (e.g., refs. 38, 49, 74). Third, embedding all 21 Cape clades
in a flora-wide tree allows us to compile overall phylogenetic diversity
metrics for all clades and account for their deep history, which is particularly
important in the case of phylogenetic beta diversity because the age of a
group will significantly affect turnover in branch lengths (i.e., shallow vs.
deep branches).

The function paste.tree from the R package phytools (75) was used to graft
the individual trees onto the Cape flora genus-level tree. For clades com-
prising more than one genus (e.g., Bruniaceae, Podalyrieae, Restionaceae),
all genera except one (randomly selected) were first pruned so that all 21
clades were represented by only one branch in the Cape flora tree. For each
clade, the crown node was grafted in the middle of the corresponding
branch in the Cape flora tree. Phylogenetic diversity and phylogenetic beta
diversity metrics were calculated with the resulting Cape flora genus-level
tree comprising the grafted Cape clades, considering only the species found
in the Cape clades in the calculations (i.e., the other genera included in the
Cape flora tree were not considered here).
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Phylogenetic diversity was calculated for each grid as the sum of all
branches connecting all members of a set of taxa, including the root of the
tree. Branch lengths were weighted using the same probabilistic computa-
tions used for species diversity (see above), with a terminal branch weighted
by the probability of occurrence in a given cell of the species it represents,
while all internal branches were weighted by the joint probability of oc-
currence in a given cell of all of the species it subtends. Phylogenetic beta
diversity was compiled using Sorenson’s index, similar to taxonomic beta
diversity as described above, where variable a is the sum of the branch
lengths common to a given grid cell and an adjoining grid cell, b is the sum
of the branch lengths that only occur in a given grid cell, and c is the sum of
the branch lengths that occur only in the adjacent cell. As for the phylo-
genetic diversity calculation, branch lengths were weighted using their
probability of occurrence in each grid cell.

Surrogate Variables for Ecological Opportunity. We calculated topographic
heterogeneity from the Shuttle Radar Topography Mission digital elevation
model (DEM; available from earthexplorer.usgs.gov/) computing the mean
absolute difference in altitude between the focal pixel and its eight neigh-
bors at the native 30-m resolution (76), and then calculating the median
value per 2-minute grid cell (SI Appendix, Fig. S5). As beta diversity was
measured at 2-minute resolution, we further compared this measure of to-
pographic heterogeneity with the somewhat cruder analysis generated by
first aggregating the DEM data to 2-minute resolution and computing the
mean altitude, and then computing roughness on this using the same al-
gorithm. These two alternative surfaces were correlated at r = 0.632, so we
used the first in all analyses (SI Appendix, Fig. S5). Seasonality was calculated
using a measure of rainfall concentration (ranging between 0% for zero
seasonality and 100% for all rainfall in a single month) (59). We used as a
measure of productivity, annual actual evapotranspiration obtained from
satellite data [the MOD16A2 Version 6 Evapotranspiration/Latent Heat Flux
product is an 8-d composite product produced at 500-m-pixel resolution
(77)]. Actual evapotranspiration is a measure of water–energy balance
closely associated with plant productivity (4). We used 8-d values to generate
an annual value (mm/a) and aggregated this to our 2-minute grid taking the
median value for each 2-minute cell.

Surrogate Variables for Environmental Stability. We investigated climate and
biome changes over the past 140 ka, a period spanning two major glacial–
interglacial cycles (Marine Oxygen Isotope Stages 6 to 1) (35). Results from 78
paleoclimate experiments and a preindustrial experiment made with a
consistent configuration of the Hadley Centre unified model (78), a fully
coupled atmosphere–ocean general circulation model (79), were used to
compute anomalies for monthly mean temperature, precipitation, and
cloudiness. Thin-plate splines fitted to these anomalies (80) were used to
interpolate them to a 0.5° grid. Paleoclimate scenarios at 0.5° grid resolution
were then generated for the 78 time slices by applying the interpolated
anomalies to observed recent (1961 to 1990) values in the CRU CL 1.0 dataset
(81). Nine bioclimatic variables were computed for each grid cell and time
slice, including 1961 to 1990: annual thermal sums above 0 and 5 °C; mean
temperatures of the coldest and warmest months; an estimate of the annual
ratio of actual to potential evapotranspiration; annual total intensity of the
wet and dry season(s); and maximum wet and dry season intensity (for de-
tails, see ref. 35). Values for each bioclimatic variable were then standard-
ized to 0 mean and unit SD across all grid cells and time slices, the
standardized values being used to compute Euclidean distances between all
3,081 possible time-slice pairs for each grid cell. Finally, the mean of the
Euclidean distances for a grid cell was used as the metric of climate stability,
with smaller values indicating greater stability. No two covariates were
particularly strongly correlated (all r < 0.6; SI Appendix, Fig. S6).

The relationships between the relative extents in each 0.5° grid cell of each
of the nine regional biomes (39) and present climate were modeled using
quantitative climatic response surfaces (78). Details of the modeling ap-
proach are given by ref. 35. These models were used to simulate the relative
extent of each biome in each grid cell for each of the 79 time slices. The
frequency with which each biome dominated each grid cell (i.e., had the
greatest relative extent) across time slices was counted and the biome with
the highest frequency of dominance in a grid cell was identified and its
frequency was used as the metric of biome stability for that grid cell. After
computation, we downscaled predictions to our 2-minute raster using
bilinear interpolation.

Spatial Regression Models. To test predictions about drivers of diversity, we
fitted spatial regression models to each of the taxonomic and phylogenetic
diversity surfaces, using covariates (topographic heterogeneity, actual
evapotranspiration, rainfall seasonality, and biome and climate stability)
representing the primary hypotheses to predict diversity patterns. Specifi-
cally, we fitted intrinsic continuous autoregressive [iCAR (82)] models using
integrated nested Laplace approximation [INLA (83)] via the R-INLA package
(84). iCAR models have been shown to perform well in a variety of spatial
regression situations (85) and INLA provides a fast, Bayesian approach to
fitting these computationally demanding models. As components of beta
diversity (taxonomic and phylogenetic) and phylogenetic diversity measures
are strongly influenced by local gradients in species richness (19, 45), we
fitted further models to predict these variables that also included species
richness as a covariate, expecting that including this covariate would remove
relationships that are due primarily to drivers of species richness rather than
beta and phylogenetic diversity per se. We expect the models with species
richness to be both more conservative and more reliable, but included
models without them to facilitate understanding of the simpler relation-
ships. As INLA provides a Bayesian approach to model fitting, we assessed
support for parameter estimates by identifying whether or not 95% credible
intervals overlapped 0 and compared models using Watanabe-Akaike in-
formation criterion (86). Although there appears to be potential for a de-
gree of circularity in our use of environmental variables to model species
distributions and then relating modeled species data to environmental data
in our spatial regression models, it will not necessarily do so, and previous
work demonstrates that covariates predicting richness can be markedly
different from covariates predicting individual distributions (57). If this po-
tential circularity was problematic, we would expect the environmental data
to outperform the other covariates but, as our results did not support this,
we can be confident our results are not an artifact.

Data Availability. Plant species and phylogenetic data are available from the
published sources and online repositories listed in Materials and Methods
and SI Appendix.
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