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Abstract

A positive relationship between species richness and island size is thought to emerge from an equi-
librium between immigration and extinction rates, but the influence of species diversification on the
form of this relationship is poorly understood. Here, we show that within-lake adaptive radiation
strongly modifies the species-area relationship for African cichlid fishes. The total number of spe-
cies derived from in situ speciation increases with lake size, resulting in faunas orders of magnitude
higher in species richness than faunas assembled by immigration alone. Multivariate models pro-
vide evidence for added influence of lake depth on the species-area relationship. Diversity of clades
representing within-lake radiations show responses to lake area, depth and energy consistent with
limitation by these factors, suggesting that ecological factors influence the species richness of radi-
ating clades within these ecosystems. Together, these processes produce lake fish faunas with highly
variable composition, but with diversities that are well predicted by environmental variables.
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INTRODUCTION

Exceptional species richness within geographically restricted
clades is a hallmark of adaptive radiation. Although under-
standing the factors influencing geographical patterns of species
richness is a fundamental goal of ecological research, adaptive
radiations have rarely been studied from macroecological per-
spectives. Decades of ecological research have uncovered strong
and predictable relationships between ecological variables (e.g.
area, productivity) and species richness (MacArthur & Wilson
1963; Gaston 2000). These same variables may influence pro-
cesses of species origination and the occurrence and richness of
adaptive radiations. For example, habitat size may influence
in situ speciation and adaptive radiation (e.g. Losos & Schluter
2000; Kisel & Barraclough 2010; Rabosky & Glor 2010). In
addition, adaptive radiations are often characterised by slow-
downs in diversification rate through time (e.g. Schluter 2000),
assumed to derive from niche-filling processes (e.g. Phillimore
& Price 2008; Rabosky & Lovette 2008). If adaptive radiations
have reached this slowdown phase, there should be clear rela-
tionships between species richness and environmental variables
related to resource availability, if these variables limit species
richness. However, rarely have such environmental variables
been identified for adaptive radiations.
In classic island biogeography theory, MacArthur &

Wilson (1963) viewed species richness as an equilibrium
between immigration and extinction rates, and treated newly

evolved species as equivalent to new immigrants to the sys-
tem. The implicit assumption is that species derived from
these different sources would not influence equilibrium diver-
sity in distinct ways. However, empirical evidence and theo-
retical modelling suggest that speciation within island systems
results in a steeper rate of increase in species richness with
area than community assembly purely by dispersal (Losos &
Schluter 2000; Triantis et al. 2008; Rabosky & Glor 2010;
Rosindell & Phillimore 2011). Furthermore, regions wherein
the majority of species have arisen in situ (‘biological prov-
inces’) are well known to have steeper species-area relation-
ships than regions in which immigration and emigration play
a proportionally larger role in determining species richness
(Rosenzweig 1995).
Although in its simplest formulation MacArthur & Wilson’s

(1963) equilibrium theory posits that the relationship between
extinction rate and island size is the main driver of the spe-
cies-area relationship, another likely influence on this pattern
is area’s function as a proxy for resource availability. If so,
other variables linked to resource availability, or those that
more precisely approximate it, should explain additional vari-
ation in species-area relationships (MacArthur & Wilson
1967). Such variables are numerous and include elevation
and/or direct metrics of habitat diversity (e.g. Ricklefs &
Lovette 1999), and energy availability (reviewed in Evans
et al. 2005). Island age might also act to limit species richness
if islands are young, an effect commonly predicted in isolated
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systems where diversity arises predominantly via in situ specia-
tion (e.g. Parent & Crespi 2006).
Lakes, as ecosystems with well-circumscribed boundaries, are

an aquatic equivalent to oceanic islands. There is evidence for
positive species-area relationships in freshwater fish faunas in
large North American and African lakes (Barbour & Brown
1974), and in smaller temperate lake systems (Magnuson et al.
1998). However, species-area patterns in fishes have not been
studied with regard to the influence of in situ speciation.
Evolutionary diversification of cichlid fishes is widespread

across the African continent. The East African Rift Lakes
host the most species-rich radiations (Tanganyika: ~ 250 spp.;
Malawi: 451–600 spp.; Victoria: 447–535 spp.; Genner et al.
2004), but diversification has also occurred in lakes from
Cameroon to the Eastern Rift, and from Namibia to the
Middle East (Fig. 1). Multiple cichlid lineages often coexist
and diversify within the same lake (Wagner et al. 2012). The
composition of lake cichlid faunas is therefore a variable
assemblage of species derived from immigration and intrala-
custrine radiation (Fig. 1). Previous work suggests that a com-
bination of environmental variables and species traits best
predict whether or not cichlid lineages undergo adaptive radi-
ation upon colonising lakes (Wagner et al. 2012). Consistently
important environmental predictors of radiation were lake

depth, age and energy availability. We here ask a distinct, yet
complementary set of questions: what predicts the species
richness of lake cichlid faunas, and the species richness of
lineages within lakes that undergo adaptive radiation?
We focus on four variables and their relationship with cichlid

species richness: area, depth, energy, and time. We examine the
relationships between these variables and the richness of lake
communities resulting from adaptive radiation, and the total
richness of cichlid assemblages. We ask the following questions:
(1) What is the shape of the species-area curve, and how does in
situ speciation influence it? (2) For total species richness, what
is the relationship between species richness and depth, energy
and lake age? (3) For intralacustrine radiations, what is the rela-
tionship between species richness and depth, energy, and clade
age? Together, these questions seek to identify important envi-
ronmental factors influencing species richness in lake species
assemblages, and to understand the influence of adaptive radia-
tion on the shape of species richness-environment relationships.

MATERIAL AND METHODS

We compiled information about the cichlid species present in
46 African lakes from published information (Genner et al.
2004 and references therein; Lamboj 2004; Seehausen 2006
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Figure 1 Species richness of the cichlid faunas of 46 African lakes. Dots on the map correspond to lakes, where red indicates lakes with in situ speciation

and black indicates lakes that have accumulated species richness only via colonisation. Pie charts, shown for selected lakes with radiations, represent how

diversity within lakes is distributed among cichlid lineages, where the richness of each lineage present within a lake is shown in a different shade. Lakes

accumulate richness both through dramatic diversification of single lineages (e.g. Lakes Malawi, Victoria and Edward) or via accumulation of diversity in

many lineages (e.g. Lakes Tanganyika, Mweru).
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and references therein), FishBase records (Froese & Pauly
2010), and our own data. We calculated stem and crown clade
ages (sensu Magallon & Sanderson 2001) for lineages that
diversified via within-lake speciation using ultrametric molecu-
lar phylogenies of African cichlids (for phylogenetic methods,
see Appendix S1 and Wagner et al. 2012). Phylogenies
included ~ 650 of ~ 2000 species.
We collated information on area, depth, energy and age for

lakes. If published records of surface area were unavailable,
we measured it from Google Earth images using ImageJ
(Rasband 1997–2011). We gathered information about lake
ages and/or time since last desiccation from a variety of
sources (Table S1). For energy, we used the average of 2010
monthly values of net solar radiation (net flux), from the
NASA Langley Research Center ASDC.
Fish diversity in lakes is often higher in the littoral zone

than in the pelagic zone (Vadeboncoeur et al. 2011), and thus
perimeter might better approximate habitat availability than
area. However, because of the strong correlation between area
and perimeter for these lakes (r2 = 0.97; Fig. S1), these vari-
ables perform equivalently. We here use area, consistent with
previous studies in island biogeography.

General analytical framework

We examine patterns of species richness at two scales (Fig. 2a).
First, as in traditional island biogeography studies, we examine
the total per-lake species richness. Total richness is the sum of
the diversity of radiations and colonists. Second, we examine
patterns of species richness among clades that have diversified
by in situ speciation within single lakes (‘radiations’). We con-
sidered as ‘radiations’ any case where species have arisen via in
situ cladogenesis within lakes, including any endemic species
co-occurring with its sister species, and all fully endemic clades
inhabiting a single lake. Single endemic species not co-occur-
ring with a sister taxon were treated as equivalent to non-ende-
mic species. To examine how in situ speciation influences the
species-area relationship (e.g. Losos & Schluter 2000; Rabosky
& Glor 2010; Rosindell & Phillimore 2011), we also analysed
the total richness of communities in the subset of lakes with in
situ speciation, and the difference between the colonising
lineages-area relationship (CAR) and the species-area relation-
ship (SAR) (details below).
We used regression models to test for relationships between

species richness and environmental variables. Our general
approach (Fig. 2b) was to first fit linear regression models
and calculate correlation coefficients for richness and environ-
mental variables. We fit quantile regression models for radia-
tions (see details below). In addition, because SARs have been
shown to take a two-slope form in systems where in situ speci-
ation contributes significantly to richness (e.g. Losos & Sch-
luter 2000), we fit two-slope species-area regression models
(details below).

Testing for factors potentially limiting species richness

‘Limiting factors’ in ecology are those where a measured fac-
tor imposes a ‘ceiling’ to a response distribution, but where
variance is high under these maximum values due to the influ-

ence of other unmeasured factors (Thomson et al. 1996; Cade
et al. 1999). We expect environmental variables acting as ‘lim-
iting factors’ to place an upper bound on species richness, but
for no relationship to exist between the predictor variable and
lower values of species richness. Quantile regression can test
for such relationships between a measured factor and the
upper bounds of a response distribution (Chassot et al. 2010).
We calculated every 5th linear regression quantile from 5 to
95% using the R package quantreg, and estimated standard
error with method ‘iid’ (Koenker 2011).

Species-area relationships

We plotted the SAR for total richness, and compared it to the
relationship between area and the number of colonising lin-
eages (the CAR), which we can interpret as the SAR if there
were no in situ speciation (i.e. immigration-based community
assembly). We fitted models with a linear relationship between
species richness (S) and surface area (A), the log-transformed
equivalent of the well-known power model (Lomolino 2000),

log Sð Þ ¼ cþ z1 log Að Þ;
where c is the intercept of the species-area curve and z1 is
its slope. We compared SARs for immigration-assembled
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Figure 2 (a) Schematic depicting the difference between total species

richness and the species richness of intralacustrine radiations. Total

species richness is all cichlid species present within a single lake; some

species may have arisen via in situ speciation, others are present via

immigration into the lake. Radiations are clades that have diversified

entirely by in situ speciation within single lakes. For African cichlids, it is

not uncommon for multiple radiations to have occurred within a single

lake. (b) Schematic summarising the analyses performed for assessing

relationships between predictor variables and both total species richness

and radiation richness.
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communities to those for speciation-assembled communities
with ANOVA.
Next, to test for an increase in the slope of the SAR for lakes

above a threshold size, as in Losos & Schluter (2000), we com-
pared the linear SAR to a model fitting species richness as a
function of lake area in a two-slope regression framework. We
used the formulation from Losos & Schluter (2000),

log Sð Þ ¼ cþ z1 log Að Þ þ z2 log Að Þ � t½ �d;

where c is the intercept, z1 is the slope of the line before the
breakpoint, z2 is the slope of the line after the breakpoint, t is
the position of the breakpoint and d is an indicator variable
with a value of 1 if log(A) ≥ t and 0 otherwise. We fit models
using maximum likelihood estimation of non-linear least
squares parameter estimates, using the function nls in R (R
Development Core Team 2011).
To investigate the relationship between in situ speciation

and lake size, we calculated the proportion of species arising
via in situ speciation per lake (the ‘speciation fraction’, Losos
& Schluter 2000).

Combined effects of environmental factors on species richness

We examined the combined effects of environmental variables
on total species richness by testing among multivariate models
including all combinations of predictor variables. First, we
assumed linear relationships for all variables and used
AICc-based model averaging (Burnham & Anderson 2002) to
identify the most important variables from the set of all possi-
ble models. We used the Akaike weight of each model to cal-
culate relative importance (RI) as the sum of relative Akaike
weights for models in which that given predictor variable
appears. RI scales from 0 (not important) to 1 (very impor-
tant). We included predictor variables with RI above 0.70 in
the second step of analysis. We fit models using the function
glm with Gaussian error in R (R Development Core Team
2011).
Second, using the reduced variable set, we tested models

including both linear and two-slope formulations for species-
area effects. To test for effects of ecosystem size on species
richness, we included a model for lake volume. Because data
on lake volume are sparse, we used surface area multiplied by
maximum depth as an approximation. We fit models using
the function nls in R (R Development Core Team 2011) and
used AICc scores to test among models.
Prior to multivariate analyses we tested for collinearity

between predictor variables. We repeated all analyses exclud-
ing lake age as a predictor, because data for this variable are
sparse.

Phylogenetic signal and diversification rates

In analyses of radiation richness, we tested for phylogenetic
signal in species richness and in the residuals of the relation-
ships between richness and area, depth and energy (see
Appendix S1).
To test for correlations between diversification rate and

environmental variables, we calculated net diversification rate

using Magallon & Sanderson’s (2001) method implemented in
geiger (Harmon et al. 2008). We calculated rates based on
species richness and median crown clade ages from both rela-
tive and time-calibrated trees. We repeated calculations for
four values of e, the extinction rate expressed as a fraction of
the speciation rate: 0, 0.1, 0.5 and 0.9. We then correlated
diversification rate with area, depth and energy.

RESULTS

Total species richness varies substantially across the 46 lakes,
and half of them have intralacustrine speciation (Fig. 1).

Species-area relationships

There is a positive correlation between lake size and the num-
ber of colonising lineages (CAR; r2 = 0.296, P < 0.0005), and
quantile regression suggests that lake size behaves as a ‘limit-
ing factor’ to colonisation (Fig. S3). The total species richness
of lakes with in situ speciation is on average an order of mag-
nitude higher than the number of colonising lineages (Fig. 3a).
The SAR has a significant positive correlation (r2 = 0.195,
P < 0.005), which increases when we include only lakes with
in situ speciation (r2 = 0.51, P < 0.0005). The slope of the
SAR for lake communities with in situ speciation is steeper
than that for lakes with immigration-based community assem-
bly (Fig. 3a; P < 0.05), and the intercept of the SAR for
in situ speciation differs from 0, whereas the intercept for the
immigration-only SAR does not (in situ speciation: z = 0.250,
P = 0.0001, c = 0.599, P = 0.0006; immigration: z = 0.132,
P < 0.0001, c = 0.113, P = 0.173).
Fitting two-slope regressions to the SAR provides support

for a two-slope model compared to a linear model for the
full data set (DAICc = 28; Fig. 3b). The pre-breakpoint
slope does not differ from zero (P = 0.411), the breakpoint
occurs at 1030 km2 and the post-breakpoint slope is posi-
tive (1.289, P < 0.00001). For the subset of lakes with
in situ speciation, the two-slope regression model also out-
performs the linear model (DAICc = 9), and again the pre-
breakpoint slope does not differ from zero (P = 0.444), the
breakpoint falls at a threshold of 1470 km2 and the post-
breakpoint slope is positive (0.985, P < 0.001). For the sub-
set of lakes without in situ speciation a one-slope regression
model significantly outperforms a two-slope regression
model (DAICc = 5.5).
Lakes in which in situ speciation occurred span the full size

range of lakes studied (Fig. 3c).
For individual radiations, there is a positive correlation

between richness and lake area (RAR: r2 = 0.22, P = 0.003).
Linear and two-slope regression models perform equivalently
(DAICc 0). In the two-slope model, the breakpoint occurs at
lake size 2225 km2, the pre-breakpoint slope does not differ
from zero (P = 0.76) and the post-breakpoint slope is positive
(0.529, P = 0.04). As lake area increases, so does the maxi-
mum number of species observed within radiations (Fig. 3d).
In quantile regression, the estimated slope generally increases
with increasing quantiles (Fig. S4). There is a positive correla-
tion between lake size and the number of species that have
arisen via in situ speciation (r2 = 0.36, P = 0.002).
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Species richness and lake depth, energy and time

There are significant correlations between total species rich-
ness and depth (r2 = 0.33, P < 0.0005), energy (r2 = 0.095,
P < 0.05), and lake age (r2 = 0.21, P < 0.05; Fig. 4a–c). When
we exclude lakes without in situ speciation, these relationships
remain for all three variables (depth: r2 = 0.33, P < 0.05;
energy: r2 = 0.18, P < 0.05; age: r2 = 0.23, P < 0.05). There
are no significant relationships between any of these variables
and the number of colonising lineages (Fig. S5).
For individual radiations, energy and depth produced signif-

icant albeit weak positive correlations (depth: r2 = 0.18,
P < 0.05; energy: r2 = 0.25, P < 0.05; Fig. 4d,e). There is no
evidence for correlation between relative clade age and rich-
ness (stem ages: r2 = 0.03, P = 0.39; crown ages: r2 = 0.02,
P = 0.47; Fig. 4f, Fig. S2). Quantile regressions show a gen-
eral positive increase in estimated slope as quantiles increase
from 5 to 95% for both energy and depth (Fig. S4). There is
no consistent change in quantile slope for the clade age-rich-
ness relationship.

Combined effects of environmental factors on species richness

All pairwise correlations between predictor variables had
correlation coefficients less than 0.33 except for that

between depth and age (r = 0.66, 0.67, respectively, for all
lakes and for those with speciation; Fig. S6). Multiple
regressions revealed area and depth as the most important
predictors of species richness. For the data set including all
lakes, area and depth had substantially higher RI scores
than energy and lake age (Table 1). When lake age is
excluded, depth becomes the most important predictor of
richness, followed by area; energy is a poor predictor of
richness (RI = 0.07). For lakes with speciation, area alone is
a strong predictor of richness when all four variables are
considered (RI = 0.91). When lake age is excluded, area
and depth are both strong predictors (RI = 0.99 and
0.94 respectively), whereas energy is a poor predictor
(RI = 0.02).
We included depth, one-slope and two-slope formulations

of the area effect, and approximate lake volume, in additional
model testing. Among these, the best model was one that
included a two-slope area term plus lake depth (Table 2). For
the data set including all lakes, models including two-slope
area with and without depth performed best, and were almost
equivalent (DAICc = 1); all other models performed substan-
tially worse. When including only lakes with speciation, these
same two models performed almost equivalently, as did the
linear area and depth model and the approximate volume
model (DAICc = 2–3).
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Figure 3 The species-area relationship is strongly modified by adaptive radiation (blue = lakes with speciation; black = lakes without speciation;

red = individual radiations). (a) The species-area relationship for lakes with speciation (dashed line) is significantly steeper than that for immigration-based

community assembly (solid line). Dotted lines show the change in species richness due to within-lake speciation (grey = number of colonists to lakes with

speciation). (b) Two-slope species-area models indicate an increase in the slope of the species-area curve in lakes above 1030 km2 (solid line = whole data

set; dashed line = lakes with speciation only). (c) The proportion of species arising in situ (‘speciation fraction’) is greater than zero in lakes spanning the

size range studied. (d) Species richness of radiations exhibits a “limiting” relationship with lake area (solid and dashed lines = linear and two-slope

regression models; dotted lines = 5th and 95th quantiles of the linear model).
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Phylogenetic signal and diversification rates

No K values differed significantly from zero in tests for phylo-
genetic signal (Table S2, Fig. S8). This implies that phyloge-
netic non-independence does not confound estimates of
richness-environment relationships, and that these relation-
ships cannot be explained by phylogenetic effects.
There were no strong correlations between diversification

rate and area, depth or energy (Fig. S7, Table S3).

DISCUSSION

In situ speciation is known to influence the shape of species-
area curves both empirically and in theory (Rosenzweig 1995;

Losos & Schluter 2000; Rabosky & Glor 2010; Rosindell &
Phillimore 2011). We here show that in situ speciation strongly
modifies the species-area curve for cichlid fish in African lakes,
producing lake faunas that are on average an order of magni-
tude higher in species richness than faunas assembled by immi-
gration alone. Speciation happens in lakes spanning the size
range of lakes we studied (Fig. 3c), but the number of species
derived from in situ speciation increases with increasing lake
size. This produces a significantly steeper species-area curve
than that representing immigration-based community assembly
alone (Fig. 3a). We also find significant correlations between
species richness and lake depth, energy and lake age. Multivari-
ate analyses provide the strongest support for models including
both lake area and depth as predictors of species richness.
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Figure 4 There are significant positive correlations between species richness of cichlids in African lakes and (a) lake depth (r2 = 0.330, P < 0.0005), (b)

energy (r2 = 0.095, P < 0.05), and (c) lake age (r2 = 0.210, P < 0.05). For individual cichlid radiations (panels d–f), species richness shows evidence of

limitation by both (d) depth and (e) energy. For panels (a–c), solid lines are the result of linear regression for the entire data set; dashed lines are those for

the subset of lakes wherein there is speciation (blue dots). For panels (d–f), solid lines are the results of linear regression; dotted are the 5th and 95th

quantiles of these data sets. (f) For cichlid radiations, there is no relationship between clade age and species richness (r2 = 0.022, P = 0.429), nor is there

evidence for clade age-based constraint on lineage species richness.

Table 1 Multiple regression analyses provide evidence for depth in addition to surface area as important predictors of species richness of the cichlid faunas

of African lakes. Because estimates of lake age are relatively sparse, we fit models with (left columns in each lake set) and without (right columns in each

lake set) this variable. RI = Relative Importance

All Lakes Lakes with Speciation

(n = 29) (n = 40) (n = 16) (n = 20)

Variable RI Estimate SE RI Estimate SE RI Estimate SE RI Estimate SE

SA 0.82 0.17 0.07 0.89 0.16 0.05 0.91 0.21 0.07 0.99 0.22 0.05

Depth 0.70 0.29 0.10 1.00 0.48 0.11 0.32 0.10 0.05 0.94 0.36 0.11

Energy 0.49 0.01 0.00 0.07 0.00 0.00 0.54 0.01 0.00 0.02 0.00 0.00

Age 0.45 0.15 0.07 0.61 0.19 0.07
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Complementary to patterns of species richness at the level
of entire lake faunas, area, depth and energy show evidence
for being ‘limiting factors’ (sensu Cade et al. 1999) to the rich-
ness of individual cichlid radiations. We find no relationship
between diversity and clade age. These results together suggest
that local ecological factors shape the global patterns in spe-
cies diversity that we observe. We discuss each of these key
findings in detail below.
In our data set, the SAR for lakes with in situ speciation

has a steeper slope (z) and a significantly elevated intercept (c)
compared to that for immigration-based species richness alone
(CAR; Fig. 3a). This indicates that (1) the richness of faunas
assembled through speciation is greater than that for immigra-
tion-assembled communities in lakes of equivalent size, and
that (2) richness increases with area at a steeper rate in lakes
with speciation. These differences likely arise from distinct
sources. First, richness arising from dispersal assembly is lim-
ited by the diversity of the regional species pool. With the
exception of some rivers in southern Africa (Joyce et al.
2005), African riverine cichlid diversity is low compared to
that in lakes (Seehausen 2006), and thus in situ speciation
would be expected to increase the intercept of the SAR.
Second, evidence from a number of systems suggests that
species richness increases with area at a steeper rate in
communities assembled by evolution (i.e. within which there is
speciation) than those assembled purely by dispersal (Rosen-
zweig 1995; Triantis et al. 2008; Rabosky & Glor 2010), as we
observe here. Although this pattern has been noted phenome-
nologically in other systems and attributed to the effects of in
situ evolution, its mechanistic basis is poorly understood.
Candidate mechanisms include tighter niche packing in com-
munities assembled by evolution (Rabosky & Glor 2010), or
simply the effects of increased speciation rates in larger areas
(Losos & Schluter 2000; Triantis et al. 2008).
We also find support for a two-slope species-area relation-

ship compared to a linear model. However, unlike previous
work that has theorised breakpoint models in evolutionary
species-area relationships (Losos & Schluter 2000; Losos &
Parent 2010), in cichlid fish the threshold does not correspond
to the area at which within-lake speciation begins. African
cichlids speciate within the smallest (< 1 km2), and the largest
(Lake Victoria, 68 800 km2) lakes in our data set (Fig. 3c),
and the number of species that has arisen by in situ speciation
increases with lake size (Fig. 3a). Although the onset of in situ
speciation cannot explain the two-slope species-area relation-
ship for cichlids, the addition of species via different modes of

speciation might contribute to this pattern. Evidence for geo-
graphical speciation in cichlids in large lakes comes from evi-
dence of fine-scale genetic differentiation (Allender et al. 2003;
Wagner & McCune 2009), and the existence of geographically
distributed sister species within large African lakes (Seehausen
& van Alphen 1999; Genner et al. 2004). There is equally
strong evidence for speciation without geographical differenti-
ation in cichlids, including some of the best-accepted examples
of sympatric speciation (e.g. Schliewen et al. 1994; Barluenga
et al. 2006), and certain mechanisms of cichlid speciation
operate at very small spatial scales (e.g. Seehausen et al.
2008). If rates of allopatric speciation increase with area, and
non-geographical speciation happens consistently at all lake
sizes, the interaction between the addition of species to the
system via these different modes of speciation, and their
cumulative influence on diversification rates, could create a
non-linear species-area relationship.
Our data allow us to address questions related to both the

factors influencing the diversity of individual radiations, and
those influencing the diversity of evolutionarily assembled
communities. We find that in communities where in situ speci-
ation takes place, total richness is positively correlated with
lake area, depth, energy and age. Multivariate models provide
the best support for area and depth as richness predictors
(Tables 1 and 2). In addition, we find that these same three
environmental variables show patterns consistent with being
‘limiting factors’ (sensu Cade et al. 1999), of the richness of
individual radiations, whereas there is no relationship
between clade age and species richness (Fig. 4d–f). Both of
these findings are consistent with the idea that ecological
limits to diversification exist that render community richness
predicted by, and radiation richness limited by, the same
environmental factors.
Positive relationships between species richness and environ-

mental variables in communities with in situ speciation could
result from correlations between diversification rate and envi-
ronmental variables (e.g. Losos & Schluter 2000). Two pieces
of evidence in our analyses conflict with this perspective. First,
we find no relationship between clade age and species richness
(Fig. 4f; Fig. S2), suggesting limits to clade diversity (Rabosky
2009), and/or complex diversification histories, such as epi-
sodes of increased extinction rate and/or wide variation in
rate among clades. Because cichlid diversification can be rapid
(e.g. 450+ species in 15 000 years for Lake Victoria, Seehau-
sen 2006), if diversification is diversity-dependent, it is plausi-
ble that signatures of the effect of age on species richness

Table 2 A two-slope area plus depth model outperforms other models which include area, depth, and volume effects in predicting species richness of cichlid

lake faunas. The same model performs best both for the data set including all lakes, and for that with only lakes with in situ speciation

All Lakes Lakes with Speciation

Model Formula AlCc DAICc AlCc DAICc

Linear Area log(S) = c + z1log(A) 81.01 29 34.55 10

Two-slope Area log(S) = c + z1log(A) + z2[log(A) – t]d 52.33 1 26.18 2

Two-slope Area + Depth log(S) = c + z1log(A) + z2[log(A) – t]d + z3log(D) 51.75 0 24.63 0

Depth log(S) = c + z1log(D) 72.92 21 40.11 15

Area + Depth log(S) = c + z1log(D) + z2log(A) 66.12 14 27.75 3

Volume log(S) = c + z1log(AD) 69.7 18 26.44 2
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could decay rapidly. Second, diversification rates calculated
from clade age and richness data, which assume uncon-
strained diversification, are not correlated with environmental
variables (Fig. S7, Table S3). This suggests that the relation-
ships between individual radiation richness and environmental
variables are not driven by simple systematic differences in
current diversification rate.
In Appendix S2, we show that simple models of diversity-

dependent diversification make interesting predictions for the
shape of species-area curves when area influences initial specia-
tion rate. In particular, the combination of both area-depen-
dent and area-independent components of speciation rate can
interact to create non-linear species-area relationships similar
to the one that we observe here, even with linear scaling of
maximum carrying capacities (see Appendix S2 for details).
In contrast with the lack of a clade age-richness relation-

ship, the total richness of cichlid communities in African lakes
is correlated with lake age (Fig. 4c). This suggests that com-
munity richness may be limited by the rate at which diversity
arises (despite evidence that this is not the case for individual
clades). However, correlation between lake depth and age
(r2 = 0.44; Fig. S6) makes interpretation of this pattern
ambiguous. In multivariate models including both depth and
age, depth is a much stronger predictor of richness than is age
(Table 1). This suggests a stronger role for depth’s influence
than time. For fish and many aquatic organisms, depth likely
mediates habitat availability and heterogeneity, in a manner
analogous to elevation as a metric of habitat diversity for ter-
restrial islands (e.g. Ricklefs & Lovette 1999). Nevertheless,
our analyses also hint at an effect of age. If the waiting time
until radiation varies among colonisation events, but on aver-
age, time increases the probability of observing radiation, we
would expect a correlation between total faunal richness and
lake age, but not between clade age and richness, as we
observe. This is consistent with results of previous work on
the factors influencing the occurrence of radiation (Wagner
et al. 2012), although there, too, collinearity between lake age
and depth makes disentangling these effects challenging.
Although the richness of individual radiations exhibits a ‘lim-

iting’ response distribution to energy (Fig. 4e), and there is a
weak but significant correlation between energy and species
richness for total richness (Fig. 4b; r2 = 0.095, P < 0.05),
energy is not an important predictor of total richness in multi-
variate models (Table 1). An explanation for this pattern is the
relative variance of energy versus area in our data set. Despite
substantial variance in energy among lakes, this is dwarfed by
the extent of variance in lake area. Wright (1983) suggested
that the product of energy and area (‘total energy’), could
replace area in MacArthur & Wilson’s (1963) island biogeogra-
phy models, under the logic that it more succinctly and gener-
ally approximates resource availability. In our data set,
disparity in the total variance in energy versus that of area
means that the product of these variables is very strongly corre-
lated with area alone (r2 = 0.96). Therefore, total energy may
be an important predictor of species richness in these systems,
but its effect cannot be separated from the effect of area.
Lake area and depth are the strongest predictors of species

richness (Table 1). A role for both of these variables might
reflect an influence of lake volume. However, the best per-

forming model for both the full set of lakes and those with
speciation includes a two-slope area-richness relationship, in
addition to a linear term for depth (Table 2). That the simpler
volume models do not perform better than more complex
models suggests that depth and area influence species richness
in distinct ways.
In previous work analysing the factors predicting the occur-

rence of cichlid radiation (Wagner et al. 2012), we used Pois-
son hurdle regression to ask if the environmental variables
used here, in addition to several lineage-specific traits, predict
the occurrence and the richness of lineages that radiate in
these lakes. Although we identified lake depth, energy and the
trait of sexual dichromatism as significant predictors of the
occurrence of radiation, no variables were significant predic-
tors of the species richness of radiating clades. Examination
of the distribution of species richness in response to these
environmental variables (e.g. Figs 3d and 4d–f) clarifies this
result. Quantile regression analyses indicate that these vari-
ables are not good predictors, but may be ‘limiting factors’
(sensu Cade et al. 1999) to radiation richness. Although upper
regression quantiles have a strong positive slope, medium and
low-richness radiations occur even in large, deep and high-
energy lakes. Such a relationship is perhaps not unexpected
given the numerous influences on the evolution of clade rich-
ness, including both ecological and evolutionary factors such
as resource availability, species interactions, diversification
rate differences, complex diversification histories and priority
effects. In addition, although direct influences of competition
among lineages on diversification are difficult to detect in
broad-scale comparative analyses, some patterns in lineage
diversity suggest that among certain cichlid clades, competi-
tion strongly impacts diversification (Seehausen 2007). Hence,
whereas our analyses indicate that the maximum observed val-
ues of radiation richness are predicted by environmental vari-
ables with known macroecological relevance, realised diversity
of individual radiations is influenced by many other variables.
More generally, these results together with the results of previ-
ous work (Wagner et al. 2012) suggest that the factors that
predict whether or not cichlid radiation happens are distinct
from those influencing species richness.
If adaptive radiations experience slowdowns in diversifica-

tion rate through time due to niche-filling processes (e.g.
diversity-dependent diversification), clade richness should
ultimately stabilise at a level reflective of the ecological
adaptations of that clade and the resources and environ-
ment of the region within which the clade has diversified
(Ricklefs 2009; Rabosky 2013). Evidence from the fossil
record suggests that after an initial period of increase,
clades often reach and remain at steady-state diversities,
reflecting diversity-dependent logistic growth (e.g. Alroy
2010). Although molecular phylogenies of extant taxa can-
not directly record such a process, its signatures can be
tested for (e.g. Morlon et al. 2010). Recent studies provide
evidence for better fits of diversity-dependent models than
unlimited diversity models to species richness data (Rabosky
2009; Rabosky et al. 2012), and diversity-dependent models
produce estimates of diversification parameters which are
better aligned with those known from the fossil record
(Etienne et al. 2012).
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This study shows that species-rich cichlid faunas can be
assembled either via dramatic diversification of single lineages
or via more moderate diversification of multiple lineages
within a lake (Fig. 1). Both scenarios produce faunas that fol-
low a well-supported species-area pattern, but in situ specia-
tion strongly alters the slope of this relationship compared to
that for colonising lineages alone, generating communities
that are an order of magnitude more species-rich. More gener-
ally, we argue that environmental factors influence patterns of
species richness emerging in adaptive radiations by influencing
the dynamics of diversification.
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