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Exaggerated traits of pollinators have fascinated biologists for centuries. To understand their evolution, and their role in coevolutionary relationships, an essential first step is to understand how traits scale allometrically with body size, which may reveal
underlying developmental constraints. Few pollination studies have examined how traits can adaptively diverge despite allometric constraints. Here, we present a comparative study of narrow-sense static and evolutionary allometry on foreleg length and body
size of oil-collecting bees. Concurrently, we assess the relationship between scaling parameters and spur lengths of oil-secreting
host flowers. Across species and populations, we found low variation in static slopes (nearly all <1), possibly related to stabilizing
selection, but the static intercept varied substantially generating an evolutionary allometry steeper than static allometry. Variation
in static intercepts was explained by changes in body size (∼28% species; ∼68% populations) and spur length (remaining variance:
∼36% species; ∼94% populations). The intercept–spur length relationship on the arithmetic scale was positive but forelegs did not
track spur length perfectly in a one-to-one relationship. Overall, our study provides new insights on how phenotypic evolution in
the forelegs of oil-collecting bees is related to the variability of the allometric intercept and adaptation to host plants.
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How allometric relationships change within and between species
is central to understanding phenotypic variation and the evolution of trait morphology (Cheverud 1982; Emlen and Nijhout
2000; Pélabon et al. 2014; Bright et al. 2016). Huxley’s allometric model assumes that the growth rates of morphological traits
are proportional to the growth of body size and follow a power
function of the form,
Y = aX b
(1)
where Y is trait size and X is body size (Huxley 1924, 1932).
Given that growth is inherently a multiplicative process, allo-
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metric relationships are often analyzed on a log–log scale where
a power function yields a linear equation with intercept log(a)
and slope b, which is reflective of allometry in its narrow-sense
(Firmat et al. 2014; Pélabon et al. 2014, Pélabon et al. 2018).
Three levels of allometry are recognized: ontogenetic (within individuals across developmental stages); static (across individuals
at a similar developmental stage within a population); and evolutionary (across separate evolutionary lineages) (Gould 1966;
Cheverud 1982; Pélabon et al. 2014). The differences among the
three levels of allometry correspond to distinct types of variation
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resulting from the growth of individuals, intraspecific variation,
and phylogeny.
In insects, morphological traits typically show weak negative allometry, that is, b < 1 (Emlen and Nijhout 2000;
Bonduriansky and Day 2003; Voje 2016). There are, however,
exceptions, particularly traits under sexual selection, in which
one or a few traits show positive allometry, that is, b > 1,
and grow disproportionately or are exaggerated (Klingenberg
and Zimmermann 1992; Emlen and Nijhout 2000; Shingleton
et al. 2007; Lavine et al. 2015; but see Eberhard et al. 1998).
Many studies on the allometry of exaggerated traits in insects
have therefore been in the context of sexual selection (e.g.,
sexual signaling ornaments or weapons) (Emlen and Nijhout
2000). Much less is known about the allometry of exaggerated
traits resulting from other types of selection, such as coevolution (Toju and Sota 2006). Plant-pollinator mutualisms have
been shown to promote the coevolution of exaggerated traits
(Darwin 1862; Nilsson 1988; Steiner and Whitehead 1990; Manning and Goldblatt 1997). These include the evolution in pollinating insects of extremely long mouthparts, as seen in some hawk
moths (Darwin 1862; Nilsson 1988), certain butterflies (Kunte
2007; Bauder et al. 2015), euglossine bees (Borrell 2007; Düster
et al. 2018), and some tabanid (Morita 2008) and nemestrinid
(Manning and Goldblatt 1997) flies. These exaggerated traits are
typically interpreted as local adaptations in response to differing selection gradients (e.g., from interactions with host plants),
suggesting either a decoupling of variation in trait and body size
(Steiner and Whitehead 1990; Johnson and Steiner 1997; Pauw
et al. 2017) or high evolvability of the allometric parameters
(Emlen and Nijhout 2000; Frankino et al. 2005; Voje and Hansen
2013; Pélabon et al. 2014; Voje et al. 2014).
Evidence that allometric relationships (static slope and intercept) can evolve and adapt, often rapidly, comes from two
sources. First, experimental evidence from artificial selection on
trait size demonstrates that it is possible for the allometric intercept (Frankino et al. 2007; Egset et al. 2012; but see Stillwell et al. 2016) and the slope (Bolstad et al. 2015) to evolve
in response to targeted selection. Second, comparative studies
analyzing the differences in the allometric relationships of closely
related insect taxa provide additional evidence of their potential
to undergo adaptive evolution (Emlen and Nijhout 2000; Frankino et al. 2005; Toju and Sota 2006; Shingleton and Frankino
2013; Pélabon et al. 2014). Of the two allometric parameters, the
static slope has been shown to be less evolvable than the static
intercept across species, with even less capacity to evolve across
populations and recently diverged taxa (Voje et al. 2014). In contrast, the allometric-constraint hypothesis identifies allometry as
a potential constraint on the evolution of morphological traits,
on the basis that allometric relationships reflect strong functional, physiological, or other biological mechanisms that con-
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strain the rate and direction of evolution (Huxley 1924; Gould
1966; Pélabon et al. 2014; Voje et al. 2014). Underlying the
evolution of the scaling relationship are proximal developmental
mechanisms that regulate and integrate trait growth (Emlen and
Nijhout 2000; Shingleton and Frankino 2013). Only through selection on developmental mechanisms can changes in the scaling
relationship and ultimately the trait evolve (Frankino et al. 2005;
Emlen et al. 2007, Emlen et al. 2012; Shingleton and Frankino
2013). The adaptability of a trait is therefore potentially curtailed
by these mechanisms and traits constrained along these narrow
evolutionary trajectories appear less able to respond to changes in
selective pressures (Voje and Hansen 2013; Pélabon et al. 2014;
Voje 2016; Houle et al. 2019; Tsang et al. 2019). Furthermore,
there is strong evidence that aspects of allometry, particularly the
slope, evolve relatively slowly, on the scale of millions of years,
and that their evolution is constrained at microevolutionary time
scales (Pélabon et al. 2014; Voje et al. 2014; Bolstad et al. 2015;
Houle et al. 2019).
The evolvability of allometry, or how it might shape phenotypic evolution of elongated or exaggerated traits in insect pollinators, has not been considered in sufficient detail. This includes
its influence on pollinators in coevolutionary interactions. Thus,
the constraint hypothesis seems in conflict with findings that exaggerated traits of pollinators are highly adaptable at the population level, that is, a decoupling of the variation in trait and body
size (Steiner and Whitehead 1990; Johnson and Steiner 1997;
Anderson and Johnson 2008; Pauw et al. 2017). Evidence supporting the constraint hypothesis also appears in conflict with
models of coevolution, for example, arms race or pollinator shift
models (Vogel 1984; Whittall and Hodges 2007; Johnson and
Anderson 2010). Although the end-point of these interactions appear to have resulted in the elongation of interactive traits in several insect taxa, obtaining this adaptation requires selection at the
developmental-genetic level and longer evolutionary time scales
in order to follow this evolutionary trajectory (Bolstad et al. 2015;
Houle et al. 2019).
Several pollination studies have investigated the role of body
size as an alternative explanation to other evolutionary models as to why some insect pollinators have evolved exaggerated
traits (see Johnson and Anderson 2010 for a review). The current consensus amongst these studies is that there appears to be
a decoupling between the variation of the exaggerated trait and
body size. However, these studies did not estimate static allometric relationships for species or populations and are largely
based on allometry in the broad sense (Houle et al. 2011; Voje
and Hansen 2013; Pélabon et al. 2014), incorporating mean
body size as a covariate in regression models when assessing
variation in mean trait size (e.g., Steiner and Whitehead 1990;
Pauw et al. 2009, Pauw et al. 2017; Johnson and Anderson
2010). Consequently, this limits the ability to test if there are
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developmental constraints on morphological trait evolution in
these pollinators.
An interesting aspect of estimating narrow-sense parameters is that it allows one to assess if these parameters can evolve
adaptively in relation to the strength of different types of selection and therefore how allometry may influence trait evolution
(Houle et al. 2011; Voje et al. 2014; Higginson et al. 2015; Voje
2016). Directional selection can favor steeper allometric slopes
(e.g., Voje 2016), whereas stabilizing selection leads to shallower
slopes (e.g., Eberhard 2009; Pélabon et al. 2011). Different adaptive landscapes can also select on trait means (intercept) or trait
variances that can influence the steepness of the slope in different ways (Pélabon et al. 2014). Within plant–pollinator coevolution, selection gradients can range from strongly directional (e.g.,
where exaggerated traits confer fitness advantages (Pauw et al.
2009; Karolyi et al. 2013)), to stabilizing selection where the
accuracy of fit between interactive traits is required (e.g., Berg
1960; Pélabon et al. 2011; Armbruster and Wege 2019). Selection
gradients also shift across the spatial structure of populations of
interacting species and in relation to the diversity of the community of interacting species within these populations (Thompson
2005; Pauw et al. 2009).
When considering selection via an external agent (e.g.,
flower size), it is not always clear which scale provides the best
biological meaning (Packard 2018; Pélabon et al. 2018). Under
an adaptive scenario, the use of the log-log scale may not be justified anymore and the relationship between static allometric intercept of a pollinator and flower size may be better analyzed
with both variables expressed on the arithmetic scale. If there is
selection for a close match between linear pollinator and flower
traits, one would expect a possible one-to-one relationship on an
absolute scale: a 1 mm change in floral trait size should trigger
a 1 mm response in a pollinator trait size (Nilsson 1998; Armbruster et al. 2009). Such a relationship is not easily interpreted
on the log-log scale.
The long-legged oil-collecting bees (Hymenoptera: Melittidae) represent an excellent model system to explore the relative
contribution of allometric adaption or constraint in the evolution of a pollinator trait. The center of diversity for this family
is in South Africa, where the oil-collecting genus Rediviva displays a wide range in absolute and relative foreleg length across
its 26 species. Species range from those with elongated forelegs
(e.g., R. emdeorum) longer than the body to those with forelegs
(e.g., R. albifasciata) shorter than the body (Table 1; Whitehead
and Steiner 2001; Whitehead et al. 2008). Several studies invoke
adaptation and coevolutionary changes in which changes in floral spur length select for changes in foreleg length mostly independent of body size (Steiner and Whitehead 1990, 1991; Pauw
et al. 2017). However, some species appear to show foreleg variation correlated with body size variation (Steiner and Whitehead

1991). Pauw et al. (2017) show that evolutionary change in foreleg length and body size appears to be weakly correlated, suggesting that an increase in trait size is not linked to an increase in
body size. Rather, the floral spur length of their plant hosts has
been shown to be the main driver of foreleg length, seemingly
independent of allometry (see also Johnson and Anderson 2010).
On account of the mixed results from these studies, and particularly a lack of consideration of allometric scaling parameters
and how these change at the different levels of allometry (static
and evolutionary), it is unclear which processes are potentially
involved in the elongation of foreleg length. Certainly, allometry
has been shown to be important in other traits (e.g., mouthparts)
for Rediviva (Melin et al. 2019).
We present new morphological trait data, together with a
comprehensive analysis on the allometric scaling relationships
for Rediviva to assess to what extent allometry represents constraints on phenotypic evolution. We ask do allometric relationships generated by the correlated development of the forelegs
and the body constrain the evolution of foreleg length in oilcollecting bees, or does variation in foreleg length among species
and populations reflect adaptation to host plants with different
spur lengths. We predict that if the developmental constraints that
generate static allometry are important in shaping evolutionary
allometry (i.e., constraint hypothesis), we expect static allometric
parameters to be similar among species and populations because
they have low evolvability. In an extreme case, we also expect
evolutionary allometry to be similar to static allometry if both the
allometric intercept and the slope do not evolve among species
and populations. If the low evolvability of the allometric parameters constrains the evolution of foreleg length across species and
populations, we also expect a weak or no relationship between
spur length of the host plants and allometric parameters. In contrast, if foreleg length is mostly shaped by selection (i.e., adaptive
hypothesis) then allometric parameters may be correlated with
the length of the spurs of their host plants. Our results provide
new insights into how pollinator traits change under a selective
pressure within a plant-pollinator mutualism and contribute to a
broader understanding of these coevolutionary systems.

Materials and Methods
OIL-BEE DATA COLLECTION AND MORPHOLOGICAL
MEASUREMENTS

We measured the foreleg lengths (Whitehead and Steiner 2001)
and inter-tegula distance (referred to as body size from here
on) (Melin et al. 2019) of the female bees for 25 of the 26
known species of Rediviva (n = 7–147; Table 1) from a range
of localities within their known distribution, where feasible. We
also measured the foreleg and body size for 10 populations of
the highly variable species R. neliana (n = 7–20, Table 2). All
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Table 1.

Summary of morphological data and allometric parameters for 25 species of Rediviva bees. LegLength: mean total length of

foreleg length [mm]; LL.SD: standard deviation of leg length; BodySize: inter-tegula distance as a measure of body size; BS.SD: standard
deviation of body size; intercepts: parameter a of the allometric relationship; slopes: parameter b of the allometric relationships; lcl.i,
ucl.i: lower and upper 95% confidence limits of parameter a; lcl.s, ucl.s: lower and upper 95% confidence limits of parameter b.

Taxa

N

LegLength

LL.SD

BodySize

BS.SD intercepts

slopes lcl.i

ucl.i

lcl.s

ucl.s

Rediviva albifasciata
Rediviva alonsoae
Rediviva aurata
Rediviva autumnalis
Rediviva brunnea
Rediviva colorata
Rediviva emdeorum
Rediviva gigas
Rediviva intermedia
Rediviva intermixta
Rediviva longimanus
Rediviva macgregori
Rediviva micheneri
Rediviva neliana
Rediviva nitida
Rediviva pallidula
Rediviva parva
Rediviva peringueyi
Rediviva rhodosoma
Rediviva ruficornis
Rediviva rufipes
Rediviva rufocincta
Rediviva saetigera
Rediviva transkeiana
Rediviva whiteheadi

29
11
30
19
15
39
45
8
19
18
39
35
41
147
31
64
50
19
24
30
49
66
23
7
11

5.86
8.10
9.07
13.92
11.78
10.49
20.14
10.82
9.10
8.05
17.43
12.86
13.79
8.79
9.29
10.20
7.43
9.74
12.44
9.54
7.47
8.05
7.09
10.01
10.88

0.17
0.38
0.51
0.43
0.54
0.65
1.39
0.47
0.28
0.27
0.91
0.64
0.63
1.74
0.76
0.53
0.52
0.39
0.47
0.36
0.32
0.52
0.27
0.06
0.22

2.51
3.33
2.75
3.17
3.18
3.00
3.36
4.20
3.26
2.96
3.19
3.19
2.84
2.46
3.02
2.94
2.85
3.09
3.08
2.78
2.93
2.75
2.94
2.74
3.15

0.15
0.16
0.14
0.14
0.11
0.24
0.16
0.10
0.16
0.17
0.19
0.16
0.15
0.37
0.19
0.17
0.18
0.17
0.17
0.09
0.14
0.14
0.13
0.10
0.09

0.26
0.41
0.79
0.26
0.21
0.11
0.69
0.80
0.48
0.34
0.58
0.52
0.64
1.06
0.87
0.41
0.78
0.31
0.60
0.46
0.31
0.80
0.45
0.08
−0.05

6.38
11.77
6.15
20.11
24.39
12.25
13.70
40.23
9.69
9.36
12.63
10.84
9.90
3.55
5.04
8.48
4.27
11.86
10.30
11.15
7.73
4.77
7.94
30.43
50.67

−0.09
−0.31
0.38
−0.32
−0.63
−0.14
0.32
−0.92
−0.05
−0.14
0.28
0.15
0.32
1.00
0.55
0.17
0.53
−0.17
0.17
−0.15
−0.03
0.52
−0.11
−1.10
−1.34

0.62
1.14
1.19
0.83
1.04
0.36
1.05
2.52
1.01
0.81
0.88
0.89
0.97
1.13
1.18
0.65
1.04
0.79
1.03
1.07
0.66
1.09
1.00
1.27
1.25

measured specimens were from the Iziko Museums of South
Africa and had a foreleg removed from the bee and mounted
on a card (Steiner and Whitehead 1990, 1991) that made it easy
to measure leg length. Following Steiner and Whitehead (1990,
1991; Figure 1), we took individual measurements of the segments: tarsus (disti-, medio-, and basitarsus), tibia, femur, and
trochanter to estimate total foreleg length. Unlike Steiner and
Whitehead (1990, 1991), we excluded the coxa from total foreleg length as we felt this introduced additional error owing to the
coxa being damaged when the leg was removed from the body.
Both traits were measured using a Leica Z16 APO stereoscope
(Leica Application Suite software; version 4.7.1, 2003–2015).
OIL HOST PLANT TRAIT DATA

Rediviva bees have been recorded to collect floral oil from 14
plant genera within four families Iridaceae, Orchidaceae, Scrophulariaceae and Stilbaceae. Using plant visitation records available from museum records and publications (Whitehead and
Steiner 2001; Whitehead et al. 2008; Pauw et al. 2017; Iziko
Museums of South Africa 2018), we generated a list of oil host
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4.60
4.93
4.08
10.34
9.27
9.29
8.76
3.43
5.16
5.58
8.91
7.05
7.05
3.35
3.56
6.54
3.26
6.90
6.34
5.95
5.33
3.56
4.37
9.20
11.48

3.31
2.06
2.71
5.32
3.52
7.06
5.61
0.29
2.75
3.33
6.29
4.58
5.02
3.16
2.51
5.05
2.50
4.01
3.90
3.18
3.68
2.66
2.40
2.78
2.60

plants for each Rediviva species, combined this with published
spur length data (Snijman and Steiner 2013; Johnson and Bytebier 2015; Pauw et al. 2017; see Table S2 and references therein)
and calculated a mean spur length across recorded host plants for
each bee species.
In our choice of using mean spur length to characterize the
selection from their host plants, we follow a recent evolutionary study concerning oil bees (Pauw et al. 2017). Since our bee
species trait data are based on specimens collected from a wide
range of localities, we think that mean spur length best represents
host plant use across a bee species’ range. It would be interesting to examine the variation in spur length available to individual
bees within and across populations but obtaining such detailed
data was not feasible across the number of species and the geographic range of our study.
DATA ANALYSIS

Full details of the methods including code needed to reproduce all
analyses are provided as Supporting Information (all data used
for the analysis may be obtained from the University of Cape
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Table 2.

Summary of morphological data and allometric parameters for 10 populations of R. neliana. LegLength: mean total length of

foreleg length [mm]; LL.SD: standard deviation of leg length; BodySize: inter-tegula distance as a measure of body size; BS.SD: standard
deviation of body size; intercepts: parameter a of the allometric relationship; slopes: parameter b of the allometric relationships; lcl.i,
ucl.i: lower and upper 95% confidence limits of parameter a; lcl.s, ucl.s: lower and upper 95% confidence limits of parameter b.

Population

N

LegLength

LL.SD

BodySize

BS.SD

intercepts

slopes

lcl.i

ucl.i

lcl.s

ucl.s

R. neliana_1
R. neliana_11
R. neliana_18
R. neliana_2
R. neliana_21
R. neliana_22
R. neliana_3
R. neliana_4
R. neliana_6
R. neliana_8

20
15
15
15
15
7
15
15
15
15

8.54
8.47
9.17
7.48
13.00
10.15
7.56
7.27
8.10
9.01

0.42
0.66
0.97
1.09
0.50
0.29
0.84
0.30
0.22
0.99

2.69
2.21
2.52
2.35
3.20
2.48
2.34
2.12
2.35
2.31

0.15
0.19
0.28
0.34
0.14
0.11
0.34
0.10
0.08
0.27

4.74
4.51
3.98
3.25
6.94
6.59
4.02
4.26
6.37
4.23

0.60
0.79
0.90
0.98
0.54
0.48
0.74
0.71
0.28
0.90

3.72
3.86
3.46
2.96
4.61
3.96
3.67
3.30
4.36
3.75

6.04
5.27
4.58
3.56
10.46
10.97
4.40
5.50
9.30
4.78

0.35
0.60
0.75
0.87
0.19
−0.08
0.64
0.37
−0.16
0.76

0.84
0.99
1.05
1.09
0.89
1.04
0.85
1.05
0.73
1.05

tory variable. We added species and the interaction between
species and log(body size) to the model to obtain direct maximum likelihood estimates of the two parameters of the allometric
relationship for each species. We estimated the between-species
variance in allometric slopes, corrected for sampling variance,
as the variance of the estimated species-specific slopes minus the
mean of the squared standard errors of the species-specific slopes
(Hansen and Bartoszek 2012).

Figure 1. Photographs of the lateral (A) and dorsal (B) view of
Rediviva longimanus ♀. Morphological traits are depicted by the
following letters: a = disti + mediotarsus; b = basitarsus; c = tibia;

d = femur; e = trochanter; f = coxa and g = inter-tergula distance (body size). All traits were measured with the exception of
f owing to the coxa typically being damaged when the leg was
removed from the body. To calculate the total foreleg length, we
added traits a to e.

Town’s data portal; DOI: 10.25375/uct.13297640). Here, we give
a brief overview of the species-level data analyses, which we carried out using the program R version 4.0.0 (R Core Team 2020).
We used an equivalent analysis of our population-level data for
R. neliana (SI §8).
Estimating the static allometric parameters
To estimate the static allometric relationships for each Rediviva species, we fitted a linear regression model with log(foreleg
length) as a response variable and log(body size) as an explana-

Comparison of static and evolutionary allometric
relationships of Rediviva species
To compare the static and evolutionary allometric relationships,
we used multilevel models (van de Pol and Wright 2009); also
known as contextual models (Heisler and Damuth 1987; Egset
et al. 2011) fitted using the “lme” function in the R package nlme
(Pinheiro et al. 2017). The key model was:
li j = (β0 + μ0 j ) + (βω + μω j )(bi j − b· j ) + βb b· j + ∈i j

(2)

where li j is the logarithm of the foreleg length measurement of the ith individual of species j, bi j is the logarithm of
the body size of that individual, b. j is the logarithm of the mean
body size across all individuals of species j, β0 is the intercept,
that is, log(a) of the allometric relationship in Equation 1, βw is
the within-species effect, that is, the static allometric slope, βb
is the between-species effect, that is, the evolutionary allometric
slope, and i j are the residuals. The residuals are assumed to follow a normal distribution with a mean of zero and variances to be
estimated. We allowed the intercept and static allometric slope
to vary among species by adding species random effects, μ0 j
and μw j . These random effects are assumed to follow a normal
distribution with a mean of zero and variances σ02 j and σw2 j , respectively. These two variances estimate the variability between
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species in the two parameters of the static allometric relationship.
We also fitted simplified versions of Equation (2) where we removed μw j , i.e., we constrained the static allometric slopes to be
the same for all species and both μ0 j and μw j , that is, constrained
slopes and intercepts to be the same for all species.
A slight re-parameterization of the model in Equation (2)
allowed us to test whether the evolutionary allometric slope differed from the mean static allometric slope (see van de Pol and
Wright 2009):
li j = (β0 + μ0 j ) + (βω + μω j )bi j + (βb − βω )b· j + ∈i j

(3)

In this model, the coefficient for b. j estimates the difference
between the mean static allometric slope and the evolutionary allometric slope, that is, βb − βw .
We excluded R. gigas from the main analysis because it was
a clear outlier in the between-species comparison. This aberrant
species has the largest body size in the genus, emerges at different times of the year, unlike the other Cape species (Whitehead and Steiner 2001) and is sister to all other species (Kahnt
et al. 2017); although for completeness we do provide model results including R. gigas in the Supporting Information (Fig. S4).
We also checked whether our results were affected by phylogenetic non-independence by fitting models where the residuals i j
were structured assuming either a Brownian motion or OrnsteinUhlenbeck model for trait evolution (Garland and Janis 1993;
Blomberg et al. 2003; Hansen et al. 2008). This analysis was
restricted to the 17 species for which we had phylogenetic data
(Kahnt et al. 2017) and used functions from the R packages phylolm (Ho and Ane 2014) and geiger (Harmon et al. 2008).
Allometry and selection imposed by floral oil host
plants
We assessed the relationship between the allometric parameters
in oil-collecting bees (Tables 1 and 2) and selection imposed
by short- to long-spurred, oil-secreting host flowers. We do this
across species, and in the case of R. neliana, across populations
using their population-specific host plants (SI §10).
We estimate the proportion of variance of the allometric intercept that is explained by spur length, after accounting for body
size, for all the Rediviva species by adding log(spur length) to the
model described in Equation 2 and quantifying the change in the
variance of the random effects associated with the intercept, σ02 j .
The analyses described so far used foreleg length and body
size on the log scale, which is appropriate for estimating the
parameters of the narrow-sense allometric relationship (Pélabon
et al. 2014). However, if foreleg length responds to selection imposed by floral spur length, one might expect a linear relationship on the arithmetic scale, that is, a 1 mm change in spur length
should lead to a 1 mm change in foreleg length. We therefore also
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fitted the multi-level models to foreleg length and body size on
the arithmetic scale, adding spur length as a covariate.

Results
ESTIMATED PARAMETERS FOR THE STATIC
ALLOMETRIC RELATIONSHIPS

There was interspecific variation in both the allometric intercept
and slope (F (24, 819) = 6.08, P < 0.001; Fig. 2, Table 1) and
the model explained 96.6% of the variation in foreleg length.
However, the variance in slopes among species was 0.076, which
was smaller than the mean of the squared standard error of the
species-specific slope estimates of 0.108 suggesting that the observed variation in slopes was largely due to sampling variance.
The static allometries for all species were negative (slope < 1),
except for R. neliana that was positive (slope > 1) (Table 1). Rediviva gigas was a clear outlier in that it was by far the largest
species yet had relatively short legs (see Fig. S1). We excluded
this species from the main subsequent analysis.

DIFFERENCE IN STATIC AND EVOLUTIONARY
ALLOMETRY

The multi-level model described in Equation 3 also supported the
result that there was considerable variation in allometric intercepts among species but no clear evidence for variation in slopes.
The residual standard error increased only slightly, from 0.057
to 0.061, when we removed the random slope effect μw j but increased markedly to 0.238 when we removed the random intercept effect μ0 j . The model including all random effects was, however, best supported by AIC (SI §4).
The evolutionary allometric slope estimated by the bestsupported model was 2.279 (se = 0.595), which is significantly
greater than 1 (t = 2.15, df = 22, P = 0.04). Mean body size explained 28% of the variance in the foreleg length among species
(see SI §4). This suggests that body size may constrain foreleg
length among certain species of Rediviva. The evolutionary allometric slope was significantly steeper than the mean static allometric slope (estimated difference 1.74, 95% confidence interval
0.49 to 2.99, Table S2).
Including the outlier species R. gigas led to a shallower estimated evolutionary allometric relationship with a slope that was
no longer significantly different from 1 and from the mean static
allometric slope (SI §6). However, Figure S4 shows that when including R. gigas the fitted evolutionary allometric slope is a poor
description of the general relationship between body size and
foreleg length across species (Table S3). In addition, when accounting for phylogeny the slope estimate of 2.141 (SE = 0.717)
was similar to the one obtained earlier from the model assuming no phylogenetic dependence structure (2.279, SE = 0.595,
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each species mean. The black line shows the fitted evolutionary allometric relationship.

SI §7). We conclude that our earlier results were not sensitive to
violation of the assumption that the errors were phylogenetically
independent.

EVOLUTIONARY AND STATIC ALLOMETRY OF R.
NELIANA POPULATIONS

The allometric patterns among R. neliana populations were all
qualitatively the same as the ones among Rediviva species. All effects went in the same direction, even though some were weaker
and not statistically supported. There was interpopulation variation in both the allometric intercept and slope (F (9, 127) = 2.88,
P < 0.01; Fig. 3, Table 2) and the model explained 97.6% of the
variation in foreleg length. As seen for the species analysis, the
observed variation in slopes was largely due to sampling variance; the variance in slopes among populations was 0.048, which
was only marginally larger than the mean of the squared standard
error of the population-specific slope estimates of 0.023. Despite
finding that overall R. neliana has a steep evolutionary allometric slope (Fig. 2), we found that the static allometric slope for

almost all populations was negative, with three populations close
to isometry (Table 2, Fig. 3).
From the variable slopes model, the estimated evolutionary
allometric slope across R. neliana populations was 1.259 (SE =
0.282), which was not significantly different from 1 (t = 0.91,
P = 0.4). Mean body size explained 67.8% of the variance in
the foreleg length among populations (SI §8). This suggests that
there is only a small amount of independent variation in the trait
relative to body size across populations of R. neliana (Fig. 3). The
evolutionary allometric slope was steeper than the mean static allometric slope, but the confidence interval of the model estimating the differences overlapped zero (estimated difference 0.49,
95% confidence interval −0.17 to 1.15, Table S5) indicating less
statistical support for differences between the static and evolutionary allometry for R. neliana populations.
RELATIONSHIP BETWEEN ALLOMETRY AND
SELECTIVE ENVIRONMENT

Spur length on the log scale explained 36.4% of the remaining
variance, after accounting for body size, in the intercept among

EVOLUTION 2020

7

A. MELIN ET AL.

Figure 3. Allometric relationship of foreleg length against body size in R. neliana populations. The black line shows the fitted evolutionary allometric relationship. Populations correspond with site number in Table 1 in Steiner and Whitehead (1990).

species when added as an explanatory variable to the model in
Equation 3 (Fig. 4A; SI §9). When analyzing allometry on the
arithmetic scale, spur length explained 49.4% of the variance in
the intercept among species after accounting for body size. The
estimated effect of the coefficient for spur length was 0.51, which
is considerably less than 1 (t = −4.58, P < 0.001; Fig. 4B).
For R. neliana, when assessing the relationship between
populations and spur length on the log scale using multilevel
models, we found that spur length explained almost all (94.3%)
of the remaining variance, after accounting for body size, in the
intercept among populations (Fig. 4C; SI §10). When analyzing
allometry on the arithmetic scale, spur length explained 94.9% of
the variance in the intercept among species after accounting for
body size. The estimated effect of the coefficient for spur length
was 0.31, which is considerably less than 1 (t = −25.59, P = 0,
Fig. 4D).

Discussion
We quantified both static and evolutionary allometry to explore
adaptation or constraint in a pollinator displaying exaggerated
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traits. By estimating narrow-sense allometric parameters we were
able to test these opposing hypotheses and the role of allometry in
shaping foreleg variation in oil-collecting bees. Our results suggest that static slopes are less evolvable and are under stabilizing
selection, whereas the static intercept can evolve more freely, and
its changes are driven by variation in body size and spur length
of host plants.
We found a lack of evidence of substantial variation in static
slopes among species and populations of Rediviva. This result fits
well with the constraint hypothesis because the static slopes seem
to have a rather low rate of evolution (Voje and Hansen 2013;
Firmat et al. 2014; Pélabon et al. 2014; Voje et al. 2014; Bolstad
et al. 2015; Voje 2016; Houle et al. 2019). However, our static
slopes across species and populations did not align particularly
well with evolutionary allometry, which can be argued as evidence against the allometric-constraint hypothesis (Firmat et al.
2014; Pélabon et al. 2014; Voje et al. 2014; Voje 2016). Further
evidence against the constraint hypothesis was seen in the substantial variation recorded in the static intercept across species
and populations. Changes in the intercept are an important source
of morphological evolution (Gould 1966; Cheverud 1982; Emlen
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and Nijhout 2000; Frankino et al. 2005; Toju and Sota 2006;
Egset et al. 2012; Pélabon et al. 2014); as we see here for our
study system. However, at the population level, variation in static
intercept was linked to body size, with body size explaining a
high percentage (∼68%) of foreleg variation, that is, evidence of
a developmental constraint (Lande and Arnold 1983; Shingleton
et al. 2007; Voje and Hansen 2013; Pélabon et al. 2014). The
variation in the static intercept was also related to some degree
to the variation in spur length of the host plants, that is, providing support for the adaptive hypothesis. At the population-level
spur length explained almost all of the remaining variance seen
in static intercepts on both the log and arithmetic scales (see also
Steiner and Whitehead 1990, 1991). Across species, we found
body size explained a small percentage (28%) of foreleg variation, indicating that foreleg length is able to change relatively
free of body size in some species (Cheverud 1982; Zeng 1988;
Higginson et al. 2015; Tidière et al. 2017). This pattern may be
attributed to the different oil-collecting behaviors of species. For
example, R. pallidula foreleg length varies independently of body
size, whereas, in R. rufocincta, foreleg variation appears con-

strained by body size (Steiner and Whitehead 1991). Spur length
explained ∼36% on the log scale and ∼49% on the arithmetic
scale of the remaining variance in the intercept among species
(but see Pauw et al. 2017). Although these results indicate a positive relationship between foreleg and spur length, we found little
support where foreleg length is tracking mean spur length in a
one-to-one relationship. Assessing the relationship between static
intercept and spur length on the arithmetic scale allowed us to test
for such an adaptive hypothesis; on the log-log scale one cannot
interpret the slope of such a relationship with respect to an adaptive hypothesis. That we found little support, could be attributed
to our measure of foreleg length that may not necessarily capture a one-to-one type relationship. Placement of oil-absorbing
hairs on the foreleg varies across species (Steiner and Whitehead
1991; Whitehead and Steiner 2001; Kuhlmann and Hollens 2015)
and a better assessment of how foreleg length is shaped by host
plant selection may be to relate the position of the oil absorptive
hairs on the foreleg with the position of oil glands inside the spur.
We also note that our analysis could not account for sampling
variation in spur length and the estimated slope is most likely

EVOLUTION 2020

9

A. MELIN ET AL.

shallower than the true slope (Hansen and Bartoszek 2012). We
do not have the necessary data to correct our estimate for sampling variance in spur length and generic statistical methods that
are often used when there is sampling variance in the explanatory
variable should not be used for evolutionary regressions (Hansen
and Bartoszek 2012). Our data therefore indicate a slope that is
possibly closer to 1 than what our estimate suggests.
The high variability/evolvability of the intercept appears to
be influencing the evolution of static allometry in Rediviva likely
owing to the selection generated by the spur length of the host
plants. This adaptive variation in static allometric intercept has
generated an evolutionary allometry steeper than the static allometry among species and populations (Klingenberg and Zimmermann 1992; Voje and Hansen 2013; Pélabon et al. 2014; Tidière
et al. 2017). The finding of steeper evolutionary allometry among
species is not surprising (Pélabon et al. 2014; Voje et al. 2014).
However, the steeper evolutionary allometry among populations
is somewhat surprising considering that at the microevolutionary
scale static allometries usually predict evolutionary allometries
(Firmat et al. 2014; Voje et al. 2014). One possible explanation
relates to sampling error of the static slopes; we found sampling
variance explained quite a bit of the variation in static slopes
(SI §8). An alternative possibility is that the populations may be
evolving as separate lineages (“incipient species”) (Whitehead
and Steiner 1992; Kahnt et al. 2018) and therefore a difference
between static and evolutionary allometry could be expected.
Strong ecological and morphological differences seen across R.
neliana populations provide support for this argument. Rediviva
neliana shows a wide distribution across different and discontiguous habitats, where populations visit different host plant species
(Steiner and Whitehead 1990; Whitehead et al. 2008). The large
variation in foreleg length of R. neliana populations, up to almost
double, is also unique amongst Rediviva species.
At first sight, our results of low variation in static slopes
among species and populations suggest that the evolution of the
allometric slope appears constrained; however, nearly all static
slopes were <1 (Tables 1 and 2). One possible explanation is that
foreleg length may be under stabilizing selection favoring shallower slopes (Eberhard 2009; Pélabon et al. 2011). Interacting
traits may either require a precise fit, or it may be beneficial to
have an optimal foreleg length that fits the pattern of distribution of spur lengths of host plants (Berg 1959, 1960; Eberhard
et al. 1998; Armbruster et al. 2009; Eberhard 2009; Pélabon et al.
2011). Under these scenarios, this would likely generate a decoupling of the variation in foreleg length and body size. As discussed above, we see that adaptation to host plants with different
spur length can be realized among species by a change in foreleg
length independent of body size (i.e., change in static intercept).
Whereas, at the population level, we note that adaptation to host
plants requires a correlated change in body size with a change in
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static intercept. This may be more pronounced at the population
level due to the short time scales over which intercepts have been
able to diverge (Pélabon et al. 2014; Voje et al. 2014).
Another type of stabilizing selection may relate to securing
functional size relationships (Frankino et al. 2005; Pélabon et al.
2014; Houle et al. 2019). There may be size trade-offs in Rediviva with other functional traits involved in foraging (Melin et al.
2019), nesting behavior (Melin and Colville 2019), or the size of
pollen-carrying hind legs (Martins et al. 2014; Helm et al. 2017).
Pollinators displaying exaggerated traits exhibit functional costs
in terms of increased handling time of host flowers (e.g., Karolyi
et al. 2013; Bauder et al. 2015). Rediviva are ground-nesting
bees, and although direct observation is missing, the female bees,
like most ground-nesting solitary bees, use their forelegs to excavate nests (Danforth et al. 2019). This nesting behavior may
place other selection pressures on foreleg morphology. The unexplained variance seen for foreleg lengths after accounting for
body size and spur length across species may relate to such pressures and highlights the need to obtain additional data on oil-bee
biology to more fully understand the drivers associated with the
evolution of their forelegs.
In summary, static slopes across species and populations of
Rediviva bees seem to have low evolvability, and for bees to adapt
their forelegs to the spur length of their host plants, they either
change their static intercept or their body size, or a combination
of the two. The shallow slopes found among species and populations suggest a third possibility of stabilizing selection generating foreleg length independent of body size. These findings
suggest that across Rediviva species the developmental process is
not conserved (e.g., Higginson et al. 2015; see also SI §7) and that
the scaling relationships themselves are undergoing some form of
adaptive evolution, i.e., are potential targets of selection (Emlen
and Nijhout 2000).

AUTHOR CONTRIBUTIONS
A.M. and J.F.C. designed the study. A.M. collected the data. R.A. lead the
statistical analyses with A.M. and J.F.C. A.M. and J.F.C. wrote the first
draft and J.M. and R.A. contributed to subsequent versions. All authors
gave final approval for publication.

ACKNOWLEDGMENTS
We wish to honor the memory of Vincent Whitehead and recognize Kim
Steiner, who together made a significant contribution to our knowledge
and understanding of oil-collecting bees in South Africa and put forward
theories that remain contemporary. Most of the specimens they collected
and carefully curated are housed at Iziko Museums South Africa and
have been the sole source of our trait data. Thanks to Simon van Noort
(Iziko Museums South Africa) for access to the Rediviva bee collection
and the use of the Leica stereoscope to measure and photograph specimens. We wish to thank Chris Klingenberg for insightful discussion and
providing comments to earlier drafts of our manuscript. We also thank
Thomas Hansen for help with the interpretation of our results and we

A L L O M E T RY S H A P E S O I L B E E L E G E VO L U T I O N

thank an anonymous reviewer and Christophe Pélabon for their valuable
comments and suggestions. This work was supported by Elizabeth Parker
and the Mapula Trust and the Natural Science Collections Facility to
A.M.; National Research Foundation (PDP postdoc fellowship grant no.
UID127738 to A.M.; RCA-fellowship grant no. 91442 to J.F.C.; grant
no. 119125 to R.A.).

DATA ARCHIVING
The data are available from the University of Cape Town’s data portal (DOI: 10.25375/uct.13297640). The code needed to reproduce all
analyses in this manuscript will be available at: https://github.com/
resaltwegg/Rediviva-allometry

CONFLICT OF INTEREST
The authors have declared no conflict of interest.

LITERATURE CITED
Anderson, B., and S. D. Johnson. 2008. The geographical mosaic of coevolution in a plant- pollinator mutualism. Evolution 62:220–225.
Armbruster, W. S., T. F. Hansen, C. Pélabon, R. Pérez-Barrales, and J. Maad.
2009. The adaptive accuracy of flowers: Measurement and microevolutionary patterns. Ann. Bot 103:1529–1545.
Armbruster, W. S., and J. A. Wege. 2019. Detecting canalization and intrafloral modularity in triggerplant (Stylidium) flowers: Correlations are
only part of the story. Ann. Bot 123:355–372.
Bauder, J. A. S., L. Morawetz, A. D. Warren, and H. W. Krenn. 2015.
Functional constraints on the evolution of long butterfly proboscides:
Lessons from Neotropical skippers (Lepidoptera: Hesperiidae). J. Evol.
Biol 28:678–687.
Berg, R. L. 1959. A general evolutionary principle underlying the origin of
developmental homeostasis. Am. Nat 93:103–105.
Berg, R. L. 1960. The ecological significance of correlation pleiades.
Evolution 14:171–180.
Blomberg, S. P., T. Garland, and A. R. Ives. 2003. Testing for phylogenetic
signal in comparative data: behavioural traits are more labile. Evolution
57:717–745.
Bolstad, G. H., J. A. Cassara, E. Márquez, T. F. Hansen, K. Van Der Linde,
D. Houle, and C. Pélabon. 2015. Complex constraints on allometry revealed by artificial selection on the wing of Drosophila melanogaster.
Proc. Natl. Acad. Sci. U. S. A 112:13284–13289.
Bonduriansky, R., and T. Day. 2003. The evolution of static allometry in sexually selected traits. Evolution 57:2450–2458.
Borrell, B. J. 2007. Scaling of nectar foraging in orchid bees. Am. Nat
169:569–580.
Bright, J. A., J. Marugán-Lobón, S. N. Cobb, and E. J. Rayfield. 2016. The
shapes of bird beaks are highly controlled by nondietary factors. Proc.
Natl. Acad. Sci. U. S. A 113:5352–5357.
Cheverud, J. M. 1982. Relationships among ontogenetic, static, and evolutionary allometry. Am. J. Phys. Anthropol 59:139–149.
Danforth, B. N., R. L. Minckley, and J. L. Neff. 2019. The solitary bees: Biology, evolution, conservation. Princeton University Press, United States
of America.
Darwin, C. 1862. On the various contrivances by which British and foreign
orchids are fertilised by insects. Murray, London.
Düster, J. V., M. H. Gruber, F. Karolyi, J. D. Plant, and H. W. Krenn. 2018.
Drinking with a very long proboscis: Functional morphology of orchid
bee mouthparts (Euglossini, Apidae, Hymenoptera). Arthropod Struct.
Dev 47:25–35. Elsevier Ltd.

Eberhard, W. G. 2009. Static allometry and animal genitalia. Evolution
63:48–66.
Eberhard, W. G., B. Huber, R. Rodriguez, D. Briceno, I. Salas, and V.
Rodríguez. 1998. One size fits all? Relationships between the size and
degree of variation in genitalia and other body parts in twenty species
of insects and spiders. Evolution 52:415–431.
Egset, C. K., G. H. Bolstad, G. Rosenqvist, J. A. Endler, and C. Pélabon.
2011. Geographical variation in allometry in the guppy (Poecilia reticulata). J. Evol. Biol 24:2631–2638.
Egset, C. K., T. F. Hansen, A. L.e. Rouzic, G. H. Bolstad, G. Rosenqvist, and
C. Pélabon. 2012. Artificial selection on allometry: Change in elevation
but not slope. J. Evol. Biol 25:938–948.
Emlen, D. J., L. Corley Lavine, and B. Ewen-Campen. 2007. On the origin
and evolutionary diversification of beetle horns. Proc. Natl. Acad. Sci
104:8661–8668.
Emlen, D. J., and H. F. Nijhout. 2000. The development and evolution of
exaggerated morphologies insects. Annu. Rev. Entomol 45:661–708.
Emlen, D. J., I. A. Warren, A. Johns, I. Dworkin, and L. C. Lavine. 2012.
A mechanism of extreme growth and reliable signaling in sexually selected ornaments and weapons. Science 337:860–864.
Firmat, C., I. Lozano-Fernández, J. Agustí, G. H. Bolstad, G. Cuenca-Bescós,
T. F. Hansen, and C. Pélabon. 2014. Walk the line: 600 000 years of
molar evolution constrained by allometry in the fossil rodent Mimomys
savini. Philos. Trans. R. Soc. B Biol. Sci 369:20140057.
Frankino, W. A., B. J. Zwaan, D. L. Stern, and P. M. Brakefield. 2007. Internal
and external constraints in the evolution of morphological allometries in
a butterfly. Evolution 61:2958–2970.
Frankino, W. A., B. J. Zwaan, D. L. Stern, and P. M. Brakefield. 2005. Natural
selection and developmental constraints in the evolution of allometries.
Science 307:718–720.
Garland, T., and C. M. Janis. 1993. Does metatarsal/femur ratio predict maximal running speed in cursorial mammals? J. Zool 229:133–151.
Gould, S. J. 1966. Allometry and size in ontogeny and phylogeny. Biol. Rev.
Camb. Philos. Soc 41:587–640.
Hansen, T. F., and K. Bartoszek. 2012. Interpreting the evolutionary regression: The interplay between observational and biological errors in phylogenetic comparative studies. Syst. Biol 61:413–425.
Hansen, T. F., J. Pienaar, and S. H. Orzack. 2008. A comparative method
for studying adaptation to a randomly evolving environment. Evolution
62:1965–1977.
Harmon, L. J., J. T. Weir, C. D. Brock, R. E. Glor, and W. Challenger. 2008.
GEIGER: investigating evolutionary radiations. Bioinformatics 24:129–
131.
Heisler, I. L., and J. Damuth. 1987. A method for analyzing selection in hierarchically structured populations. Am. Nat 130:582–602.
Helm, B. R., J. P. Rinehart, G. D. Yocum, K. J. Greenlee, and J. H. Bowsher.
2017. Metamorphosis is induced by food absence rather than a critical
weight in the solitary bee, Osmia lignaria. Proc. Natl. Acad. Sci. U. S.
A 114:10924–10929.
Higginson, D. M., A. V. Badyaev, K. A. Segraves, and S. Pitnick. 2015.
Causes of discordance between allometries at and above species level:
An example with aquatic beetles. Am. Nat 186:176–186.
Ho, L. S. T., and C. Ane. 2014. A linear-time algorithm for Gaussian and
non-Gaussian trait evolution models. Syst. Biol 63:397–408.
Houle, D., L. T. Jones, R. Fortune, and J. L. Sztepanacz. 2019. Why does
allometry evolve so slowly? Integr. Comp. Biol 1–12.
Houle, D., C. Pélabon, G. P. Wagner, and T. F. Hansen. 2011. Measurement
and meaning in biology. Q. Rev. Biol 86:3–34.
Huxley, J. S. 1924. Constant differential growth-rations and their significance. Nature 114:895–896.
Huxley, J. S. 1932. Problems of relative growth. L. MacVeagh, New York.

EVOLUTION 2020

11

A. MELIN ET AL.

Iziko Museums of South Africa. 2018. Data sourced from Specify6 database
(29 January 2018).
Johnson, S. D., and B. Anderson. 2010. Coevolution between food-rewarding
flowers and their pollinators. Evol. Educ. Outreach 3:32–39.
Johnson, S. D., and B. Bytebier. 2015. Orchids of South Africa. Struik.
Johnson, S. D., and K. E. Steiner. 1997. Long-tongued fly pollination and evolution of floral spur length in the Disa draconis complex (Orchidaceae).
Evolution 51:45–53.
Kahnt, B., G. A. Montgomery, E. Murray, M. Kuhlmann, A. Pauw, D.
Michez, R. J. Paxton, and B. N. Danforth. 2017. Playing with extremes:
Origins and evolution of exaggerated female forelegs in South African
Rediviva bees. Mol. Phylogenet. Evol 115:95–105.
Kahnt, B., P. Theodorou, A. Soro, H. Hollens-Kuhr, M. Kuhlmann, A. Pauw,
and R. J. Paxton. 2018. Small and genetically highly structured populations in a long-legged bee, Rediviva longimanus, as inferred by pooled
RAD-seq. BMC Evol. Biol 18:196.
Karolyi, F., L. Morawetz, J. F. Colville, S. Handschuh, B. D. Metscher, and
H. W. Krenn. 2013. Time management and nectar flow: Flower handling
and suction feeding in long-proboscid flies (Nemestrinidae: Prosoeca).
Naturwissenschaften 100:1083–1093.
Klingenberg, C. P., and M. Zimmermann. 1992. Static, ontogenetic, and evolutionary allometry: a multivariate comparison in nine species of water
striders. Am. Nat 140:601–620.
Kuhlmann, M., and H. Hollens. 2015. Morphology of oil-collecting pilosity
of female Rediviva bees (Hymenoptera: Apoidea: Melittidae) reflects
host plant use. J. Nat. Hist 49:561–573.
Kunte, K. 2007. Allometry and functional constraints on proboscis lengths.
Funct. Ecol 21:982–987.
Lande, R., and S. J. Arnold. 1983. The measurement of selection on correlated
characters. Evolution 37:1210–1226.
Lavine, L., H. Gotoh, C. S. Brent, I. Dworkin, and D. J. Emlen. 2015. Exaggerated trait growth in insects. Annu. Rev. Entomol 60:453–472.
Manning, J. C., and P. Goldblatt. 1997. The Moegistorhynchus longirostris
(Diptera: Nemestrinidae) pollination guild: Long-tubed flowers and a
specialized long-proboscid fly pollination system in southern Africa.
Plant Syst. Evol 206:51–69.
Martins, A. C., G. A. R. Melo, and S. S. Renner. 2014. The corbiculate bees
arose from New World oil-collecting bees: Implications for the origin
of pollen baskets. Mol. Phylogenet. Evol 80:88–94.
Melin, A., and J. F. Colville. 2019. A nesting aggregation of Rediviva intermixta (Melittinae: Melittidae) with males sleeping together in burrows:
Namaqualand, South Africa. J. Kansas Entomol. Soc 92:561–568.
Melin, A., H. W. Krenn, R. C. K. Bowie, C. M. Beale, J. C. Manning, and J.
F. Colville. 2019. The allometry of proboscis length in Melittidae (Hymenoptera: Apoidae) and an estimate of their foraging distance using
museum collections. PLoS One 14:e0217839.
Morita, S. 2008. A revision of the Philoliche aethiopica species complex
(Diptera: Tabanidae). African Invertebr 49:129–158.
Neuwirth, E. 2014. RColorBrewer: ColorBrewer Palettes.
Nilsson, L. A. 1998. Deep flowers for long tongues. Trends Ecol. Evol
13:259–260.
Nilsson, L. A. 1988. The evolution of flowers with deep corolla tubes. Nature
334:147–149.
Packard, G. C. 2018. Evolutionary allometry of horn length in the mammalian
family Bovidae reconciled by non-linear regression. Biol. J. Linn. Soc
125:657–663.
Pauw, A., B. Kahnt, M. Kuhlmann, D. Michez, G. A. Montgomery, E.
Murray, and B. N. Danforth. 2017. Long-legged bees make adaptive
leaps: Linking adaptation to coevolution in a plant–pollinator network.
Proc. R. Soc. B Biol. Sci 284.

12

EVOLUTION 2020

Pauw, A., J. Stofberg, and R. J. Waterman. 2009. Flies and flowers in Darwin’s race. Evolution 63:268–279.
Pélabon, C., W. S. Armbruster, and T. F. Hansen. 2011. Experimental evidence for the Berg hypothesis: vegetative traits are more sensitive
than pollination traits to environmental variation. Funct. Ecol 25:247–
257.
Pélabon, C., C. Firmat, G. H. Bolstad, K. L. Voje, D. Houle, J. Cassara, A. L.e.
Rouzic, and T. F. Hansen. 2014. Evolution of morphological allometry.
Ann. N. Y. Acad. Sci 1320:58–75.
Pélabon, C., M. Tidière, J. F. Lemaître, and J. M. Gaillard. 2018. Modelling
allometry: Statistical and biological considerations - a reply to Packard.
Biol. J. Linn. Soc 125:664–671.
Pinheiro, J., D. Bates, S. DebRoy, and D. Sarkar. 2017. nlme: Linear and
Nonlinear Mixed Effects Model.
R Core Team. 2020. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. https://www.
R-project.org/.
Shingleton, A. W., and W. A. Frankino. 2013. New perspectives on the evolution of exaggerated traits. BioEssays 35:100–107.
Shingleton, A. W., W. A. Frankino, T. Flatt, H. F. Nijhout, and D. J. Emlen.
2007. Size and shape: The developmental regulation of static allometry
in insects. BioEssays 29:536–548.
Snijman, D. A., and K. E. Steiner. 2013. Scrophulariaceae. Pp. 457–460 in
D. Snijman, ed. Plants of the Greater Cape Floristic Region 2: the extra
cape region. SANBI.
Steiner, K. E., and V. B. Whitehead. 1991. Oil flowers and oil bees: Further
evidence for pollinator adaptation. Evolution 45:1493–1501.
Steiner, K. E., and V. B. Whitehead. 1990. Pollinator adaptation to oilsecreting flowers–Rediviva and Diascia. Evolution 44:1701–1707.
Stillwell, R. C., A. W. Shingleton, I. Dworkin, and W. A. Frankino. 2016.
Tipping the scales: Evolution of the allometric slope independent of average trait size. Evolution 70:433–444.
Thompson, J. N. 2005. The geographic mosaic of coevolution. University of
Chicago Press, Chicago.
Tidière, M., J. F. Lemaître, C. Pélabon, O. Gimenez, and J. M. Gaillard. 2017.
Evolutionary allometry reveals a shift in selection pressure on male horn
size. J. Evol. Biol 30:1826–1835.
Toju, H., and T. Sota. 2006. Adaptive divergence of scaling relationships mediates the arms race between a weevil and its host plant. Biol. Lett
2:539–542.
Tsang, L. R., L. A. B. Wilson, J. Ledogar, S. Wroe, M. Attard, and G.
Sansalone. 2019. Raptor talon shape and biomechanical performance
are controlled by relative prey size but not by allometry. Sci. Rep 9:1–
10.
van de Pol, M., and J. Wright. 2009. A simple method for distinguishing
within- versus between-subject effects using mixed models. Anim. Behav 77:753–758.
Vogel, S. 1984. The Diascia flower and its bee - an oil-based symbiosis in
southern Africa. Acta Bot. Neerl 33:509–518.
Voje, K. L. 2016. Scaling of morphological characters across trait type, sex,
and environment. Am. Nat 187:89–98.
Voje, K. L., and T. F. Hansen. 2013. Evolution of static allometries: Adaptive
change in allometric slopes of eye span in stalk-eyed flies. Evolution
67:453–467.
Voje, K. L., T. F. Hansen, C. K. Egset, G. H. Bolstad, and C. Pélabon.
2014. Allometric constraints and the evolution of allometry. Evolution
68:866–885.
Whitehead, V. B., and K. E. Steiner. 2001. Oil-collecting bees of the winter
rainfall area of South Africa (Melittidae, Rediviva). Ann. South African
Museum 108:143–277.

A L L O M E T RY S H A P E S O I L B E E L E G E VO L U T I O N

Whitehead, V. B., and K. E. Steiner. 1992. Two new species of oil-collecting
bees of the genus Rediviva from the summer rainfall region of South
Africa, Hymenoptera, Apoidea, Melittidae.
Whitehead, V. B., K. E. Steiner, and C. D. Eardley. 2008. Oil collecting bees
mostly of the summer rainfall area of southern Africa (Hymenoptera:
Melittidae: Rediviva). J. Kansas Entomol. Soc 81:122–141.

Whittall, J. B., and S. A. Hodges. 2007. Pollinator shifts drive increasingly
long nectar spurs in columbine flowers. Nature 447:706–709.
Zeng, Z.-B. 1988. Long-term correlated response, interpopulation covariation, and interspecific allometry. Evolution 42:363–374.

Associate Editor: M. Zelditch
Handling Editor: A. McAdam

Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.
Table S1: Summary of morphological data and allometric parameters for 25 species of Rediviva bees.
Table S2: Difference (delta) between the evolutionary and static allometric slopes estimated by three different models across Rediviva species.
Table S3: Difference (delta) between the evolutionary and static allometric slopes estimated by three different models across Rediviva species including
R. gigas.
Table S4: Summary of morphological data and allometric parameters for 10 populations of R. neliana bees.
Table S5: Difference (delta) between the evolutionary and static allometric slopes estimated by three different models across R. neliana populations.
Figure S1: Allometric relationship of leg length against body size in Rediviva species.
Figure S2: Allometric relationship of leg length against body size in Rediviva species.
Figure S3: Allometric relationship of leg length against body size in Rediviva species, excluding R. neliana.
Figure S4: Allometric relationship of leg length against body size in Rediviva species, including R. gigas.
Figure S5: Allometric relationship of leg length against body size in R. neliana populations.
Figure S6: Leg length of Rediviva individuals of different species against mean spur length of their host plant flowers.
Figure S7: Relationship of allometric intercept to spur length of the host plants for Rediviva bee species.
Figure S8: Relationship of allometric intercept (i.e. estimated species-specific leg length from Model m11) to spur length of the host plants for Rediviva
bee species, fitted on the aritmetic scale.
Figure S9: Leg length of R. neliana individuals from different populations against spur length of their host plant flowers.
Figure S10: Relationship of allometric intercept to spur length of the host plants for Rediviva neliana populations.
Figure S11: Relationship of allometric intercept (i.e. estimated population-specific leg length from Model m11) to spur length of the host plants for
Rediviva neliana populations, fitted on the aritmetic scale.
Supporting Information

EVOLUTION 2020

13

