
CHAPTER 6

Rensch’s rule in insects: patterns
among and within species

Wolf U. Blanckenhorn, Rudolf Meier, and Tiit Teder

6.1 Introduction

Rensch’s rule (so termed by Abouheif and

Fairbairn 1997; Fairbairn 1997) describes a wide-

spread pattern in the animal kingdom that male

body size diverges faster than female body size

over evolutionarily time among related species,

such that male-biased sexual size dimorphism

(henceforth dimorphism) increases and female-

biased dimorphism decreases with body size

(Rensch 1959). When first describing the phenom-

enon, Rensch (1950) did not offer an explanation,

and its causes remain largely unclear to this day.

Although it is unlikely that one single mechanism

is responsible across the broad range of taxa in

which it is observed (Fairbairn 1997, 2005), it has

been suggested that Rensch’s rule may be driven

primarily by sexual selection for large male size in

combination with a typically high genetic correla-

tion in body size between the sexes (Fairbairn and

Preziosi 1994; Fairbairn 1997). However, to date

evidence for the general importance of sexual

selection in producing Rensch’s rule is equivocal at

best (Fairbairn and Preziosi 1994; Fairbairn 1997,

2005; Kraushaar and Blanckenhorn 2002; Tamate

and Maekawa 2005; Young 2005).

Almost 10 years ago, Abouheif and Fairbairn

(1997) reviewed the evidence for Rensch’s rule in

animals and found support for it in a majority of

taxa. However, arthropods, and especially insects,

were greatly underrepresented in their survey and

often displayed variation in dimorphism incon-

sistent with Rensch’s rule (see also Chapter 7 in

this volume). Since then a number of new data-sets

on insects have become available, which prompted

the update provided in this chapter.

The original formulation of Rensch’s rule refers

to a systematic pattern of variation in dimorphism

among closely related species (Rensch 1950, 1959;

Abouheif and Fairbairn 1997; Fairbairn 1997). Sta-

tistically, Rensch’s rule is manifested in allometric

slopes greater than 1 when male size is regressed

on female size (described further below; Fairbairn

1997). Consequently, Rensch’s rule can also be

studied among populations within species. Pri-

marily with the aim of investigating the putative

mechanisms causing Rensch’s rule, a number of

studies have explored intraspecific variation in

dimorphism in the past, but obtained mixed

results (Fairbairn and Preziosi 1994; Fairbairn 1997,

2005; Kraushaar and Blanckenhorn 2002;

Gustafsson and Lindenfors 2004; Tamate and

Maekawa 2005; Young 2005; see also Chapters 8

and 14). Again, new intraspecific data have

recently become available in connection with stu-

dies of Bergmann clines (Blanckenhorn et al. 2006),

allowing a more comprehensive evaluation of the

equivalent of Rensch’s rule at this taxonomic level.

Patterns analogous to Rensch’s rule can further

be studied within populations of a given species,

for example when animals are reared in the

laboratory under different environmental condi-

tions and several such treatments or genetic

groupings (e.g. families) are compared. In such

cases, body size of males and females can be

affected differentially to produce allometries in

dimorphism. Such phenotypic plasticity in

dimorphism has recently been investigated in a

comparative study of insects by Teder and

Tammaru (2005), and in a more mechanistic fra-

mework by Fairbairn (2005; see also Chapter 14).

60



Contrary to patterns among species,where vertebrate

data clearly dominate (Abouheif and Fairbairn, 1997),

at this taxonomic level data are more likely to be

available for smaller organisms that can be more

easily reared in captivity, such as insects.

We here review the validity of Rensch’s rule in

insects and its extension to lower taxonomic levels:

among species, among populations within species,

and among families or environments within

populations. We thus reduce Rensch’s rule to its

mere statistical manifestation: more variance in

male than female body size. In so doing we ask

whether allometries in dimorphism at these var-

ious taxonomic levels relate in any way, possibly

in that patterns at a lower taxonomic level might

uncover mechanisms generating Rensch’s rule at

this or higher taxonomic levels (see Fairbairn and

Preziosi 1994; Kraushaar and Blanckenhorn 2002;

Fairbairn 2005; Chapter 8). In this context we

discuss potential proximate mechanisms produ-

cing variation in dimorphism whenever this is

appropriate.

6.2 Patterns among species

Until recently, few studies of Rensch’s rule in

insects existed in the literature. Besides a data-set

on beetles included in Rensch’s (1950) original

work, Abouheif and Fairbairn (1997) listed only

Sivinski and Dodson’s (1992) study on tephridid

fruit flies, which included a parenthetical treat-

ment of a large but unpublished data-set for stick

insects (Phasmatodea; see Sivinski 1978), and work

on one family of water striders (Heteroptera:

Gerridae) by Fairbairn (1990, 1997) and Andersen

(1994). Andersen (1997) in parallel published an

extended study on additional water strider groups.

Since then, data on ladybird beetles (Dixon 2000),

stalk-eyed flies (Baker and Wilkinson 2001), cad-

disflies (Jannot and Kerans 2003), dragonflies

(Johansson et al. 2005), and, most recently, a

number of further insect groups (Blanckenhorn

et al. 2007) have become available. As was cus-

tomary, most of the earlier studies presented

phylogenetically uncorrected data.

It has become standard to analyze dimorphism

using allometric plots of ln(male size) on ln(female

size) (or vice versa: Abouheif and Fairbairn 1997;

Fairbairn 1997). Logarithmic transformations are

necessary for reasons of scaling when studying

such evolutionary allometries (Gould 1966;

LaBarbera 1989). When (by convention) plotting

female size on the x axis, Rensch‘s rule becomes

statistically manifest in slopes b> 1 (i.e. hyper- or

positive allometry; Fairbairn 1997). Because there

is variance in both female and male size, and

because the y and x variables are identical, major-

axis (MA, or model II) regression should be used

instead of least-squares regression (Sokal and

Rohlf 1995), although this was not always done in

the past (Table 6.1). In general, hypo- or negative

allometry results when variance in y is less than in

x, and hyper- or positive allometry results in the

opposite case. Standard errors (SE) or 95% con-

fidence intervals (CI; equal to 1.96*SE) based on

error in x and y for MA slopes, or error in y only

for least-squares slopes, can be calculated. Note

that unless r2 is very high, the MA slope is always

greater than the least-squares slope, and the MA

SE is always smaller (because in a right-angled

triangle either of the two catheti, minimized in MA

regression, are necessarily smaller than the hypo-

tenuse minimized in least-squares regression).

Table 6.1 lists all allometric regression slope

estimates available to date for insects, and Figure

6.1 plots the data for those groups yet unpublished

(see Blanckenhorn et al. 2007). Phylogenetically

uncorrected MA estimates based on the original

data and/or corrected estimates based on inde-

pendent contrasts assuming a particular phylo-

geny for the group are given in Table 6.1

(Felsenstein 1985; Purvis and Rambaut 1995).

Because in the past least-squares estimates were

often supplied, we list them for comparison. Least-

squares and phylogenetically uncorrected esti-

mates are clearly biased (Felsenstein 1985; Sokal

and Rohlf 1995), so phylogenetically corrected MA

estimates are preferred.

We have estimates for a total of seven insect

orders, some of them featuring multiple estimates

for various subtaxa. These estimates are based on

different body-size traits, although this is of minor

importance (but see section 6.4. below) as long

as the same trait is used for both sexes and the

traits are at the same scale (i.e. linear traits such as

thorax or body length in contrast to volume traits
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such as body mass). At the order level, Coleoptera,

Hymenoptera, and Phasmatodea show allometry

that is inconsistent with Rensch’s rule, with the

latter two even revealing an opposite trend,

whereas Diptera, Heteroptera, and (potentially)

the Lepidoptera conform to Rensch’s rule. Ironi-

cally, Rensch’s (1950) original carabid beetle

example does not follow Rensch’s rule, although

admittedly he had mentioned that this is not a

particularly good example. This limited data-set

suggests that Rensch’s rule occurs in only about

half of insect orders and may consequently not be

the norm in insects. Note that the number of esti-

mates within the different orders, as well as their

quality (phylogenetic correction or not), varies

considerably: for Diptera and Heteroptera several

families have been investigated, whereas for

most other orders species from all families were

combined or only a single family (e.g. Trichoptera)

were investigated. However, the various sub-esti-

mates for Diptera and Heteroptera are rather

consistent in supporting Rensch’s rule. Never-

theless, as shall be shown further below for the

Sepsidae (see Figure 6.2 below), within any group

Rensch’s rule might hold at one taxonomic level

(e.g. the family) but not at another (e.g. the genus).

Thus overall support for Rensch’s rule in the

insects remains rather mixed and probably does

not deserve the attribute ‘‘rule’’, a pattern also true

for spiders (see Chapter 7).

6.3 Patterns among populations
within species

A long-standing hypothesis for the evolution of

allometry consistent with Rensch’s rule is that it is

driven by sexual selection for large male size in

combination with a generally very high genetic
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Figure 6.1 Allometric (least-squares) regression plots of mean male on mean female body size (natural-log-transformed; traits and slope estimates are

given in Table 6.1) for six insect taxa (line of isometry hatched for comparison). Filled circles for the Sepsidae and Scathophagidae denote the genera

Sepsis and Scathophaga, respectively.
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correlation in body size between the sexes

(reviewed in Fairbairn 1997). Fairbairn and Pre-

ziosi (1994) investigated this hypothesis by com-

paring dimorphism together with the intensity of

sexual selection on male size among isolated

populations of the water strider Aquarius remigis

(see also Chapter 9). Their reasoning was that if

sexual selection on male body size is consistently

stronger in one population compared to another

living in a different environment (with viability

and fecundity selection assumed to be equal), male

size should increase, and hence dimorphism

change, faster over evolutionary time in that

population. Such divergent selection should

eventually result in more variation in male than

female size among populations, thus generating

Rensch’s rule (Fairbairn and Preziosi 1994). In so

doing, they extended Rensch’s rule to the within-

species taxonomic level, following a major tenet of

evolutionary biology in trying to explain a mac-

roevolutionary pattern among species by studying

the putative underlying selective mechanisms

operating at the microevolutionary level.

The approach of Fairbairn and Preziosi (1994)

was replicated in two species of dung fly by

Kraushaar and Blanckenhorn (2002), and intras-

pecific variation in dimorphism was further stu-

died in two vertebrates (humans and salmon) by

Gustafsson and Lindenfors (2004) and Young

(2005), yielding overall mixed results. Recently,

Blanckenhorn et al. (2006) took advantage of sex-

specific studies of latitudinal clines to investigate

intraspecific patterns of Rensch’s rule. Except for

the studies by Fairbairn and Preziosi (1994) on

Gerridae and Kraushaar and Blanckenhorn (2002)

on Sepsidae and Scathophagidae, all estimates

presented here stem from studies of sex-specific

latitudinal clines (Blanckenhorn et al. 2006). Only

few individual estimates differ significantly from a

MA slope of 1 (shown in italics in Table 6.2) and

the data reveal no overall pattern, as only 20 of 37

species have allometric slopes > 1 that are con-

sistent with Rensch’s rule (mean slope� 95% CI,

0.970� 0.078). That is, as for the interspecificpattern,

there is no evidence for the prevalence of an intras-

pecific pattern analogous to Rensch’s rule in insects.

As is well known for insects, dimorphism is female-

biased overall (only five of 37 species have larger

males), as evidenced by a positive mean size

dimorphism index (SDI) of 0.036� 0.035 (� 95%CI).

Note that when investigating the relationship

between male and female body size (as in

Figure 6.1), it is actually sufficient to know body-

size means and standard deviations. This is

because the reduced MA slope of a regression of

ln(male size) on ln(female size), which closely

approximates the MA slope, can conveniently be

calculated as the ratio of the standard deviations

of ln(male size) and ln(female size) (Sokal

and Rohlf 1995). This should facilitate further

studies of Rensch’s rule within species as

undertaken here.

6.4 Patterns within populations of a
given species

In studies examining Rensch’s rule, dimorphism

has been commonly assumed to have some

narrow, species-specific range. In an extensive

re-analysis of insect case studies, Teder and

Tammaru (2005) demonstrated that this assump-

tion is not necessarily correct. Instead, dimorphism

can strongly vary as a function of developmental

conditions. Typically, differences between female

and male size increased as conditions improved

and body size increased. The phenomenon was

attributable to a disproportional increase in the

size of the larger sex, which was the females in

most species analyzed. As a result, female body

size was usually more variable than male size at

the intra-population level—a pattern of body-size

plasticity opposite to that predicted by Rensch’s

rule. As a plausible explanation, Teder and

Tammaru (2005) suggested that the two sexes may

be differently constrained by growth conditions

when attaining their optimal body sizes: the larger

sex responds more strongly to a reduction in

environmental quality, thus deviating more from

its optimal size than the smaller sex.

Teder and Tammaru (2005) focused their ana-

lyses on body mass, the size trait most commonly

available. However, some evidence exists that

different size traits can show different sex-related

patterns of variance. For example, van Alphen and

Thunnissen (1983) showed in a parasitoid wasp

that an equal increase in head width in the two
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sexes lead to a disproportional increase in female

body mass, implying differences in body shape.

Consequently, any index of dimorphism may

strongly differ within species depending on the

size trait used for its calculation. For example, a

study on four parasitoid wasps revealed that

dimorphism based on linear (hind tibia length)

and volume (adult mass) measurements may differ

even qualitatively: females were typically heavier,

whereas males were the larger sex with regard to

hind tibia length (Teder 2005). Similarly, Väisänen

and Heliövaara (1990) measured a number of dif-

ferent linear size indices in a heteropteran bug,

and showed that the corresponding SDI varied

between 0 and 0.5 (see also Chapter 9).

To test whether the patterns of sex-related var-

iance in linear structural traits coincide with pat-

terns of variance in body mass found by Teder and

Tammaru (2005), we here performed analogous

analyses using linear size indices instead of body

mass. We extracted relevant data for 58 insect spe-

cies from the literature. A data-set for any particular

species consistedofmeansof some linearmeasure of

adult size, presented separately for males and

females, and reported for at least two different

population samples (e.g. in different environments).

For each species, ln (male size) was plotted against

ln (female size). A reduced MA regression slope

b> 1 indicates greater variance inmale size,whereas

b< 1 indicates greater variance in female size.

The proportion of species in which linear traits

of females responded more strongly to a reduction

in environmental quality than those of males was

nearly equal to the proportion of species with an

opposite trend: b< 1 in 29 species (52%); b> 1 in 27

species (48%). In contrast, Teder and Tammaru

(2005), analyzing an analogous data-set using body

mass instead of structural traits, found female

body mass to be more sensitive to environmental

conditions in nearly 70% of species (b< 1 in 98

species; b> 1 in 44 species). The two distributions

of linear structural and body-mass traits differed

significantly (Fisher’s exact probability test,

P¼ 0.03). A similar tendency was found when

comparing the allometric slopes based on body

masses with those based on some linear size

measure for a paired subset of 16 species for which

both types of trait were available (Table 6.3).

Within this set of species, the slope of the log–log

regression of the structural trait of males on that of

females was typically greater than the corre-

sponding slope for male on female body mass (12

higher compared with four lower; binomial test,

P¼ 0.08; Table 6.3). In other words, the tendency of

female size to be more plastic was stronger when

size was expressed in terms of body mass than

when linear size traits were used. This is not

merely a statistical artifact due to a common

mean–variance correlation, which can be largely

removed by proper (logarithmic) transformation of

the data (Gould 1966; LaBarbera 1989).

Why then do the sex-related patterns of variance

depend on the size measure used? A likely

explanation is associated with the relative nature

of dimorphism based on body mass and linear

measures. It is well known in insects that sexual

differences in body mass are to a considerable

degree attributable to sexual differences in abdo-

men size. For example, Wickman and Karlsson

(1989) demonstrated in seven butterfly species and

a calliphorid fly that the proportion of abdomen

mass relative to the total body mass is higher in

females than in males. The relatively larger abdo-

mens of females have been commonly interpreted

as resulting from fecundity selection: a larger

abdomen can hold more eggs (Karlsson and

Wickman 1990; Preziosi et al. 1996; Chapter 9). In

the extreme, there may be no optimum for female

size as larger (abdomen) size may always be better

(e.g. Tammaru et al. 2002). In line with this,

Wickman and Karlsson (1989) showed that the

proportion of abdomen mass relative to total body

mass increases with total mass. Male fitness,

however, is often determined by his ability to find

mating partners, and selection on larger abdomen

mass (sperm production) may therefore be coun-

terbalanced by selection on better locomotory

abilities (Ghiselin 1974; e.g. Blanckenhorn et al.

1995). In contrast, sex-related differences in selec-

tion pressure on the sizes of structural traits asso-

ciated with head and thorax (including wings and

legs) are expected to be generally less striking. It

follows that, with environmental conditions

improving (and body size increasing), females and

males should diverge in body mass more than in

linear traits.
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6.5 Relationships among the various
taxonomic levels

After investigating the evidence for Rensch’s rule

at three taxonomic levels (among species, among

populations within species, and within popula-

tions), we now ask whether the patterns correlate.

As outlined in the Introduction, plots of male on

female size (Figure 6.1), indicating sexual differ-

ences in body-size variance, and hence Rensch’s

rule, can formally be generated at all these levels

by plotting species means, population means, or

family or group means in various environments,

respectively, as done here. Direct comparisons are

possible if such estimates are available for a given

group of species, and we here present two such

examples for the sepsid and scathophagid flies

(Figure 6.2). Data for the higher taxonomic

levels (species, genera) stem from field-caught,

pinned specimens at the Zoological Museum,

Copenhagen, Denmark, whereas laboratory and

field estimates at lower taxonomic levels were

gathered at the Zoological Museum, Zurich,

Switzerland. The species estimates refer to the

genera Sepsis spp. and Scathophaga spp., and the

population and family estimates refer to Sepsis

cynipsea and Scathophaga stercoraria (data from

Blanckenhorn 1997b, 1998a, unpublished work;

Kraushaar and Blanckenhorn 2002). In most

sepsids, as is the case for S. cynipsea, females are

larger than males, and in many scathophagids, as

is the case for S. stercoraria, males are larger than

females (Figure 6.1).

Four observations can be gathered from this

admittedly limited comparison of allometric body-

size slopes at various taxonomic levels in these two

species groups (Figure 6.2). First, in the scatho-

phagids all estimates are congruent in that males

show greater variance than females at all taxo-

nomic levels, with slopes generally >1, consistent

with Rensch’s rule. In the sepsids, in contrast, the

estimates are incongruent: only the interspecific

estimates tend to conform to Rensch’s rule (slope

>1), males thus exhibiting more variance, whereas

the intraspecific estimates show slopes �1, indi-

cating greater variance among females (or equal

variances for both sexes). In the sepsids, therefore,

intraspecific patterns do not predict interspecific

patterns, whereas in the scathophagids they do (see

Kraushaar and Blanckenhorn 2002). Second, in

both families intraspecific body-size variance tends

to be greater in the larger sex (females in S.

cynipsea, males in S. stercoraria; Figure 6.2; see

section 6.4). This is consistent with a correlation

between mean and variance that is frequently

observed in metric data: often a data-set with a

greater mean also displays greater variance, which

is one of the prime reasons for statistical data

transformation (Sokal and Rohlf 1995). It also

suggests that intraspecific patterns largely reflect

mechanisms generated by phenotypic plasticity,

whereas interspecific patterns should rather reflect
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Figure 6.2 MA regression slopes (� 95% CI) at various taxonomic

levels (from left to right: among species, among populations, and among

families of Sepsis cynipsea and Scathophaga stercoraria), for field-caught

and laboratory-reared specimens of the Dipteran groups Sepsidae and

Scathophagidae (sample sizes given underneath). The species subset for

the Sepsidae refers to eight species of Sepsis for which field and

laboratory data were available. Sibs dung lab: full-sib offspring (families)

of one population, reared in the lab at various dung (¼ food) conditions;

Sibs temp: full-sib offspring (families) of one population, reared in the field

throughout the season at various temperatures; Sibs temp lab: full-sib

offspring (families) of one population, reared in the lab at various

temperatures.
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mechanisms related to the speciation process, with

possibly little correspondence between the two

(see Fairbairn 2005). Thus interspecific patterns are

unlikely to be generally predictable from intras-

pecific (among-population) studies, as originally

envisioned by Fairbairn and Preziosi (1994) and

Kraushaar and Blanckenhorn (2002). Third, at least

in the sepsids (Figure 6.2) even the interspecific

estimates are quite variable: allometric slopes

among Sepsis species are clearly >1, following

Rensch’s rule, whereas among genera (averaging

various species within a given genus) and overall

the slopes are equal to 1. Thus interspecific pat-

terns at various taxonomic levels (species, genus,

family, etc.) are not necessarily consistent, and it

would be interesting to systematically investigate

this pattern in other groups. Such variation in

interspecific dimorphism at various taxonomic

levels, typically revealed by nested analysis of

variance, is known from other taxa (e.g. Kappeler

et al. 1996; Jannot and Kerans 2003). Fourth, again

in the sepsids, allometric slopes generated from

field-caught specimens were substantially steeper

than those obtained when the same eight species

were reared in the laboratory (Figure 6.2). This

suggests that standardized and rather benign

rearing procedures in the laboratory, which typi-

cally reduce the degree of phenotypic plasticity

and hence produce adults of maximal body size,

can affect even interspecific allometric slopes and

ultimately the extent of Rensch’s rule (see section

6.4). More data-sets of this kind are clearly needed

to evaluate the generality of these findings.

6.6 Summary and conclusions

Abouheif and Fairbairn (1997) found Rensch’s rule

to be a common pattern among animal species, a

result largely dominated by vertebrates, with data

on invertebrates being rare in their sample. We

here re-evaluated the evidence for insects with

new data-sets and found Rensch’s rule consistently

in Diptera (flies) and Heteroptera (Gerridae; water

striders), but not in other insect groups (except

perhaps in Lepidoptera; Table 6.1), suggesting that

the mechanisms causing the pattern are unevenly

distributed among taxa. Extending our investigation

to the level among populations within species also

revealed no consistent evidence for Rensch’s rule

(Table 6.2), although when populations are

ordered by latitude a pattern consistent with

Rensch’s rule was found more commonly than

expected by chance (Blanckenhorn et al. 2006). In

contrast, at the level within populations of a given

species at different environmental conditions,

reflecting phenotypic plasticity, the majority of

insects show more variation in female (typically

the larger sex) than male body size, opposite to

Rensch’s rule (Teder and Tammaru 2005), a result

that weakened when linear structural traits were

used as a size measures instead of body mass. A

specific comparison of these three taxonomic levels

revealed congruence in scathophagid flies, typi-

cally featuring male-biased dimorphism and

allometry consistent with Rensch’s rule at all

levels, but no congruence in sepsid flies, in which

female-biased dimorphism dominates (the com-

mon pattern in insects). Patterns of body size

allometry at the three taxonomic levels conse-

quently generally do not correspond well. Whether

patterns at lower levels can reveal the (selective)

mechanisms causing Rensch’s rule at higher levels

therefore remains questionable and should

be scrutinized further. To extend or correct the

patterns found here, we strongly encourage

researchers to gather more data on female and

male body size variation at multiple taxonomic

levels for a given species group, taking both linear

structural and body mass traits for direct com-

parison and analyzing the data using the stan-

dardized methods exemplified here.
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