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Understanding natural selection: 
an approach integrating selection gradients, 
multiplicative fitness components, and path analysis 

JEFFREY K. CONNER 

Department of Ecology, Ethology, and Evolution, University of Illinois, Shelford Vivarium, 
606 E. Healey St., Champaign, IL 61820, USA 

Received 9 September 1995, accepted 20 March 1996 

A variety of methods for measuring natural selection have been introduced 
recently, spurring a large number of empirical studies. Each method has its own 
strengths and weaknesses, and the use of different techniques in different ways 
has hampered comparisons among studies. I outline a method for integrating 
selection gradients, multiplicative fitness components and path analysis in a 
standardized way, to utilize the strengths of each technique and facilitate com
parisons among studies. First, selection gradients are calculated using total life
time fitness; these estimates can be used in equations to predict evolutionary 
change. Second, path analysis and multiplicative fitness components are used to 
understand the causes of selection. Examples of the method applied to studies of 
selection in an animal and a plant are given; use of this method allows compari
sons to be made between the two studies of disparate taxa. 
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INTRODUCTION 

The empirical study of evolution by natural selection was hampered for many 
years by a lack of general methodology. In particular, methods for estimating selec
tion on continuously variable traits in the field were unavailable. In the past decade 
this situation has been rectified with the development of a variety of statistical 
tools. LANDE & ARNOLD (1983) introduced selection gradients, which measure the 
direct selection acting on a number of correlated traits and can be estimated from 
field data. A selection gradient for a given trait represents the slope of the relation
ship between fitness and that trait, after correcting for correlations with other 
measured traits. 

ARNOLD & WADE (1984a, 1984b) extended selection gradient analysis to multi
plicative fitness components. Multiplicative components were defined such that the 
denominator of each is the same as the numerator of the preceding component. 
The key feature of this definition is that it creates components whose biological 
interpretations are clear and independent of other components. For example, if 
male mating success in an animal was defined as the number of females inseminat
ed over the male's life, it would be confounded with lifespan (KOENIG & ALBANO 
1986, ARNOLD 1994). By dividing by lifespan and expressing mating success as a 
rate, it is corrected for differences in lifespan. Breaking total lifetime fitness down 
into biologically meaningful components and measuring selection acting at each 
one provides a first step in determining the environmental causes of selection (the 
"selective agents"). 

The proper methods for calculating selection gradients for fitness compo
nents, and the proper interpretation of those gradients, however, has been some
what controversial (WADE & KAusz 1989, KOENIG et al. 1991). Also, defining multi
plicative fitness components has been difficult in systems where fitness compo
nents are hierarchical and/or there are several levels of traits or ecological factors 
determining fitness (e.g. pollinator attraction: CAMPBELL et al. 1991, STANTON et al. 
1991; predators: WEIS & KAPELINSKI 1994). Finally, measuring selection on multipli
cative fitness components by itself does not indicate which component is most 
important in determining total lifetime fitness. 

Path analysis is a closely related approach to studying selection, also based on 
multiple regression (ARNOLD 1983, CRESPI & BOOKSTEIN 1989, CRESPI 1990, ARNOLD 
1994, ARNOLD & DUVALL 1994). Path analysis is now in wide use for studies of natu
ral selection and evolutionary ecology (e.g. SCHEMSKE & HORVITZ 1988, KINGSOLVER 
& SCHEMSKE 1991, STANTON et al. 1991, MITCHELL 1994 ). Major advantages of path 
analysis are its flexibility and its ability to handle complex interrelationships 
among a number of factors. In addition, a path diagram can make hypothesized 
causal relationships and correlations among many variables clearer and more easily 
interpretable. One problem with path analysis of selection is that it does not pro
duce selection gradients that can be used in equations to predict evolutionary 
change. 

These two methods, selection gradients with multiplicative fitness compo
nents and path analysis, have been viewed mainly as alternatives and have rarely 
been used together in empirical studies (e.g. KAusz 1986, KOENIG & ALBANO 1987, 
CONNER 1988, SCHEMSKE & HORVITZ 1988, JORDAN 1992, CAMPBELL & HALAMA 1993). 
A few empirical studies have combined selection analysis and path analysis (MITCHELL
OLDS & BERGELSON 1990, JORDAN 1991, HERRERA 1993, WEIS & KAPELINSKI 1994), 
but have not used multiplicative fitness components. 
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In this paper, I integrate these approaches in a new way, providing a more 
complete and interpretable way to understand evolution by natural selection. My 
approach combines the strengths of both methods: formal estimates of selection 
gradients are calculated for use in evolutionary models, and path analysis including 
multiplicative fitness components is used to understand the causes of the selection. 
This method also attempts to combine path analytic approaches to studying selec
tion on several traits (ARNOLD 1983, CRESPI & BOOKSTEIN 1989, CRESPI 1990) with 
path analytic approaches to understanding the environmental causes of selection 
(WEIS & KAPELINSKI 1994). The latter goal is achieved in two ways: first, fitness is 
partitioned into multiplicative components that can be more easily linked to specif
ic environmental factors, and second, measurements of specific environmental fac
tors are included in the path analysis. 

THE APPROACH 

I emphasize at the outset that I am not presenting a completely new method, but rather 
a simple but novel way of combining and integrating several existing methods. My approach 
is similar in some respects to methods developed by ARNOLD ( 1983, 1994) and ARNOLD & 
DUVALL (1994 ); the key differences are that in my approach multiplicative fitness components 
are central, selection gradients for fitness components are not calculated, and the relation
ships between fitness components and total fitness are estimated differently (see below). 

The first step of this approach is to calculate selection gradients (ft) by regressing total 
lifetime fitness on the phenotypic traits of interest. Since natural selection acts through dif
ferences among individuals in total lifetime fitness, this regression analysis will produce true 
selection gradients that can be used to predict short-term evolution (LANDE & ARNOLD 1983). 
Studies using fitness estimates based on only one portion of the life cycle or only some com
ponents of fitness may not produce reliable estimates of the total selection acting on a trait 
(ARNOLD & WADE 1984a, ENDLER 1986, TRAVIS & HEINRICH 1986, CLUTTON-BROCK 1991). By 
regressing fitness on several traits at once using multiple regression, the traits under direct 
selection (i.e. the targets of selection) can be identified. The use of standardized selection gra
dients is preferred, to facilitate comparisons among traits measured on different scales and 
among different studies. At this stage a variety of additional methods can be used to provide 
a better picture of the fitness surface, that is, the multivariate relationship between lifetime 
fitness and the traits (SCHLUTER 1988, PHILLIPS & ARNOLD 1989, SIMMS 1990, SCHLUTER & 
NYCHKA 1994 ). The selection gradients can also be calculated using breeding values to avoid 
possible biases in measurements of selection on phenotypic data (RAusHER 1992). 

The second step is to use path analyses combined with multiplicative fitness compo
nents to investigate the ecological causes of selection (i.e. the selective agents). This replaces 
calculating separate selection gradients for each individual fitness component; there is no 
need to have true selection gradients for each component, because it is the relationship 
between the phenotype and total fitness that causes natural selection. Path analysis including 
multiplicative components elucidates the causes of selection more thoroughly than selection 
gradients for fitness components (see examples below). The details of the path diagram and 
the specific fitness components will vary depending on the organism and the phenotypic 
traits of interest (this flexibility is a key feature of this method), but the same basic structure 
should be used for all path diagrams to facilitate comparisons among studies: 

Phenotypic 
traits 

Multiplicative 
fitness 

components 

Total 
lifetime 
fitness 
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In this basic structure, the phenotypic traits for which the selection gradients were cal
culated in stage one are considered first, with the correlations among them depicted. Next, 
multiple regression is used to estimate causal paths from these traits to the multiplicative fit
ness components that they are hypothesized to affect. Finally, separate simple regressions are 
used to fit causal paths between each fitness component and total fitness; these provide in
sight into the relative importance of each component in determining total fitness. Here the 
fitness components are what LI (1975: 313) refers to as segments of a composite variable. In 
all cases standardized coefficients should be used to facilitate comparisons among studies. 
This structure makes the hierarchical relationship among traits at different levels of complex
ity and integration clear; additional levels can be added depending on the organism and the 
variety of traits measured (see below). On the left are phenotypic traits (which can include 
physiological, morphological, and behavioral traits), in the middle are fitness components, 
and on the right is total fitness. This arrangement is similar to fig. 1 b in KINGSOLVER & 
ScHEMSKE (1991); here, multiplicative fitness components replace their intermediate traits. 

EXAMPLE: FUNGUS BEETLES 

This method was applied to data from an earlier paper that measured selec
tion on three traits in male fungus beetles (Bolitotherus comutus; CONNER 1988). 
That paper reported strong directional selection for increased horn length, but little 
selection on two measures of body size: elytral length and live weight. Total fitness 
was defined as the number of females inseminated over a male's lifetime. Total fit
ness can be broken down into multiplicative components in a number of ways, but 
for simplicity I will use only two here: lifespan and number of females inseminated 
per day of a male's life. The latter component can be called the insemination rate 
(components two through five combined in CONNER 1988). Based on selection gra
dients calculated for individual fitness components, I originally concluded (CONNER 
1988) that the selection on horn length was mainly sexual selection caused by dif
ferences in insemination rate. This sexual selection for increased horn length was 
not opposed by non-sexual selection: the horn length selection gradient for the life
span fitness component was positive but non-significant. 

The path analysis for the fungus beetles (Fig. 1) confirms and extends these 
conclusions. First, the three traits are highly positively correlated with each other. 
Second, none of the three traits has a significant relationship with lifespan, but 
there is a strong positive relationship between horn length and insemination rate. 
Thus the major component of the observed selection for increased horn size is sexual 
selection. This sexual selection is not opposed by longevity selection; the relation
ship between horn size and lifespan is also positive (albeit not significant). These 
conclusions are the same as those reached by CONNER (1988) using selection gra
dients for individual fitness components (see above); indeed, the first set of arrows, 
from the traits to the fitness components, is equivalent to selection gradients for fit
ness components. The path diagram, however, presents these and the correlations 
among traits in a more intuitive, visual manner, making the complex relationships 
easier to grasp than with a table of selection gradients (cf. CONNER 1988). 

The path analysis also provides additional insights into the fitness compo
nents that were not available from the selection gradient analysis alone. First, the 
path analysis makes it clear that both lifespan and insemination rate are truly com
ponents of fitness, since both are significantly positively correlated to total fitness. 
Second, it appears that the two fitness components are equally important in deter
mining total fitness. 
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Fig. 1. - Path diagram for male fungus beetles (CONNER 1988). Phenotypic traits 
for which selection is measured are on the left, with correlations among them 
and hypothesized causal links to multiplicative fitness components in the center. 
Hypothesized causal links between fitness components and total lifetime fitness 
are on the right side. Correlations are depicted as double-headed arrows, and 
causal relationships as single-headed arrows. Dashed arrows denote negative 
coefficients, and arrow width is proportional to the standardized coefficients 
(see scale). The U terms are unexplained variance; n = 67. 
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It is important to use separate simple regressions to estimate the path 
between each fitness component and fitness, rather than multiple regression of fit
ness on all components simultaneously, because a multiple regression of total fit
ness on all the multiplicative components of fitness is invalid (S. AREF pers. comm., 
C.E. McCULLOCH pers. comm.). The fitness components completely determine total 
fitness by definition, so there are only two independent pieces of information when 
there are two fitness components. Attempting to use partial regression coefficients 
in this case can lead to very misleading results, especially if the fitness components 
are negatively correlated with each other (J.K. CONNER unpub. simulation results). 
The simple regression slopes are equivalent to correlations when all variables are 
standardized. 

To reiterate the general features of the path diagram: first, double-headed 
arrows depict correlations among the phenotypic traits. Second, single-headed 
arrows depict hypothesized causal relationships between traits and individual fit
ness components; these are very similar to selection gradients for fitness compo
nents, and help determine the causes of any observed selection (the selective 
agents). Finally, simple regressions between each fitness component and total fit
ness provide insight into which fitness components are most important in deter
mining total fitness. Note that only one part of this is provided by selection gra-
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clients on multiplicative components; no other method that I am aware of provides 
all this information about the causes of natural selection, and does so in an inte
grated, visually compelling fashion. 

EXAMPLE: WILD RADISH 

The fungus beetle example highlights the advantages of this method when 
applied to a relatively simple situation. The combination of path analysis and mul
tiplicative fitness components is even more valuable when the hypothesized causes 
of selection are more complex. 

An example of this is provided by a study of selection on two phenotypic 
traits, flower number and number of ovules per flower, through differences in 
female fitness (seed production) in wild radish (Raphanus raphanistrum; CONNER et 
al. 1996). Female fitness was divided into two multiplicative components: number 
of fruits produced and the number of seeds per fruit. The selection gradients for 
total fitness (Table 1) show selection for both increased ovule number per flower 
and total number of flowers. The selection gradients for the fitness components 
show that the selection for increased flower number is caused by differences in 
fruit production and not seeds/fruit, while conversely the selection for increased 
ovule number is through the fitness component seeds/fruit and not fruit number. 

These relationships make sense intuitively, since pollinated flowers become 
fruits and ovules become seeds. Further, it is well known that increased flower 
number increases visitation by pollinators (e.g. WILLSON & PRICE 1977, BELL 1985, 
THOMSON 1988, ECKHART 1991), and increased visitation can increase fruit set in 
species in which fruit production is pollen limited (e.g. BELL 1985, REAL & RATHCKE 
1991). In fact, there is evidence for pollen limitation of fruit production in our wild 
radish studies (PFENNIG & CONNER 1997), so a logical conclusion is that pollinators 
may be a possible cause of the selection for increased flower number. Alternatively, 
selection for increased flower number may simply be due to the fact that plants 
that make more flowers can then make more fruits. We did have measurements of 
pollinator visitation in this study, but there was no straightforward way to incorpo
rate that data into the selection gradient analysis. 

Path analysis provides this opportunity (Fig. 2; see also STANTON et al. 1991). 
By including pollinators as a hypothesized intermediate causal link between the 
phenotypic trait flower number and the fitness component fruit production, we can 

Table 1. 

Standardized selection gradients for ovule number per flower and flower production in wild radish. 
The results for each fitness component (# of fruit and seeds/fruit) and total fitness (total # of seeds) 

represent a separate multiple regression of relative fitness on the two traits; n = 112. 

Ovule number Flower production 

~ p ~ p Total R2 p 

# of fruit - 0.01 0.68 0.21 < 0.0001 0.54 < 0.0001 
Seeds/fruit 0.08 0.0003 - 0.04 0.07 0.15 0.0006 
Total # of seeds 0.06 0.06 0.16 < 0.0001 0.21 < 0.0001 
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Fig. 2. - Path diagram for female fitness in wild radish. 
Conventions as in Fig. 1; n = 112. 
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see that increased flower number does increase pollinator visitation, but that visita
tion in turn has no effect on fruit production (or the number of seeds/fruit). It is 
immediately clear from the path diagram that the main determinant of total fitness 
is the path from flower production directly to fruit production, and from fruit pro
duction to number of seeds (total fitness). In agreement with the selection gradient 
results given above, the path analysis (Fig. 2) shows that increased ovule number 
led to increased numbers of seeds per fruit, which in turn increased fitness, but 
this path was less important in determining total fitness than the flower number
fruit number path. 

Thus, the selection gradients for fitness components (Table 1) alone suggested 
pollinators as one possible cause of selection that might have warranted further 
study. The path analysis, however, clearly eliminates this possibility. Future studies 
should therefore look at factors affecting flower production, not pollinator attrac
tion, to explain differences in female fitness in wild radish. 

FURTHER CONSIDERATIONS 

In the plant example above, I have included not only multiplicative compo
nents, but environmental factors (pollinators) that were hypothesized causes of dif
ferences in the fitness components and therefore total fitness. Thus, one could use 
any environmental factors (e.g. predators as in WEIS & KAPELINSKI 1994) as inter
mediates between the phenotypic traits and fitness, and thereby extend the basic 
path structure presented above: 

Phenotypic 
traits 

.. Environment 
Multiplicative 

~----~ fitness 
components 

Total 
lifetime 
fitness 
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Note that this is not the only place that environmental factors could enter into this 
diagram, since the environment can affect the development of phenotypic traits. In 
addition, environmental factors that are not affected by the organism's phenotype 
(e.g. weather) can also affect fitness components; these could be depicted without 
the path leading from the phenotype. 

The key difference between my method and others that have combined selec
tion measurements and path analysis (MITCHELL-OLDS & BERGELSON 1990, JORDAN 
1991, HERRERA 1993, WEIS & KAPELINSKI 1994) is the central role of multiplicative 
fitness components. This is a crucial distinction; rigorous partitioning of total fit
ness into multiplicative components will augment understanding of the selective 
processes at work in several ways. First, multiplicative components clarify biologi
cal meaning; for example, the number of females inseminated per day by male fun
gus beetles is obviously a rate, corrected for lifespan (MOSTELLER & TUKEY 1977; see 
related discussion in CONNER & VIA 1992: 76). Second, this correction is necessary 
statistically, because the causal paths from phenotypic traits to each fitness compo
nent are not corrected for other fitness components (the fitness components are the 
dependent variables in separate multiple regressions; PEDHAZUR 1982). Without 
multiplicative components, these paths would not represent the relationship 
between each fitness component and the traits independent of all other fitness 
components. Third, the use of multiplicative components reduces multicollinearity 
in the calculation of paths between the fitness components and total fitness, since 
fitness components such as lifespan and total inseminations are likely to be highly 
correlated, but the multiplicative components are usually much less correlated 
(MOSTELLER & TUKEY 1977). If the components are highly correlated, then the paths 
between them and total fitness do not represent independent causal relationships. 
Finally, multiplicative components can be collapsed by multiplying them for sim
plicity or expanded if detailed data are available. This feature facilitates compari
sons among studies with different levels of detail using my method, since the paths 
leading to a number of fitness components can be summed to equal the paths of a 
single collapsed component. 

For the actual analyses, it may be preferable to log transform all fitness com
ponents and total fitness, and to use differences between log-transformed values in 
place of ratios. These are mathematically equivalent, and this procedure corrects 
some potential distributional problems of ratios (HILLS 1978). It also makes the 
relationships between the components and fitness additive. However, if the untrans
formed variables are already normally distributed, log-transformation can create 
distribution problems and decrease the fit of the path model to the data (J.K. CON
NER pers. obs.). 

Since both selection gradients and path analysis are based on multiple regres
sion, all of the caveats concerning measuring selection by multiple regression on 
phenotypic data (MITCHELL-OLDS & SHAW 1987, ~USHER 1992) apply to this method 
as well. In particular, this is only the first step in determining targets and agents of 
selection. Experimental manipulation of phenotypic traits and the environment is 
necessary to definitively identify selective agents and targets (MITCHELL-OLDS & 
SHAW 1987, WADE & KAusz 1990). The approach presented here is most useful as a 
way of identifying which traits or environmental variables to manipulate, and for 
situations where ecologically or evolutionarily relevant manipulation is difficult or 
impossible. This method could also be used on breeding values (~USHER 1992), but 
obtaining a large enough sample size could be a problem for path diagrams with 
many variables. 
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ADVANTAGES OF THE APPROACH 

I believe that my analyses illustrate the utility of using selection gradients 
combined with path analyses using multiplicative fitness components in understand
ing selection. The re-analysis of the fungus beetle data provided insights that were 
not available from the original selection gradient analysis, in particular the relation
ships among the fitness components and total fitness. The path analyses are particu
larly good at elucidating complex relationships among a variety of variables at a 
number of hierarchical levels. For example, the path analysis showed conclusively 
that selection for increased flower production was not caused by increased pollina
tor visitation, while the selection gradient analysis left this question unresolved. 

Using the same basic structure of analysis allows us to draw some compari
sons between the fungus beetle and wild radish results. In both, one trait out of 
several was clearly under the strongest selection, and in both cases it was direction
al selection for an increase, but the causes were very different. There was strong 
sexual selection for increased horn size in fungus beetles after correcting for body 
size differences; that is, males with long horns relative to body size (as measured 
by elytral length and weight) had higher mating success (Fig. 1). The strong selec
tion for increased flower production in wild radish was related to overall plant size 
differences and not to differences in mating (pollination) success (Fig. 2), so sexual 
selection was not important in this case. Thus this method is very general: it can be 
applied in a consistent and biologically interpretable way to plants or animals, and 
to species with a variety of life histories. 

To summarize, I have outlined a two-step process for measuring and under
standing natural selection. First, selection gradients are calculated to provide for
mal measurements of selection that can be used in evolutionary models. Second, 
path analysis combined with multiplicative fitness components is used to help 
understand complex causes of this selection. The combination of multiplicative 
components, which have clear biological interpretations largely independent of 
each other, with path analysis, which conveys hierarchies of traits with complex 
patterns of correlation and causal relationships among them, is not only a powerful 
method of statistical analysis but also makes complex results more comprehensible. 
The path analysis helps identify selective agents by clearly identifying the relation
ships between traits and individual fitness components and the relative importance 
of each fitness component to total fitness. The final step in a complete research 
program designed to measure and understand selection is experimental manipula
tion of the phenotypic traits or the environmental factors identified by the path 
analysis to conclusively identify the agents and targets of selection (MITCHELL-OLDS 

& SHAW 1987, SCHLUTER 1988, WADE & KAusz 1990). It is my belief that more wide
spread use of this approach will not only facilitate understanding of complex caus
es of selection in individual taxa, but also facilitate comparisons across disparate 
taxa so that more general patterns in the operation of natural selection may emerge. 
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