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Introduction

Evolutionary biologists have long been curious about

whether there are large-scale patterns in the highly

contingent history of diversification. Despite their

importance for our understanding of the history of life,

the study of trends has been wrought with controversy,

as there is much opportunity for wrong turns based upon

biased interpretations (Gould, 1996,1997). However,

more rigorous methodology is allowing tests of long-

standing assumptions about evolutionary trends such as

phyletic increase in body size (Arnold et al., 1995;

Jablonski, 1997; Webster & Purvis, 2002; Hone et al.,

2005) and complexity (McShea, 1996; Saunders et al.,

1999; Sidor, 2001; Hibbett & Binder, 2002).

The study of directional evolutionary hypotheses has

been approached using a variety of methods. Many

rigorous studies of trends have employed ancestor-

descendant comparisons (McShea, 1994; Alroy, 2000),

or proxies thereof, from the fossil record to test trend

hypotheses (e.g. Jablonski, 1997; Alroy, 1998; Hone et al.,

2005). However, for taxonomic groups or characters

lacking a detailed fossil record, this approach is not

feasible. Therefore, a variety of phylogeny-based methods

have been developed that use the distribution of traits

among extant taxa to investigate the ways that characters

evolve. The parsimony criterion has often been used to

‘reconstruct’ evolutionary shifts along a phylogeny and

then used to draw conclusions about tendencies in the
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Abstract

Although trends are of central interest to evolutionary biology, it is only

recently that methodological advances have allowed rigorous statistical tests of

putative trends in the evolution of discrete traits. Oligomerization is one such

proposed trend that may have profoundly influenced evolutionary pathways

in many types of animals, especially arthropods. It is a general hypothesis that

repeated structures (such as appendage segments and spines) tend to evolve

primarily through loss. Although largely untested, this principle of loss is

commonly invoked in morphological studies of crustaceans for drawing

conclusions about the systematic placements of taxa and about their

phylogeny. We present a statistical evaluation of this hypothesis using a

molecular phylogeny and character matrix for a family of crustaceans, the

Chydoridae, analysed using maximum likelihood methods. We find that a

unidirectional (loss-only) model of character evolution is a very poor fit to the

data, but that there is evidence of a trend towards loss, with loss rates of

structures being perhaps twice the rates of gain. Thus, our results caution

against assuming loss a priori, in the absence of appropriate tests for the

characters under consideration. However, oligomerization, considered as a

tendency but not a rule, may indeed have had ramifications for the types of

functional and ecological shifts that have been more common during

evolutionary diversification.

doi:10.1111/j.1420-9101.2006.01127.x



directions of these shifts. However, favouring the recon-

struction that involves the fewest trait changes can be

problematic when the hypothesis under investigation is

directional (Cunningham et al., 1998; Cunningham,

1999). Although parsimony under a variety of weighting

schemes has been effectively used to investigate trends

(e.g. Omland, 1997), maximum likelihood (ML) methods

have emerged as important tools for providing statistical

hypothesis tests of directional scenarios (Schluter et al.,

1997; Pagel, 1999; Oakley, 2003). These methods have

been employed, for example, in trend studies of fruiting

bodies in fungi (Hibbett, 2004), of the arthropod com-

pound eye (Oakley & Cunningham, 2002), and of

ecological specialization in insects (Nosil, 2002; Nosil &

Mooers, 2005).

One limitation of ML methods for investigating trends

is that large amounts of data are often required for

drawing conclusions. Mooers & Schluter (1999) found

that in most previous studies, there were not sufficient

data to provide statistical support for a trend scenario.

That is, evolutionary models containing two rates (with

different forward and reverse rates) were generally not

statistically supported over simpler one-rate models. One

fruitful approach that has been taken in some studies is to

build a large phylogeny, spanning numerous indepen-

dent trait shifts, prior to investigating trends (as in

Hibbett & Binder, 2002; Hibbett, 2004). However, if we

were always to require such large phylogenies, we may

overlook valuable phylogenetic information from the

literature that could be applied to studying evolutionary

trends. Therefore, we take a different approach here in

contributing to an understanding of trends: we investi-

gate a directional hypothesis that is expected to apply

across a broad suite of characters.

In this study, we have aimed to test part of a larger

hypothesis about directional evolution in a group of

discrete traits: the principle of oligomerization. This refers

to a widely held, but largely untested, view about the

way morphological evolution occurs in a variety of

characters. The term oligomerization specifically refers to

the purported tendency for serially homologous struc-

tures to evolve primarily by loss and fusion (Dogiel,

1954). Structures such as arthropod body and appendage

segments are commonly thought to evolve primarily by

loss. The origins of this traditional view are complex,

involving interpretations of evidence from several

sources. For example, previous views regarding the

phylogeny of animals suggested a long-bodied, annelid-

like ancestor for the arthropods (Hessler et al., 1982).

Moreover, fossil evidence suggested that early arthropods

were long-bodied, with early short-bodied forms (such as

found in the Orsten deposites) interpreted as most likely

to be larvae (Schram, 1986). Moreover, comparative

morphology involving extant taxa became harmonized

with these other views to suggest that plesiomorphic

body plans tended to be long-bodied, harbouring many

similar segments with multi-lobed limbs bearing setae

(e.g. Sanders, 1957,1963; Cisne, 1982). Following the

origin of these body plans, however this occurred, it was

thought that evolution along lineages tended to proceed

in the direction of the loss and specialization of parts,

with plesiomorphic forms retaining a larger number of

structures and greater degrees of serial similarity (Cisne,

1982; Hessler et al., 1982; Schram, 1982,1986). The

principle of reduction or oligomerization has been widely

applied in many taxonomic groups (particularly in the

crustaceans but in other invertebrates as well) for

drawing conclusions about phylogenetic relationships,

about the most probable plesiomorphic vs. derived

character states, and about the directions of associated

ecological shifts (some examples found in: Smirnov,

1969; Huys & Boxshall, 1991; Ho, 1994; Dumont & Silva-

Briano, 1998; von Vaupel Klein, 1998; Monchenko &

von Vaupel Klein, 1999; Menu-Marque & Balseiro, 2000;

Dumont & Negrea, 2002; Menu-Marque, 2002; Adam-

owicz et al., in press). Although some researchers have

cautioned against assuming a priori that higher character

counts equate to a plesiomorphic state (e.g. Ferrari, in

Kabata, 1986; Boxshall, 2001,2004), simplified, and often

unacknowledged, usage of the oligomerization principle

remains common in practice, and it is applied across a

broad range of ordered characters.

However, more recent evidence and interpretations

have challenged many of the assumptions upon which

the traditional view is based. For example, the now

widely supported view of animal phylogeny is that

arthropods are not close relatives of the annelids at all,

but rather group with other moulting phyla (Halanych,

2004). Moreover, re-interpretations of fossil evidence

have led to suggestions that short-bodied forms should

not be discounted, and they might be more similar to an

ancestral crustacean than the long-bodied forms (Schram

& Koenemann, 2004). Finally, phylogenetic evidence is

suggesting more complex patterns of morphological

evolution, involving both gains and losses of traits. For

example, many cases of trait gain have been recon-

structed in a supposedly ‘reduced’ group of parasitic

flatworms (Brooks & McLennan, 1993), and both loss

and gain of spines and appendage segments are indicated

in the evolution of the sexual limbs in a group of

copepods (Adamowicz et al., in press). However, despite

these developments, the continued widespread use of the

oligomerization idea indicates that a broader test of the

hypothesis would be desirable. A comprehensive test

would need to involve traits that vary at both high

taxonomic levels (body and appendage segmentation in

particular) and low taxonomic levels (in traits such as

spines and setae numbers). We focus on the latter of

these components here.

We have elected to focus this study on oligomerization

in one crustacean lineage within the class Branchiopoda,

the family Chydoridae, which is a group of small-bodied

(0.2–6 mm; Smirnov, 1971,1996), littoral/benthic ‘water

fleas’ that inhabit freshwaters and are related to the
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better-known taxon Daphnia. This clade provides an ideal

test case for the oligomerization hypothesis because of

the existence of a large number of variable characters

thought to evolve by loss and reduction (Smirnov, 1969)

and also to the recent completion of a three-gene

molecular systematic study of the family (Sacherová &

Hebert, 2003). Thus, in this study we use two phylo-

genies along with a character matrix to test the

hypothesis that evolution has tended to proceed via the

loss of structures in the chydorids.

Methods

Taxa and phylogenies

We used the same species list and sequence data

generated by Sacherová & Hebert (2003) in constructing

their molecular phylogenies of chydorids, except for the

addition of four taxa, for a total of 41 chydorid species

(see Appendix S1). Six species of Daphnia (belonging to

the related family Daphniidae) were used as outgroups

for molecular analysis, while one species was used as an

outgroup for morphological analysis. Two sets of

sequence data were used to construct two separate

phylogenetic hypotheses. The mitochondrial ribosomal

16S gene was available for all species, and the resulting

alignment, prepared by Sacherová & Hebert (2003) using

secondary structure, was 326 base pairs (bp) long.

A three-gene data set (16S, 338 bp; 18S, 625 bp; COI,

639 bp) was available for 30 chydorid species, for a total

of 1602 bp. The 16S and 3-gene data sets were ana-

lysed separately using Bayesian analysis in the program

MRBAYESMRBAYES Version 3.0B43.0B4 (Huelsenbeck & Ronquist, 2001).

We first used MODEL TESTMODEL TEST Version 3.63.6 (Posada & Crandall,

1998) to determine which model of nucleotide substitu-

tion was most appropriate for the sequence data (Posada

& Crandall, 2001). For the 3-gene Bayesian analysis, we

‘unlinked’ parameter estimates for the three genes, such

that separate models of sequence evolution were esti-

mated for each gene. We ran each Bayesian MCMC

(Markov chain Monte Carlo) analysis for 1 100 000

generations, sampling trees every 10. We discarded the

first 10 000 trees as ‘burnin’, as the likelihood scores had

plateaued within 100 000 generations, and used the

remaining 100 000 trees to construct a 50% majority-

rule consensus tree, with all compatible partitions also

included. We compared our Bayesian trees to the

maximum likelihood trees presented in the original

paper and found a close topological match, with the

exception of a few minor discrepancies among poorly

supported nodes.

As we wished to analyse the character data according

to a surrogate for time, rather than molecular evolution-

ary rate, we ultrametricized the branch lengths using the

method of penalized likelihood (Sanderson, 2002) in the

program R8SR8S Version 1.71.7 (Sanderson, 2003). Several runs

of the cross-validation analysis were performed to

narrow down which value of the smoothing parameter

had the best (lowest) cross-validation score. The smooth-

ing parameter was then set to this value for the creation

of a phylogeny file containing smoothed branch lengths.

Maximum likelihood analysis of character evolution

(see below) was performed using both the 16S and

3-gene phylogeny. Because of the large morphological

differences among subfamilies, we explored the possibil-

ity that alternate topological arrangements deep within

the tree may have impacted the results. Specifically, a

second set of analyses was performed using the 16S tree

(which was preferable because of its larger sample of

taxa), but with the deeper topology adjusted to match the

subfamilial relationships recovered using the 3-gene

phylogeny. This 3-gene phylogeny supported the tradi-

tional arrangement of subfamilies based upon morphol-

ogy (Sacherová & Hebert, 2003).

Character data

Thirty-one characters for which evolution is expected to

proceed via oligomerzation were selected for analysis,

based largely upon the work of Smirnov (1969). These

include numbers of limbs, antennal segments, and

various counts of spines and setae on the limbs (Table 1;

Appendix S1). Character states were filled in for as many

species as possible from the literature (Frey, 1959, 1968;

Smirnov, 1968,1969,1971,1996; Hann, 1982; Olesen,

1996) and from dissections of organisms when possible.

Character states for these discrete traits (characters 1–31)

were rescored using consecutive numbers starting at

zero, as required for the analysis of character evolution.

In a few cases, characters displayed intraspecific poly-

morphism (Appendix S1). As polymorphism is not per-

mitted by the character analyses, we selected the higher

value and assumed that intraspecific variation arose via

reduction, a practice that was conservative with regards

to the hypothesis under investigation.

In order to assess a second traditional hypothesis, that

oligomerization is associated with body size reduction,

body sizes were obtained for all species using 14 litera-

ture sources (see Appendix S2). Sizes were recorded as

the maximum body length in millimetre, as this is the

size measure generally reported for chydorids.

Maximum likelihood reconstructions of discrete
character evolution

The evolution of the discrete morphological characters

was reconstructed along the molecular phylogenies under

the maximum likelihood (ML) criterion in the program

Mesquite Version 1.05 (Maddison & Maddison, 2004a)

using the StochChar module version 1.05 (Maddison &

Maddison, 2004b). To see what evolutionary scenarios

best corresponded to the observed data, several models of

character evolution were applied in the reconstructions:

(i) an asymmetrical model in which forward and reverse
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rates of evolution were free to vary, (ii) a single-rate model

in which forward and reverse rates were constrained to be

the same, (iii) a weakly forward-biased model in which

gains of structures occurred at a rate five times that of

losses (5 : 1 biased model), (iv) a strongly forward-biased

model in which the gain rate was 10 times the loss rate

(10 : 1 model), (v) a weakly reverse-biased model with

losses occurring at a rate five times gains (1 : 5 model), (vi)

a strongly reverse-biased model with losses being 10 times

gains (1 : 10 model), and (vii) a strict oligomerization

model in which the forward rate of evolution was

constrained to be nearly zero (10)10; as setting the rate

to zero caused a program malfunction; values of 10)8 and

10)9 produced nearly identical results, indicating that the

results stabilized as the rate approached zero), which we

termed the ‘loss-only’ model.

Each character was analysed separately according to all

seven models. In cases in which character states were

missing for some species, those taxa were trimmed from

the phylogeny for the analysis of those characters alone,

but included for other characters for which there were

data. For each character, the likelihood (L) score was

recorded for the reconstruction (presented as )lnL

because of the small numbers involved). For the asym-

metrical model, we also obtained the ‘rate ratio’ (i.e. the

forward rate divided by the reverse rate), an estimate of

the bias in evolutionary rates. A rate ratio of one

indicates an estimate of equal forward and reverse rates,

values nearing zero indicate vastly larger reverse rates

(bias towards character loss), while large values indicate

larger forward evolutionary rates. We explored tenden-

cies in the direction of bias by means of a binomial test on

the rate ratios (comparing the proportion of forward-

biased vs. reverse-biased characters to a null expectation

of a 50–50 split). We also calculated the median rate ratio

across all characters, across those characters containing a

large amount of evolutionary information (as estimated

by the presence of three or more maximum parsimony

shifts in the character), and for several specific types of

characters (filtering setae, other setae, spines).

Likelihood ratio tests

For each discrete character, we compared the different

models of character evolution using likelihood ratio tests

(LRTs). Each of the constrained models was compared in

a pair wise fashion with the asymmetrical model, which

was the most ‘free’ model. The relevant comparison for

evaluating the strict oligomerization hypothesis was the

‘loss-only’ vs. the asymmetrical model. On the other

hand, rejection of the ‘single rates’ model would provide

evidence either for a general bias or for a more complex

pattern of evolution, with some characters being forward

biased and others reverse biased. Two-tailed tests were

performed in all cases.

The LRT statistic was calculated as follows: twice the

absolute difference between the )lnL scores for the

constrained model and the asymmetrical model

(Goldman, 1993; Pagel, 1994; Huelsenbeck & Crandall,

1997). As each of our constrained models is a nested

version of the asymmetrical model, this test statistic is

expected to follow a chi-square distribution. For each

single character, there was always one degree of freedom

(d.f.) for the LRT, as there was a difference of a single

parameter in the models being compared. We also pooled

the results by summing the )lnL scores across characters

for each model. For these LRTs, the difference in the

numbers of freely estimated parameters between models

(i.e. d.f.) was equal to the number of characters.

Exploration of assumptions and robustness

Several potential sources of bias were examined. First of

all, the proportion of phylogenetic tips exhibiting the

different character states has an influence on maximum

Table 1 List of characters included in this study (see Appendix S1

for matrix of character states). All characters refer to adult females

unless otherwise specified.

Character Description

1 No. of segments on upper branch of antenna

2 No. of setae on upper branch of antenna

3 No. of setae on lower branch of antenna

4 No. of spines on lower branch of antenna

5 No. of spines on upper branch of antenna

6 No. of setae on exopodite of limb I

7 No. of setae on external branch of male endite on limb I

8 No. of setae on anterior lobe of internal branch of

endite on limb I

9 No. of setae on posterior lobe of internal branch of

endite on limb I

10 No. of setae on the exopodite on limb II

11 No. of stiff setae on the endite of limb II

12 No. of soft setae on the endite of limb II

13 No. of filtering setae on the gnathobase of limb II

14 No. of setae on the exopodite of limb III

15 No. of stiff setae on the endite of limb III

16 No. of soft setae on the endite of limb III

17 No. of filtering setae on the gnathobase of limb III

18 No. of setae on the exopodite of limb IV

19 No. of stiff setae on the endite of limb IV

20 No. of soft setae on the endite of limb IV

21 No. of filtering setae on the gnathobase of limb IV

22 No. of setae on the exopodite of limb V

23 No. of filtering setae on the gnathobase of limb V

24 No. of denticles on the posterior-ventral margin of carapace

25 No. of basal spines on the postabdominal claw

26 No. of pairs of legs

27 No. of (sexual) eggs in the ephippium

28 No. of parthenogenetic eggs

29 No. of median head pores

30 Median head pores connected by a channel (state 0) or

separate (state 1)

31 No. of lateral head pores

32 Size (maximum body length in mm)

1520 S. J. ADAMOWICZ AND V. SACHEROVÁ
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likelihood estimates of forward vs. reverse rates, with the

bias occurring in the direction of the more common

character state (Nosil & Mooers, 2005). Simulations

indicate that uneven proportions of tips in different

states can readily arise stochastically, even when the

underlying forward and reverse rates generating the data

are set to be even (Nosil & Mooers, 2005). Therefore,

based upon all two-state characters (n ¼ 14), we used

Pearson’s correlations to test the relationship between

the proportion of tips in state zero and the maximum

likelihood estimate of the ratio in forward vs. reverse

rates. As forward divided by reverse rates are often

extreme, precluding standard statistical analyses on these

ratios, we first standardized rate ratios using: [(forward –

reverse)/(forward + reverse)].

Second, although rate ratios may be biased, there is

evidence that likelihood ratio tests comparing different

evolutionary models are more robust (Nosil & Mooers,

2005). Therefore, we also tested for correlation between

the proportion of tips in state zero and the difference in

()ln) likelihood values between the one-rate and two-

rates evolutionary models.

Third, the discrete-character ML analyses performed

here in Mesquite are designed to be used primarily on

two-state data, as the rates of transitions among different

character states in multistate cases (e.g. 0 fi 1 and

0 fi 2) may not be the same. Although estimating even

two rates (one forward and one reverse) is difficult and

requires a lot of data (Mooers & Schluter, 1999), it is

important to consider the possibility that patterns of gain

and loss would be different if separate rates were

estimated for all character state transitions. Therefore,

for all multistate characters having up to six character

states (n ¼ 14), more complex models were explored in

the program MULTISTATE VERSION 0.8MULTISTATE VERSION 0.8 (Pagel, 2003).

Complete models (with rates between all pairs of char-

acter states free to vary) were compared against con-

strained models (with just one forward and one reverse

rate) using likelihood ratio tests.

Test for character correlation among limbs

We tested for correlated evolution among characters for

three main reasons. Firstly, we tested whether evolution

is independent among limbs, which bears on our under-

standing of the evolution of developmental modules. For

example, does a decrease in spine number on limb four

mean that a decrease is also more likely on limb three

(relative to patterns of correlation among other traits)?

Secondly, we tested for correlation among characters

belonging to functional complexes (Smirnov, 1968), to

see whether participation in a shared function results in

correlated evolution among traits. Thirdly, we assessed

evidence for correlation among random pairs of charac-

ters, for comparison with the results for questions 1 and

2. Moreover, this potential issue of a general correlation

among traits is important to the interpretation of our

results for the entire study. If the gain and loss of traits is

highly correlated across characters, our use of many

characters to test the oligomerization hypothesis may

have resulted in pseudo-replication and in inflation of

the degrees of freedom for testing patterns of evolution.

For each of these three questions, trait pairs were first

selected to test for association. First of all, all pairs were

selected that involved the same character but occurring

on different limbs (e.g. the number of setae on the

exopodites of limbs I–V). Within this category was one

group considered to be a functional complex (characters

13, 17, 21 and 23), all involved in filtering food particles.

Characters in this particular group were compared with

other characters involving the same trait on different

limbs. Also in the second category of functional com-

plexes, we tested for correlated evolution between

characters 2 and 3, both involved in swimming. To

obtain a random sample of pairs for comparison, random

pairs were obtained using a random number generator,

with pairs discarded that involved the same trait on

different limbs. Random pairs were generated until

enough independent contrasts (see below) were gener-

ated to provide a similar sample size to the same-trait

pairs. For a second sample for comparison, pairs were

specifically selected that involved high-information char-

acters, as indicated by the presence of four or more

maximum parsimony transitions in the trait, in order to

maximize the total number of contrasts available for

analysis.

The groups of trait pairs were tested for correlated

evolution using the method of phylogenetically inde-

pendent contrasts, calculated in the program CAIC

(Purvis & Rambaut, 1995). As required for this analysis,

we considered these traits ‘pseudocontinuous’. As, the

character states are ordered, this classification is partially

justified. However, such traits would be expected to

display a number of important differences from continu-

ous traits and would violate assumptions of parametric

tests. Therefore, we employed the Brunch algorithm,

which uses each species value just once and makes the

fewest assumptions about the process of character

evolution. Moreover, as interpreting the magnitude of

contrasts in such traits would be problematic, we simply

evaluated the direction of the contrasts. Positive contrasts

are those for which traits vary in the same direction

between two clades in a phylogeny, while negative

contrasts reflect trait changes in opposite directions. We

compared the number of positive vs. negative contrasts

across the character pairs under consideration against a

null expectation of 50–50 using a sign test. Neutral

contrasts (change in one trait, no change in the other)

were not included in this test but were recorded as an

indicator of the strength of trait association. Many

neutral contrasts would indicate a substantial degree of

evolutionary independence among limbs. The proportion

of positive vs. negative contrasts in different groups of

trait pairs were compared using Fisher’s exact test.
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Body size and oligomerization

As body size has previously been thought associated with

structural reductions, we tested for correlation between

the discrete characters and body size. Again using the

method of independent contrasts (generated in CAIC and

using the Brunch algorithm), we compared each trait in a

pair wise fashion with body size (ln-transformed maxi-

mum body length in mm). We tested for a consistent

directional association between changes in body size and

discrete structures using a sign test across all contrasts.

Unlike the situation above for the discrete traits, body size

actually is a continuous character whose magnitude is

meaningful. Therefore, we also compared the mean body

size contrast against a null expectation of zero, using a

two-tailed t-test.

Results

Phylogenies

For the 16S dataset, MODEL TESTMODEL TEST revealed that the most

appropriate model of nucleotide substitution was the

TVM + I + G model. Therefore, in MRBAYESMRBAYES we selected

the six-parameter substitution matrix option (‘nst ¼ 6’,

rather than one or two), as well as an invariant sites

parameter and gamma rate distribution parameter. After

several runs of the cross-validation analysis in r8s, we

found that the value of the smoothing value with the

best (lowest) cross-validation score was 0.003, indicating

the chydorid sequence data are not very clocklike and

that a relatively large degree of rate variation was

permitted, and this smoothing value was used to ultra-

metricize the phylogeny (see Appendix S3 for the pre-

smoothed phylogenetic tree).

For the three-gene dataset, the MODEL TESTMODEL TEST results

indicated that the most appropriate models were

SYM + I + G for the 18S gene and GTR + I + G for COI.

Thus, in MRBAYESMRBAYES base frequencies, a six-parameter

substitution matrix, an invariant sites parameter, and

gamma rate parameter were estimated separately for

each gene and used to reconstruct the phylogeny.

Smoothing was also set to 0.003 to ultrametricize the

tree in r8s (see Appendix S3 to view the smoothed tree).

Analysis of individual characters

Test of strict oligomerization hypothesis
Using the 16S phylogeny, the strict oligomerization

model was rejected for 15 of 31 characters by likelihood

ratios tests (LRTs) in favour of the two-rates model

(Table 2; Appendix S4). This is far more than the �1.5

cases that would be expected by chance if evolution had

actually proceeded by oligomerization. Two additional

characters marginally nonsignificantly (P < 0.10)

favoured the asymmetrical model. Thus, individual

character results do not generally conform to the

loss-only evolutionary model. Results based on the 16S

tree with the deep (subfamilial) topology modified were

largely similar (results not shown), with 11 characters

significantly favouring the two-rates over the loss-only

model. Conclusions based upon the 3-gene phylogeny

were comparable, although there were fewer significant

results, perhaps because of the smaller sample size of

terminal taxa (see Appendix S5 for comparisons of 16S

and 3-gene results).

Tests for bias
Using the asymmetrical model of character evolution, and

the 16S phylogeny, a forward evolutionary bias (rate

ratio > 1) was reconstructed for nine characters, and a

reverse bias (rate ratio < 1) for 22 (Table 2). This differ-

ence in forward vs. reverse bias was significant using a

binomial test (P ¼ 0.029). Thus, significantly more char-

acters displayed a higher reverse evolutionary rate than

would be expected by chance. However, this bias was

significant for only three individual characters (21, 24,

and 27), as in only these cases was the equal-rates model

rejected by a LRT in favour of the asymmetrical model

(Table 2; Appendix S4). In each of these three characters,

the direction of the bias was towards loss. Three of the

four characters displaying marginally non-significant bias

(P < 0.10) were also in the direction of loss. Using the

modified 16S phylogeny, results were similar, with three

significant and five marginal cases of biased characters,

but all eight of these displayed reconstructed rate ratios

indicating a higher loss than gain rate.

Median rate ratio across all characters using the 16S

phylogeny was approximately 0.448, also suggesting

weak bias towards the loss of characters (Table 2). The

value was nearer unity (0.725) when only those char-

acters containing a larger degree of information (i.e.

three or more maximum parsimony changes) were

included. Median rate ratios among the character types

examined ranged from 0.509 for spine characters to

0.725 for filtering setae characters.

Results of the oligomerization and bias tests for indi-

vidual characters were similar when the 3-gene phylo-

geny was used (see Table E1 in Appendix S5). There were

fewer significant results, because of the smaller sample

size of taxa in this phylogeny, but the median rate ratio

across characters was similar (0.33), and six characters

significantly rejected the oligomerization model.

Meta-analysis

When a LRT was performed upon the pooled (added)

likelihood scores for all characters, the dataset as a whole

rejected the loss-only evolutionary model (16S phylo-

geny results; P < 0.0001; Table 3). However, the single-

rate model was also rejected. Judging from the bias

results for individual characters, this result appears

largely to reflect heterogeneity in bias patterns among

characters. While all of the constrained models were
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rejected in favour of the two-rates (per character) model,

the model showing the best fit to the data (lowest )lnL

score) was actually the unbiased single-rate model (1 : 1

gains and losses). Results were very similar when the

analysis was constrained to the 27 characters displaying

evolutionary shifts within the ingroup. The equal-rates

model was not rejected when the analysis was restricted

to three different types of characters (filtering setae, other

setae, spines) (Table 3). Results were similar between the

16S and 3-gene phylogenies (see Table E2 and text of

Appendix S5).

Tests of robustness and assumption checks

The proportion of tips in state 0 was significantly

inversely correlated with the standardized rate ratio

(Fig. 1a; r2 ¼ 0.71; P < 0.001). Thus, the reconstructed

rate ratios were biased towards the more common state.

Table 2 Test of the loss-only and bias evolutionary models in individual chydorid characters, based on ML analyses using the 16S phylogeny.

P-values are for the results of likelihood ratios tests (LRTs) with one degree of freedom. Bias in the whole dataset is characterized using the

median, and bias is also explored in relation to the information content of the different characters, as estimated using the number of changes

reconstructed by maximum parsimony (MP) and treating the characters as unordered. Full statistics for all characters are presented in

Appendix S4.

Character

No. of MP changes

(no. in ingroup)

Bias (as reconstructed

under the 2-rates model)

Higher forward (+)

or reverse ()) rate?

Significant bias?

(P-value for LRT comparing

1- and 2-rates models)

Rejection of loss-only model?

(P-value for LRT comparing

loss-only and 2-rates models)

1 1 (0) 7.34 · 10)6 ) 0.194 1.00

2 10 (9) 1.50 + 0.348 0.018

3 1 (0) 6.47 · 10)6 ) 0.212 1.00

4 2 (2) 0.509 ) 0.406 0.090

5 3 (3) 0.250 ) 0.060 0.007

6 3 (3) 1.19 · 10)5 ) 0.071 1.00

7 2 (2) 0.151 ) 0.275 0.729

8 1 (0) 1.27 + 0.403 0.390

9 2 (2) 0.753 ) 0.698 0.077

10 2 (1) 0.167 ) 0.548 0.157

11 1 (0) 0.0132 ) 0.267 0.862

12 2 (1) 1.70 · 10)5 ) 0.052 1.00

13 7 (6) 0.617 ) 0.708 0.008

14 4 (3) 1.66 + 0.617 0.014

15 4 (3) 3.03 + 0.237 0.136

16 6 (6) 1.01 + 1.00 0.024

17 11 (10) 0.833 ) 0.752 < 0.0001

18 4 (3) 0.0164 ) 0.188 0.888

19 3 (2) 0.967 ) 1.00 0.029

20 2 (1) 2.95 + 0.439 0.033

21 10 (9) 0.315 ) 0.019 0.0002

22 4 (3) 0.448 ) 0.554 0.024

23 8 (7) 0.860 ) 0.729 0.042

24 13 (13) 0.103 ) 0.0007 0.0001

25 3 (3) 4.71 + 0.210 0.024

26 3 (3) 2.06 · 10)6 ) 0.320 1.00

27 2 (1) 4.57 · 10)5 ) 0.034 1.00

28 1 (1) 0.0850 ) 0.256 0.554

29 6 (5) 5.89 + 0.050 0.0001

30 2 (2) 2.08 · 104 + 0.178 0.0001

31 1 (0) 3.93 · 10)6 ) 0.176 1.00

Bias across Median bias

All characters (n ¼ 31) 0.448

Characters with changes in ingroup (n ¼ 27) 0.509

Characters with 2+ changes in ingroup (n ¼ 21) 0.753

Characters with 3+ changes in ingroup (n ¼ 16) 0.725

Filtering setal characters (n ¼ 4) 0.725

Other setal characters (n ¼ 16) 0.601

Spine characters (n ¼ 3) 0.509
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By contrast, there was no relationship between the

proportion of tips in state 0 and the difference in fit of

two models of evolution (single rate vs. asymmetrical)

(Fig. 1b; r2 ¼ 0.04; P ¼ 0.49). Therefore, we conclude

that our comparison of the fits of models is likely to be

more robust than the reconstructed estimates of forward

or reverse rates.

The results of the comparison of two-rate and multi-

rate models are presented in Appendix S6. The more

complex model was not statistically preferred for any of

the 14 multistate characters tested (P-values for individ-

ual characters ranged from 0.320 to 1.00). However, we

note that it would not generally be considered appropri-

ate to attempt to fit many of these complex models in the

first place, as the number of parameters was often

approaching (or even exceeding) the number of species

in the phylogeny. Generally, at least 10 data points per

parameter are desirable. Thus, the rates may not be equal

for all of the different character state transformations, but

we cannot detect those differences here.

Character correlation

There were 22 possible pair wise character comparisons

of the same traits scored on different limbs (Table 1).

However, because of missing data and small numbers of

trait shifts, contrasts could only be calculated in CAIC

(using the Brunch algorithm) for 18 trait pairs (Table 4).

Among the 65 clade contrasts calculated using Brunch,

37 were positive (indicating character shifts in the same

direction), 11 were negative (indicating associated shifts

in opposite directions), and 17 were neutral (indicating a

change in one trait, but not the other). Comparing the

positive and negative contrasts with a sign test revealed

that there were significantly more cases of traits changing

in the same direction (P ¼ 0.0002), indicating positively

correlated trait evolution among limbs.

The ratio of positive: negative contrasts in the four

filtering characters (21 positive contrasts, seven negative

contrasts among trait pairs involving characters 13, 17,

21, and 23) was similar to that in the remaining pairs of

characters on different limbs (16 positive, four negative

contrasts). These two groups were not statistically

distinguishable using Fisher’s exact test (P ¼ 0.74).

However, it is notable that there were far fewer neutral

contrasts (3) in the functionally linked characters, com-

pared with the group containing all the other paired-limb

characters (14 neutral contrasts). This indicates that

although the patterns of positive and negative contrasts

are similar, the functional group is more strongly linked.

The other functional group tested (swimming characters,

2 and 3) produced 10 contrasts, but nine of these were

neutral (because of no change in character 3) and one

was negative. Therefore, character 2 has frequently

changed independently of character 3.

The overall ratio of positive: negative contrasts in the

paired-limb analysis above was �3.4 (i.e. 37 positive: 11

negative contrasts) and was higher than the ratio

observed among other pairs of characters, which was

1.7 (17 : 10) for the random pairs and 1.63 (70 : 43) for

Table 3 Comparison of models of character evolution across groups of characters, based on the 16S chydorid phylogeny. Each constrained

model was compared with the most free model (i.e. two-rates) using a likelihood ratio test. Results for individual characters are presented in

Appendix S4.

Character sets and statistics

Models of character evolution

Two rates Gain bias (10 : 1) Gain bias (5 : 1) Single rate (1 : 1) Loss bias (1 : 5) Loss bias (1 : 10) Loss only

All characters (n and d.f. ¼ 31)

)lnL 406.50 460.30 451.86 434.77 437.28 445.03 480.89

LRT stat 107.60 90.72 56.55 61.55 77.05 148.77

P-value <0.0001 <0.0001 0.0034 0.0009 <0.0001 <0.0001

Characters with changes in ingroup (n ¼ 27)

)lnL 395.31 446.78 438.21 420.99 424.00 432.36 469.31

LRT stat 102.94 85.80 51.36 57.38 74.09 148.00

P-value <0.0001 <0.0001 0.0032 0.0006 <0.0001 <0.0001

Filtering setae characters (n ¼ 4)

)lnL 107.98 125.46 121.63 110.91 112.54 117.49 128.35

LRT stat 34.95 27.29 5.84 9.12 19.02 40.73

P-value <0.0001 <0.0001 0.211 0.0582 0.0008 <0.0001

Other setae characters (n ¼ 16)

)lnL 156.54 175.56 171.45 165.25 168.99 170.92 176.24

LRT stat 38.06 29.83 17.42 24.90 28.78 39.4

P-value 0.0015 0.0189 0.359 0.0716 0.0255 0.0010

Spine characters (n ¼ 3)

)lnL 24.14 27.92 27.63 27.04 26.96 28.41 31.79

LRT stat 7.54 6.98 5.79 5.64 8.53 15.29

P-value 0.056 0.072 0.122 0.130 0.036 0.0016
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the high-information pairs (see Appendix S7). Based on

Fisher’s exact tests, the paired-limb ratio was nonsignif-

icantly higher than the random-pairs ratio (P ¼ 0.284)

and was marginally nonsignificantly higher than the

ratio for the high-information pairs (P ¼ 0.070). More-

over, characters on different limbs displayed fewer

neutral contrasts (26%) than the random character pairs

(58%) or pairs based on high-information characters

(51%). These differences are highly significant using

Fisher’s test, i.e. comparing the ratio of nonneutral–

neutral contrasts (P ¼ 0.0003 for paired-limb vs. random

pairs and P ¼ 0.0004 for paired-limb vs. high-informa-

tion pairs). These results indicate that the same traits on

different limbs are more tightly associated evolutionarily

than are other pairs of characters. However, in the

high-information characters, the difference between

positive and negative contrasts was significant (sign test;

P ¼ 0.015; Appendix S7), indicating a general pattern of

species displaying a higher or lower state of oligomeri-

zation across characters.

Body size and oligomerization

Independent contrasts could be calculated between

24 characters and body size (Table 5). Pooled across

characters, 58 contrasts were positive, indicating changes

in traits values in the same direction as body size, while

42 were negative. This difference in positive vs. negative

contrasts was not significant (P ¼ 0.133), but was in the

direction previously predicted by morphologists. When

also considering the magnitude of the body-size con-

trasts, the result was significant (mean contrast ¼
0.0838; SE ¼ 0.0378; T ¼ 2.22; d.f. ¼ 99; P ¼ 0.029).

Discussion

Oligomerization: an evolutionary trend in chydorids

We aimed to conduct the first rigorous test of the

principle of oligomerization, or evolution via loss, in a
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Fig. 1 The effect of character state frequency on likelihood models

of character reconstruction. (a) The proportion of phylogenetic tips

displaying state 0 vs. the estimated rate ratio based upon the

asymmetrical (2-rate) model of evolution, for 14 two-state mor-

phological characters in the Chydoridae. The rate ratios were first

standardized as: (forward rate ) reverse rate)/(forward + reverse).

A significant relationship was detected. (b) The proportion of tips in

state 0 vs. the difference in ()ln) likelihood values between two

models of evolution, the 1- and 2-rate models. This time, no

relationship was detected, suggesting that the relative fit of models is

more robust to the frequency of the character states than are the

reconstructed parameters.

Table 4 Test for correlated evolution in the same characters on

different limbs, using independent contrasts calculated in CAIC

using the Brunch algorithm and the 16S phylogeny. Positive

contrasts indicate that characters change on the phylogeny in the

same direction, while negative contrasts indicate opposite directions.

Neutral contrasts are those for which there is a change in one

character, but not the other, and are not used in the sign test.

Character pair

No. of positive

contrasts

No. of negative

contrasts Neutral

6 vs. 10 1 – 2

6 vs. 14 1 – 2

6 vs. 18 1 – 2

6 vs. 22 1 – 2

10 vs. 14 1 1 –

10 vs. 18 1 1 –

10 vs. 22 1 1 –

14 vs. 18 2 – 2

14 vs. 22 2 – 2

18 vs. 22 2 – –

11 vs. 15 – – –

11 vs. 19 – – –

15 vs. 19 1 1 1

12 vs. 16 – – –

12 vs. 20 – – –

16 vs. 20 2 – 1

13 vs. 17 3 1 1

13 vs. 21 3 1 1

13 vs. 23 4 – –

17 vs. 21 4 2 –

17 vs. 23 4 2 –

21 vs. 23 3 1 1

Total 37 11 17

Ratio of positive: negative 3.4

Sign test: P ¼ 0.0002

Testing an evolutionary trend 1525

ª 2 0 0 6 T H E A U T H O R S 1 9 ( 2 0 0 6 ) 1 5 1 7 – 1 5 3 0

J O U R N A L C O M P I L A T I O N ª 2 0 0 6 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y



group of crustaceans. Our results lend some support to

previous interpretations of morphological variation in

the kinds of characters examined here: evolution tends to

proceed in the direction of loss. Most characters (22 of

31) displayed reconstructed biases in a reverse direction,

as did 6 of the 7 characters that individually displayed

statistical evidence of bias. Moreover, median bias across

characters indicated that losses may occur at a rate

approximately twice that of structural gains. These

results suggest that oligomerization may be a relatively

strong trend, even compared with other statistically

significant trends. For example, Alroy (1998) found that

57% of ancestor-descendent pairs of fossil mammals

displayed an increase in body size, a finding that is

among the more convincing demonstrations of the

controversial Cope’s rule (see Stanley, 1973; Gould,

1997; Jablonski, 1997). By contrast, our results suggest a

more prevalent tendency, with the numbers of structures

trending towards decrease in the chydorid crustaceans.

Despite this evidence for a clear trend, our results also

suggested many exceptions to the pattern. The strictly

‘loss only’ model of evolution was a very poor fit to the

data. This model was statistically rejected both for our

pooled dataset and for about one-half of individual

characters. This suggests that there are many exceptions

to the general pattern of oligomerization, and that

structural traits can be readily gained in this group.

Moreover, the results of model comparison (which are

expected to be more robust than parameter estimates)

indicated that the 1 : 1 model and weakly loss-biased

models (1 : 5) provided the best fits to the data. Thus,

some previous usages of oligomerization as a hard-and-

fast rule, such as for drawing taxonomic and phylogenet-

ic conclusions, may not be warranted. We suggest that

this assumption should not be applied a priori. For

example, reversals should likely be permitted in mor-

phological phylogenetic analyses, and morphological

hypothesis tests should be conducted using independent

evidence (from other characters or from DNA) whenever

possible.

Although our results are restricted to a particular

crustacean family, evidence for complex patterns of

morphological evolution, involving both losses and gains,

is apparent in other taxonomic groups as well. For

example, while Remigio et al. (2001) present phylogenetic

evidence of at least two cases of segment (and limb) loss

in a group of anostracan crustaceans, Weekers et al.

(2002) found two cases of segment gains among other

fairy shrimp. Recent findings involving ML hypothesis

testing indicate both gains and losses of structures on the

sexual limbs in a group of copepods (Adamowicz et al., in

press). Moreover, comparative morphologists suggest

that certain types of traits (such as spines and, rarely,

appendage segments) can be gained (Boxshall,

2001,2004). Together, these results indicate that while

there is evidence in some kinds of characters for

oligmerization as a trend, it is appropriate to reconsider

its frequent use as a rule in governing phylogenetic

decisions.

Mutation and correlation: potential causes of
oligomerization?

In this study, we have considered patterns of morpho-

logical change along a phylogeny, and we found a bias

towards loss. However, it is important to note that these

are observations of traits that have become established in

extant species. The pattern may or may not be closely

linked to intrinsic tendencies, depending on the direction

and strength of selection. We consider briefly two main

types of intrinsic biases that may influence patterns of

morphological evolution.

First of all, spontaneous mutation is expected to affect

morphology and provide the raw variation upon which

selection can act. Biases in the quantitative effects of

mutations may influence likely evolutionary pathways.

After inducing mutation in Drosophila strains, Keightley

& Ohnishi (1998) found that there was a pronounced

tendency towards the loss of abdominal bristles in

Table 5 Test for correlated evolution between structural morpho-

logical traits and body size. Phylogenetically independent contrasts

were calculated in CAIC using the Brunch algorithm and the 16S

phylogeny.

Character

Positive contrasts

with body size

Negative contrasts

with body size

2 5 5

4 1 1

5 2 1

6 2 1

7 1 1

9 3 –

10 2 –

13 5 1

14 2 2

15 – 3

16 2 2

17 7 1

18 2 –

19 – 3

20 2 –

21 4 3

22 2 1

23 5 2

24 3 7

25 2 1

26 3 –

28 2 –

29 1 5

30 – 2

Total 58 42

Sign test on positive vs. negative contrasts: P ¼ 0.133

Mean body size contrast: 0.08

t-test comparing mean to null expectation of zero: P ¼ 0.029
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mutagenized fruit flies. While this result was non-

significant in a later study using outbred flies (Yang

et al., 2001), such results suggest that there may be biases

in the morphological consequences of mutation, which

can provide the foundation for directional morphological

evolution. Modelling of different evolutionary forces

suggests that even though mutation rates are generally

small compared with selection coefficients, directional

mutation can result in directional morphological evolu-

tion (Yampolsky & Stoltzfus, 2001). If it is the case that

mutational biases tend to result in loss of structures, the

relatively high rates of trait gain we observed in chydo-

rids might attest to the strength of selection for trait gain.

Second, and potentially linked to the idea of develop-

mental bias, is the issue of correlated evolution among

characters. If there is selection for a particular limb to

evolve in one direction, it may be that nearby limbs

experience changes as well, because of shared develop-

mental pathways. This would serve to exacerbate any

trend, such as oligomerization. Here, we indeed found

evidence for correlated evolution among chydorid limbs.

Although a degree of correlation was detected among

random pairs of characters, the pattern was much

stronger when comparing the same trait scored on

different limbs, perhaps suggesting associated develop-

ment. On the other hand, the degree of correlation was

strongest in those pairs of characters that are involved in

the shared function of feeding, suggesting that selection

for functional co-evolution may have strengthened the

general correlated pattern.

The relative roles of intrinsic (developmental or

mutational) vs. extrinsic (selective) forces in contributing

to the observed character correlations within the chydo-

rids are not presently clear. Our results are somewhat

puzzling considering evidence of only a weak association

in development among arthropod limbs within individ-

uals. For example, developmental systems appear to be

only partially common amongst limbs and limb branches

in Drosophila (Williams & Nagy, 2001), and develop-

mental genetic signalling is more similar between directly

homologous limbs of beetles and grasshoppers than

between serially homologous limbs within species

(Jockusch et al., 2004). In light of such developmental

findings, we tentatively suggest that selection may have

been more important than shared developmental systems

(especially for the strongly correlated, functionally linked

traits) in structuring the character associations we detec-

ted here. However, further work both on the develop-

mental genetics of serial limb development and on

comparative morphological patterns will be required to

understand the extent of arthropod limb modularity and

the bases of correlated evolution.

Oligomerization and body size

Previous morphological studies have suggested a link

between body size reduction and the oligomerization of

structural traits (e.g. Smirnov, 1969; Monchenko & von

Vaupel Klein, 1999). In the chydorids, this pattern is

supported by the large difference between the large-

bodied subfamilies (Saycidae and Eurycercidae), which

also tend to have high counts of spines and other

structures, and the small-bodied subfamilies (Aloninae

and Chydorinae), which tend to have far fewer numbers

of structures. However, apart from this large disjunction,

there is only a fairly weak link between body size

evolution and oligomerization. Among 100 independent

comparisons of clades (across 24 characters), in 58% of

cases structural numbers and body size changed in the

same direction, while in 42% of cases changes occurred

in opposite directions. Thus, it appears that body size and

structural traits to a large degree evolve independently.

However, when considering the magnitude of the con-

trasts, in addition to their direction (using a t-test), there

was a significant positive association between body size

and the degree of oligomerization. This result, combined

with the strong association at the subfamily level,

suggests that it would be interesting if future studies

considered the pattern of evolution using a larger sample

size of higher taxa.

Morphology and ecology: a linked directionality?

The present results may have consequences for the

broader context of thinking about evolutionary direc-

tionality. For example, a trend towards the loss of

structures may influence the probable directions of

ecological shifts, as previously claimed (e.g. Smirnov,

1969). However, as it appears that the gain of structures is

more prevalent than previously thought, certain func-

tional shifts thought implausible may not be so. For

example, Smirnov (1969) argued that chydorids and

other benthic cladocerans that largely feed by grazing,

such as macrothricids, represent the derived state and

arose from their filter-feeding relatives, a conclusion

based primarily on the assumption that filtering setae

could only be lost. However, as it seems that such setae

can be gained as well, a shift in the opposite direction –

towards a filtering mode of life – now also seems possible.

Thus, potential functional shifts associated with trait

gains should be considered as well.

Although it is difficult to ascertain with statistical

certainty whether particular cases of character change

have been in the direction of addition, several patterns of

character distribution on the chydorid phylogeny suggest

that there may have been trait gains associated with

major functional shifts. For example, members of the

subfamily Chydorinae that are more efficient filterers of

particles scraped off substrates tend to have an elevated

number of filtering setae (on the gnathobases of limbs III

and IV, see Appendix S1) in comparison with their

closest relatives (Smirnov, 1968). Also, the apparent gain

of a dorsal keel in Acroperus and Camptocercus aids in

swimming in dense vegetation (Fryer, 1968), enabling an
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unusual mode of movement and the exploitation of a

unique niche. Additionally, the elevated number and

particular type of setae found on the ventral carapace

margin of Graptoleberis and Alonella exigua are important

for attachment to surfaces (Fryer, 1968). These examples

suggest that ecological shifts may involve trait gains, as

well as losses, and that statistical studies using larger

samples (and multiple independent shifts) may provide

interesting insights into the direction of ecological and

morphological coevolution.

Concluding remarks

Our results are suggestive of an evolutionary trend

towards losses and reductions in structures in a group

of crustaceans. However, the complex patterns of char-

acter evolution we detected are suggestive of numerous

exceptions, with a strictly ‘loss only’ model being a poor

characterization of character change in this group.

Therefore, neither phylogenetic conclusions nor assump-

tions about ecological shifts would be appropriately based

solely upon this rule. Rather, statistical hypothesis tests of

proposed morphological shifts should be conducted, with

the aid of independently derived phylogenetic informa-

tion, prior to drawing conclusions about the most likely

evolutionary histories of particular traits. Recent tenden-

cies towards analyzing both molecules and morphology

in systematic studies are highly promising, and will allow

further tests of this and other evolutionary trends. While

there is a need to study patterns in many other

taxonomic groups and types of characters, our results

suggest that oligomerization – as an evolutionary ten-

dency rather than a rule – is an interesting example of a

trend in the evolution of discrete traits. A fruitful

direction for future work may be in studying the

relationship between trends and patterns of evolutionary

radiation, in the context of the ecology and environment

of the organisms.
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