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In phylogenetic analysis using morphological characters, probability-based methods 
are increasingly employed compared to the parsimony methods. Due to the high diver-
sity of morphological data, however, realistic models for among-states transitional 
rates have not been found, unlike in the case of molecular sequences. Parsimony, as a 
classical philosophical thinking framework, remains a powerful tool for inferring phy-
logenies using diversified data. In parsimony-based phylogenetic analysis, how to deal 
with character conflicts is essential. The long-standing numerical method, searching 
for the tree(s) with the overall fewest evolutionary steps, however, brings in the issue 
of weighting characters in an unjustifiable way. By standardizing step number chang-
ing ranges among different characters, I proposed the corrected parsimony approach 
and restate it here. How to properly weight characters a priori is a separate issue that 
requires carefully scrutinizing the biological evidence case by case, as previously 
emphasized by numbers of scholars, explicitly or implicitly, including Hennig himself.

Introduction

Phylogenetic reconstruction is essential to the 
studies of evolution. The only illustration in On 
the origin of species by means of natural selec-
tion (Darwin 1859: 177) was one of the earliest 
undisputed phylogenies. Phylogeny was made 
for inferring genealogical relationships (Darwin 
1859), and phylogenetic analysis has long been 
the key component in studies of evolution. In 
recent decades, phylogenetic analysis has also 
been used in various domains far beyond biology, 
such as humanity, social sciences, and fine arts 
(e.g., Toussaint 2003, Cochrane 2015, Le Bomin 
et al. 2016, Minocher et al. 2019). There exist var-
ious kinds of methods for inferring phylogenies 

(Felsenstein 2004). In the field of paleontology, 
the most used methods are parsimony methods 
and probability-based methods, including maxi-
mum likelihood methods and Bayesian methods. 
Parsimony means to minimize ad hoc hypothe-
ses, also known as Ockham’s razor, named after 
the medieval philosopher William of Ockham. 
Parsimony as a reasoning principle, however, has 
influenced generations of natural scientists and 
philosophers during a long historical span since 
the age of ancient Greece if not earlier, includ-
ing figures like Aristotle, Descartes, Newton, and 
Kant, among others (Sober 2015).

For phylogenetic construction, parsimony 
methods minimize ad hoc evolutionary steps. 
To distinguish it from the corrected parsimony 
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approach as presented in this paper and in Zhang 
(2016), the parsimony phylogenetic method is, 
more straightforwardly, referred to as the min-
imum step method here. During the mid-20th 
century, Willi Hennig (1913–1976) explicitly 
proposed the procedure of reconstructing phylo-
genetic trees using the auxiliary principle, which 
is to minimize ad hoc evolutionary steps when 
only one character is given (Hennig 1950, 1966). 
Hennig’s significant contribution to phylogenet-
ics was broadly acknowledged, and he was even 
regarded as the father of cladistics (Wheeler et 
al. 2013). In contrast, until his final years, when 
the minimum step method was already widely 
adopted, Hennig never endorsed the method 
(Felsenstein 2004). This is because, the min-
imum step method is fundamentally different 
from Hennig’s own auxiliary principle (Felsen-
stein 1983), as elaborated further in this paper.

Beyond parsimony, probability-based meth-
ods are also widely used for phylogenetic recon-
struction. Probability-based methods, including 
maximum likelihood methods and the Bayesian 
methods, which calculate the posterior proba-
bility with predefined prior probabilities, can 
be applied to infer phylogenetic trees based 
on models specifying transitional rates among 
different character states (e.g., among A, T, G, 
and C), and return the tree with the highest 
probability (Felsenstein 1981, 2004). For molec-
ular data, such as nucleotide sequences or amino 
acids, due to the homogeneity of the properties 
of characters and moderate to fast evolutionary 
rates, probability-based methods perform rea-
sonably well and are broadly regarded as the 
preferred approaches over the parsimony meth-
ods (Felsenstein 2004, Yang & Rannala 2012). 
In contrast, for morphological data, the scale of 
character diversity is much larger, and thus it is 
extremely difficult to find realistic parameters 
to model evolutionary rates. This also explains 
why until about two decades ago, when proba-
bility-based phylogenetic methods had long been 
popular in tree constructions for molecular data, 
parsimony phylogenetic approach was still the 
default method in the field of paleontology, with 
only sporadic attempts using the Bayesian phy-
logenetic method (Müller & Reisz 2006). For the 
recent one and half decades, however, even for 
morphological data, probability-based methods 

have become the preferred phylogenetic tools 
by more and more researchers compared to par-
simony methods (Wright & Hillis 2014, Puttick 
et al. 2017, 2019). In this paper, I further discuss 
this issue and show that the parsimony principle, 
if used correctly, should remain a powerful tool 
for inferring phylogenies using morphological 
data and beyond. First, I argue why parsimony 
methods are still needed in phylogenetic anal-
ysis of morphological data. This is followed by 
an overview of the properties of morphological 
characters and character state delimitation issues 
for metric data, along with a brief discussion on 
the distinction between character resolution and 
accuracy. Then, I revisit Hennig’s position on 
character conflicts and present a corrected parsi-
mony approach following my earlier advocation 
of the method (Zhang 2016), as well as issues 
with character weighting. Finally, the corrected 
parsimony approach and the minimum step 
method are contrasted by drawing an analogy 
to determining exchange rates among unknown 
currencies.

Probability-based methods on 
morphological data

For probability-based phylogenetic methods 
applied to morphological data, the Mk model 
is still one of the most commonly used (Lewis 
2001). It derives from the Jukes-Canter model 
(JC69), the simplest model for DNA evolution, in 
which each pairwise nucleotide substitution rate 
is assumed to be equal (Jukes & Cantor 1969). 
The Mk model was proposed as an extension of 
the JC69 model, and the latter can be regarded as 
a specified Mk model when k = 4 (Lewis 2001). 
In the Mk model, all transitional rates among 
different character states are equal (Lewis 2001). 
Considering that morphological data often omit 
constant characters, Lewis (2001: 918) termed 
Mkv the model that corrects the acquisition 
bias. For morphological characters, evolution-
ary heterogeneity becomes a more serious issue 
compared to the situation in DNA sequences. 
Although previous studies (Clarke & Middleton 
2008, Harrison & Larsson 2014) suggested that 
when efforts are made to adjust for evolutionary 
heterogeneity, such as using more sophisticated 
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data partitioning schemes or adding the gamma 
parameter, the performance of statistical phy-
logenetic methods often gets improved, some 
other research claimed that when evolutionary 
heterogeneity is high, likelihood-based methods 
do not perform well, even when the gamma 
parameter is added to the model (Kolaczkowski 
& Thornton 2004). For DNA sequence data, the 
JC69 model is considered to be significantly 
oversimplified, and more sophisticated models 
are found to be more congruent with empirical 
cases (Tavaré 1986, Felsenstein 2004). Corre-
spondingly, in empirical studies using morpho-
logical data, which are more diversified than 
the molecular sequence data, assumptions in the 
Mk model, or other models, are always violated. 
These violations include, but are not limited 
to, the lack of justification for interdependence 
among characters, restriction on evolutionary 
rates across different characters, the lack of 
correction for acquisition bias against parsimo-
nious non-informative characters, and difficulty 
in application to continuous traits (Ronquist et 
al. 2016, Parins-Fukuchi 2017, 2018). Despite 
the previous debate between probability-based 
and parsimony-based methods on inferring phy-
logenies using phenotypic data (Wright & Hillis 
2014, Puttick et al. 2017, Goloboff et al. 2018a, 
2018b, 2018c, O’Reilly et al. 2018a, 2018b, 
Puttick et al. 2019), because of the serious defi-
ciencies of the Mk model, there is little ground to 
claim that probability-based methods should be 
used as the default in phylogenetic analysis on 
phenotypic datasets (contra Puttick et al. 2017). 
Parsimony, as a traditional philosophical think-
ing framework that has been applied in various 
fields for more than two thousand years, remains 
a powerful tool for inferring phylogenies, par-
ticularly for morphological data. The key is that 
the parsimony phylogenetic methods need to be 
applied correctly, as further elaborated in the 
following sections, starting with reviews of the 
properties of morphological characters.

Overview of properties of 
morphological characters

Morphological characters are often divided into 
qualitative and quantitative, or discrete and 

continuous (Stevens 1991, Thiele 1993, Wiens 
2001). These two kinds of distinctions, however, 
represent different levels of data classification. 
When classified from the perspective of prop-
erty, firstly, data can be divided into qualitative 
and quantitative. In contrast to quantitative data, 
qualitative data “deals with meanings. Mean-
ings are mediated mainly through language and 
action” (Dey 2003: 11). As determined by its 
own property, qualitative data are used far more 
frequently in social sciences than in natural sci-
ences. Regarding phenotypic data used in phy-
logenetic analysis for organisms, some of them, 
such as cultural and behavioral data, may belong 
to the qualitative category. For morphologi-
cal characters, however, all are fundamentally 
quantitative rather than qualitative (Thiele 1993, 
Wiens 2001). Quantitative data are often fur-
ther divided into continuous and discrete (Thiele 
1993). Qualitative data have no such distinction. 
For morphological characters, most, if not all, of 
them should fall into the category of continuous 
variables (Thiele 1993, Wiens 2001).

Despite sharing the same property, in prac-
tice, morphological characters are expressed dif-
ferently depending on the specific situations, and 
the different expressions are often interchange-
able (Stevens 1991, Thiele 1993, Wiens 2001). 
It is conventional to treat some characters, such 
as shape, color, position, as “discrete” compared 
to some others, such as size. For example, even 
though color is a continuous numeric variable 
when examined in detail (i.e., as expressed in 
appearance parameters), it is often expressed as 
discrete variables, using qualitative terms. For 
traditional metric characters, which usually take 
up a substantial portion of the characters being 
used in phenotypic phylogenetic studies, they 
may be coded differently under various situa-
tions, as further elaborated below.

Character state delimitation 
issues for metric data

For morphological characters, especially metric 
characters, when character states are expressed 
discretely, or even qualitatively, it induces sub-
jective interpretation on the raw data, and this 
practice potentially loses and/or alters the orig-
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inal information (Wiens 2001). How to delimit 
character states attracted extensive interest from 
past research (Mickevich & Johnson 1976, 
Colless 1980, Almeida & Bisby 1984, Thorpe 
1984, Archie 1985, Baum 1988, Goldman 
1988, Thiele & Ladiges 1988, Chappill 1989, 
Thiele 1993, Strait et al. 1996, Wiens 2001). A 
number of character discretization methods, such 
as those various versions of gap-coding meth-
ods (Mickevich & Johnson 1976, Archie 1985, 
Chappill 1989), bear the problem that terminals 
whose means are (not) significantly different are 
coded with the same (different) character states 
(Farris 1990, Goloboff et al. 2006). Differing 
from these ones, the method proposed by Wiens 
(2001) preserves the relative quantitative dis-
tances among different means of the terminals.

Constrained by the limitation on the number 
of distinct states, Wiens’ method, however, is 
not applicable if the number of taxa which bear 
a unique character state exceeds 32 (or 64) for a 
32 (or 64) bits system (Wiens 2001) when using 
PAUP* (Swofford 2001), the default software 
for the minimum step method at that time. The 
TNT program (Goloboff et al. 2008), differing 
from PAUP*, can incorporate a much larger 
range of character states (values between 0 and 
65, up to three decimals) (Goloboff et al. 2006). 
As a result, metric characters can be coded as 
such when using the program TNT, and the entry 
can be either a single value, usually the mean, 
or a range (Goloboff et al. 2006). Goloboff and 
colleagues explicitly suggested using range entry 
such as the 95% confidence interval, because 
“that the ranges of two terminal taxa will over-
lap (thus producing a step count of 0) whenever 
their means are not statistically different” (Golo-
boff et al. 2006: 591). However, doing so will 
bring in additional problems, because testing for 
overlapping of confidence intervals is not a log-
ical basis for assessing statistical significance of 
the difference between two means. Two means 
may very well be significantly different from one 
another at α = 0.05 with overlapping 95% confi-
dence intervals (Austin & Hux 2002).

As determined by the complicated nature of 
morphological characters, character state delimi-
tation remains an issue awaiting to be solved. On 
the one hand, it is advantageous to delimit metric 
characters as finely as possible and to keep the 

modification as little as possible. From this per-
spective, using characters “coded as such” was 
notable progress compared to prior delimitation 
methods. On the other hand, how to cope with 
the boundaries and overlapping issues remains 
an open question. The most natural way is to 
keep the original statistical distributions. Con-
sequently, most of the characters are expected to 
be polymorphic characters with non-flat weights 
assigned to each presenting state, but that would 
significantly increase the computing burden and 
thus may not be ideal. Alternatively, one may opt 
to apply Wiens’ method (2001) using the TNT 
program, or simply code the character states “as 
such” using only the means, but these actions 
would erase valuable information. More sophis-
ticated solutions require further studies.

Finely delimiting character states inevitably 
increases the step number changing range of a 
character. The among-character scaling issue, 
thus, is the twin issue of character state delimi-
tation. This is another issue that has not yet been 
solved, but the present paper (also in Zhang 
2016) provides a solution, as further discussed 
below.

Scaling evolutionary step changing 
ranges among characters: 
accuracy vs. resolution

Some proponents of the minimum step method 
argued against the practice of scaling for the 
reason that more “informative” characters may 
deserve higher weights (Farris 1990, Goloboff 
1993). To solve this puzzle, it is necessary to 
discuss the resolution and accuracy of char-
acters’ phylogenetic information, and the logi-
cal relationship between characters’ resolution 
and accuracy. Given any data matrix, for two 
random characters, a and b, if character a has a 
higher step number changing range, it means that 
among different topologies, finer difference of 
the phylogenetic expression of character a, com-
pared to that of character b, can be distinguished. 
Therefore, the resolution of the phylogenetic 
information carried by character a is higher. 
However, this is not equivalent to the claim that 
character a is more informative. Character a is 
more informative if, and only if, its phylogenetic 
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information is more accurate. On the other hand, 
it is unclear whether the phylogenetic informa-
tion of character a is more accurate compared to 
that of character b, because the accuracy of char-
acter’s phylogenetic information is based on the 
test of congruence (Hennig 1950, 1966), that is, 
its acceptance by other characters. Therefore, it 
is illogical to up-weight a character a priori just 
based on the condition that the resolution of its 
phylogenetic information is higher, as performed 
in the minimum step method. Below, Hennig’s 
position on this issue is reviewed and the cor-
rected parsimony principle is presented.

Hennig’s auxiliary principle, 
character conflict, and the 
corrected parsimony approach

Synapomorphy is “always reason for suspecting 
kinship, and that their origin by convergence 
should not be assumed a priori” (Hennig 1966: 
121). This criterion is called the auxiliary prin-
ciple by Hennig (1950, 1966). The auxiliary 
principle is congruent with the parsimony prin-
ciple when only a single character is examined, 
because when synapomorphies are used to group 
taxa, the tree(s) is/are the most parsimonious 
tree(s) with fewest evolutionary steps. When 
multiple characters are present, however, Hennig 
(1966: 121) stated the following: “(t)hus the 
question of whether kinship relations based on 
a single character or a single presumed trans-
formation series of characters correspond to the 
actual phylogenetic relationships of the species 
is tested by means of other series of characters: 
by trying to bring the relationships indicated by 
the several series of characters into congruence. 
In the final analysis this is again the method of 
‘checking, correcting, and rechecking’.”

It is clear that Hennig’s method is distinct 
from the minimum step method (Felsenstein, 
1983). Hennig never proposed any generic math-
ematic approach to bring characters into con-
gruence, which is not likely to be found. To 
mathematically express the problem, let us use 
E to represent the expression of phylogenetic 
signal by any given character, and define that E 
ranges from 0 to 1: when E = 0, none of the phy-
logenetic signal of that particular character gets 

expressed in the tree that takes into account all 
characters; when E = 1, all of the phylogenetic 
signal of the character gets expressed in the tree. 
Therefore, in a data matrix that contains n char-
acters, to find the most congruent signal among 
all characters becomes the question of maximiz-
ing  (i = 1, 2, 3, …, n), where Ei denotes 
the expression of the phylogenetic information 
carried by character i, and Wi denotes the weight 
of character i.

The value of E should reflect how well a 
character’s phylogenetic signal is expressed, and 
it needs to be standardized across all characters. 
Accordingly, the retention index r (Farris 1989)
is adopted here to quantify E. The value of r 
ranges from 0 to 1, and it denotes “the fraction 
of apparent synapomorphy in the character that 
is retained as synapomorphy on the tree” (Farris 
1989: 418). Certainly, to maximize the total 
congruent phylogenetic expression is consistent 
with minimizing ad hoc hypotheses of homo-
plasy, which can be expressed as minimizing 

 (i = 1, 2, 3, …, n). Without loss 
of generality, for the purpose of simplicity, here 
temporarily assuming Wi = 1 (i = 1, 2, …, 
n), then, it is to minimize , 
where for character i, gi represents the maximum 
possible number of steps, mi represents the mini-
mum possible number of steps, and si represents 
the actual number of steps in a given tree.

In contrast, in the minimum step method, 
it is to minimize , equating to min-
imizing , which 
is . Hence, in the mini-
mum step method, the step number changing 
range, gi – mi, becomes a coefficient of charac-
ter weight. Accordingly, when steps are simply 
added across all characters, characters with 
higher step number changing ranges get over-
weighted, while those with lower step number 
changing ranges get underweighted.

To distinguish it from the minimum step 
method, the method presented here is referred 
to as the corrected parsimony approach (Zhang 
2016). Comparisons between the corrected par-
simony approach and the minimum step method 
on both hypothetical and empirical cases, as well 
as TNT scripts, were presented in Zhang (2016). 
As for how to quantify characters’ weights, it is 
another critical issue, further discussed below.
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Scaling, weighting a posteriori, 
and weighting a priori

Scaling, or standardization, is a separate issue 
from weighting. Scaling sets up the basis for 
character weighting. Without properly scal-
ing evolutionary step number changing ranges 
among different characters, the minimum step 
method represents a unjustified character weight-
ing scheme a priori, which is a problem that 
cannot be circumvented by approaches invented 
for weighting a posteriori, such as successive 
weighting (Farris 1969), implied weighting 
(Goloboff 1993), etc. These approaches weight 
characters based on extra step numbers. How-
ever, without justified weighting a priori, it is 
meaningless to discuss characters’ extra step 
numbers (Neff 1986, Bryant 1989). In other 
words, because the minimum step method 
weights characters a priori in an unjustifi-
able way, any additional efforts for a posteiori 
weighting cannot fix the problem.

Apparently, the corrected parsimony method 
does not prevent characters from being weighted 
a priori, as long as the weighting is justified. It 
is not expected that all characters deserve the 
same weights, and thus characters are supposed 
to be carefully weighted, with explicitly pre-
sented reasons (Poe & Wiens 2000). Although in 
parsimony phylogenetic analysis characters are 
assumed to be independent from each other, in 
real cases this assumption is almost never satis-
fied. Instead, many, if not most, characters are 
correlated. Character redundancy is an extreme 
example of character correlation. In such cases, 
the redundant characters should be given rela-
tively lower weights, as practiced in some empir-
ical studies (e.g., Strait & Grine 2004). In most 
cases, however, it is not easy to quantify character 
correlation. Background knowledge is an import-
ant source for detecting character correlation. 
Especially, studies in developmental biology have 
provided substantial evidence for inferring char-
acter correlation (Kangas et al. 2004, Kavanagh 
et al. 2007, Harjunmaa et al. 2014). For exam-
ple, mammalian dental characters are common 
sources for phylogenetic analysis, but in most 
cases their weights are not justified for develop-
mental correlation. Experimental studies on mice 
suggested that many mammalian dental traits that 

were regarded as stepwise transitional stages were 
developmentally linked rather than independent 
(Kangas et al. 2004, Harjunmaa et al. 2014). 
These studies provided a biological basis to jus-
tify weighting schemes not only among different 
characters, but also among different between-state 
transitions of a specified character.

Character weighting a priori is a complicated 
topic that is beyond the scope of this paper, but 
it is the place where Hennig’s suggestion of 
“checking, correcting, and rechecking” comes 
into play. That means, it is unlikely to find a uni-
versal weighting a priori approach with clearly 
defined numerical formula. The corrected parsi-
mony approach presented here should be viewed 
as a backbone scheme in parsimony phyloge-
netics. Character weights should be estimated, 
if possible, by researchers based on explicit 
biological reasonings (Poe & Wiens 2000), as 
originally suggested by Hennig (1950, 1966). 
Weighting a posteriori, based on how characters 
covary with each other, is certainly useful, but 
weighting a priori, with valid biological reasons, 
is more crucial. After careful weighting a priori 
is executed, weighting a posteriori can step in, 
and further refine the analysis.

Analogy with exchange rates 
among different currencies

The difference between the minimum step method 
and the corrected parsimony method can be more 
intuitively understood via an analogy below. 
The key in parsimony phylogenetic analysis is 
to choose the best option among various trade-
offs, which are inevitably created by conflicting 
or partially conflicting characters. Exchanges of 
phylogenetic information among different charac-
ters can be intuitively viewed as an analogy to the 
exchanges among different currencies. As shown 
in Fig. 1A, the mid-market exchange rates among 
different currencies are generally uncontroversial, 
as determined by the real-time market.

Characters in phylogenetic analyses are like 
different currencies. The exchange rates among 
them, however, are largely unknown, as it is usu-
ally less clear which characters provide more reli-
able phylogenetic information and which provide 
less, except for extreme cases, such as character 
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redundancy, poor documentation, etc. Hence, the 
task is similar to figuring out exchange rates 
among unknown currencies. What the minimum 
step method does is to assign an arbitrary set of 
exchange rates, as determined by the step count 
changing range of each character, to the cur-
rencies (Fig. 1B). This does not automatically 
result in an absurd phylogeny, because a set of 
arbitrarily chosen numbers may happen to be very 
close to the true numbers, though it is more likely 
not the case. An implicit “advantage” of the min-
imum step method, that has been utilized implic-
itly or explicitly in many past empirical studies, 
is that a slight modification of the character state 
delimitation scheme may significantly change the 
set of the arbitrary numbers, until reaching the 
“expected” phylogeny, but such an “advantage” is 

hardly justifiable. In contrast, under the corrected 
parsimony approach, the starting point is that the 
exchange rates among different currencies are 
flat because there is no basis to justify a specific 
set of exchange rates. The next step is to study 
the market, in order to reach a more credible set 
of exchange rates (Fig. 1C). In biology, to study 
the “market” of the characters requires a thor-
ough investigation of how valuable each character 
is, compared to each other, in its capability of 
revealing the phylogenetic relationships of the 
terminals.

Conclusion

For morphological data, using parsimony meth-
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Fig. 1. The analogy with exchange rates among different currencies. — A: The mid-market exchange rates among 
Japanese Yen, Euro and US Dollar as of 16 September 2024. — B: Assigning random numbers to the exchange 
rates among unknown currencies, analogous to the minimum step method. — C: First assigning flat exchange rates 
to the unknown currencies, and then trying to figure out more accurate rates using information from the market, if 
available, analogous to the corrected parsimony method. The bill images are from Wikimedia Commons: €5 bill 
by Robert Kalina, redesign by Reinhold Gerstetter, ECB decisions ECB/2003/4 and ECB/2003/5; ¥1000 bill from 
Nippon Ginko, Government of Japan, public domain; $5 bill from United States Government, public domain.
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ods to infer phylogenetic relationships is still 
essential. This paper revisits the properties of 
morphological characters, character state delim-
itation approaches, and the accompanying 
among-character scaling issue. Given the neces-
sity of standardizing evolutionary step number 
changing ranges among different characters, the 
corrected parsimony method is restated here fol-
lowing my earlier work (Zhang 2016). I argue that 
the corrected parsimony approach should replace 
the minimum step algorithm and be viewed as the 
backbone framework in parsimony phylogenetic 
methods. Distinctions between the minimum step 
method and the corrected parsimony approach 
are intuitively presented through an analogy to 
exchange rates among unknown currencies. The 
minimum step method assigns arbitrary weights 
to characters, just like using unjustified arbi-
trary exchange rates among unknown currencies. 
In contrast, the corrected parsimony approach 
assigns flat weights to characters by default, and 
then differentiates the weights based on valid 
biological reasons, if applicable. It is like assign-
ing flat exchange rates to unknown currencies, 
and then tuning the weights by studying the 
market. The principle of the corrected parsimony 
approach, unlike the minimum step method, 
agrees with the original messages delivered by 
Hennig, who had no intention to solve character 
conflicting issues by arbitrarily weighting charac-
ters. This corrected parsimony principle can also 
be applied in fields beyond biology.
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