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Abstract

The distribution of divergence times between member species of a community reflects

the pattern of species composition. In this study, we contrast the species composition

of a community against the meta-community, which we define as the species composi-

tion of a set of target communities. We regard the collection of species that comprise a

community as a sample from the set of member species of the meta-community, and

interpret the pattern of the community species composition in terms of the type of spe-

cies sampled from the meta-community. A newly defined effective species sampling

proportion explains the amount of the difference between the divergence time distri-

butions of the community and that of the meta-community, assuming random sam-

pling. We propose a new index of phylogenetic skew (PS), as the ratio of the

maximum-likelihood estimate of the effective species sampling proportion to the

observed sampling proportion. A PS value of 1 is interpreted as random sampling. If

the value is >1, the sampling is suspected to be phylogenetically skewed. If it is <1,
systematic thinning of species is likely. Unlike other indices, the PS does not depend

on species richness as long as the community has more than a few members of a spe-

cies. Because it is possible to compare partially observed communities, the index may

be effectively used in exploratory analysis to detect candidate communities with

unique species compositions from a large number of communities.
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Introduction

Because community phylogenetic structure can provide

insights into evolutionary processes shaping ecosystem

function (Erwin 1991; Davies & Buckley 2011; Mouquet

et al. 2012; Bell 2013), phylogenetic diversity has been

suggested as an additional component of nature conser-

vation assessment (Vane-Wright et al. 1991; Faith 1992;

Faith et al. 2004; Cadotte et al. 2012; Srivastava et al.

2012). Ecophylogenetics is rapidly becoming an impor-

tant subfield of community ecology (Mouquet et al. 2012)

because of its usefulness in addressing questions related

to large-scale community spatial patterns (Knapp et al.

2008; Crisp et al. 2009; Morlon et al. 2011; Brum et al.

2012), long-timescale variation (Thuiller et al. 2011) and

spatiotemporal change (Leprieur et al. 2011; Jetz et al.

2012). Because phylogenies reflect integrated phenotypic

differences among taxa, evolutionary relationships may

be related to ecological processes and dynamics (Felsen-

stein 1985; Harvey & Pagel 1991; Faith 1992).

The biodiversity of a community can be measured by

its species richness, evenness and abundance distribu-

tion (Magurran 2003), with a number of proposed diver-

sity indices also incorporating phylogenetic information

(Winter et al. 2013). Indices of phylogenetic diversity

incorporate information about evolutionary relationships

among member species of a community (Cadotte et al.

2008). Two major groups of phylogenetic diversity indi-

ces that measure either richness or distinctiveness of

communities have long been used. Faith’s phylogenetic

diversity (Faith’s PD; Faith 1992), perhaps the most

widely used measure of phylogenetic diversity, is a met-

ric quantifying the phylogenetic richness of a community.
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Faith’s PD that measures the shared phylogenetic history

among taxa occurring in a sample is calculated as the

sum of branch lengths from the roots to the tips for the

community. The second group of commonly used indices

measure phylogenetic diversity in terms of phylogenetic

distinctiveness and rely on averaged branch lengths.

Average taxonomic distinctiveness (AvTD; Pienkowski

et al. 1998) is calculated as the sum of all branch lengths

connecting two randomly chosen species averaged across

all species representing the mean distance between those

two species. Rao’s quadratic entropy (Rao’s QE; Rao

1982) is mathematically similar to AvTD, but can also

account for abundances by weighting mean distances

between two randomly chosen species. Other phyloge-

netic diversity indices that measure distinctiveness of

communities using branch lengths have recently been

proposed for exploring ecological processes. Mean pair-

wise distance (MPD; Webb 2000) reflects phylogenetic

structuring across the entire phylogenetic tree. Mean

nearest taxon distance (MNTD; Webb 2000) reflects the

phylogenetic structure of the tips of the tree. Net related-

ness index (NRI; Webb 2000) and nearest taxa index

(NTI) are calculated as standardized MPD and MNTD,

assuming random draws of the same number of species

from the same phylogeny pool. These indices of phyloge-

netic diversity can be regarded as summary statistics of

tree topologies and branch lengths.

In this study, we interpret the species composition of

a community with reference to the species composition

of a set of target communities, which we call a meta-

community. While a meta-community is usually defined

as a set of communities linked by the dispersal of their

organisms, here, it simply represents a hypothetical

community that consists of all species in the species

pool. For example, the species composition of a local

community is characterized by comparing it with the

global species composition. Negative environmental

and anthropological effects on a community may be

investigated by adopting the community in the early

period as a reference meta-community. We regard the

member species of a community as a sample set of the

member species from the meta-community. With this

interpretation, it becomes possible to express the pat-

tern of a community’s species composition in terms of

the type of species sampled. We sometimes use the

term ‘sample’ to emphasize this correspondence, even

though the communities are not generated by actually

sampling from the meta-community.

We propose a new index of phylogenetic skew (PS).

This index may be regarded as a counterpart of the net

relatedness index (NRI). NRI averages a number of

nodes (on the phylogenetic tree of the meta-community

member species) that separate all possible pairs of

member species of the community, and standardizes by

simulating random sampling. In contrast, we compare

the distribution of the divergence times between the

member species of the community with that of the

meta-community. The latter is expressed by two param-

eters, the net diversification rate and the apparent speci-

ation rate. Given these parameters, the difference

between the two distributions is expressed by a new

parameter, the effective species sampling proportion,

assuming random species sampling. The skew of spe-

cies sampling contrasts the effective species sampling

proportion to the actual sampling proportion.

Materials and methods

The phylogenetic skew index concept

The phylogenetic tree of the member species of a commu-

nity is a subtree of the phylogenetic tree of the meta-com-

munity member species. For short, we simply call them

the community and the meta-community phylogenetic

trees. When one species is excluded from a phylogenetic

tree, the resultant subtree lacks the corresponding termi-

nal branch and the internal node connecting it with the

sister species. As divergence times between a pair of sis-

ter species are less on average than the divergence times

between other pairs of species, the distribution of a com-

munity’s divergence times is longer on average than the

distribution of the meta-community divergence times.

The difference between the two distributions grows, as

we exclude more species (Fig. 1).

Here, we define the effective species sampling pro-

portion, qE. It explains the difference between the two

distributions, assuming that the species composition of

a community is obtained by random sampling from the

meta-community. If the community consists of closely

related species in the meta-community tree, the qE
value is larger than the actual species sampling propor-

tion, qO, the ratio of the number of member species

from the community to that of the meta-community.

However, if the community consists of diverged species

in the meta-community tree, qE may be smaller than

qO. Therefore, we define the ratio, PS = qE/qO, as an

index of phylogenetic skew of a community. A PS value

of 1 is regarded as a reference value corresponding to

random species sampling. If the value is >1, species

sampling is likely to be phylogenetically skewed. If it is

<1, systematic thinning of species is suspected.

Application to fish impingement sampling

We demonstrate the concept of the phylogenetic skew

index through analysis of a fish community monitored

monthly at nuclear power plants in northern Taiwan

(Liao et al. 2004; Shao 2013). The complicated seafloor
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topography, geology and substratum type (e.g. sand,

mud, gravel, rock and coral reef) of the surrounding

offshore areas, combined with the warm Kuroshio Cur-

rent, have given rise to a rich and highly diverse aqua-

tic biota. Because of this high species diversity, studies

of fish communities adjacent to Taiwan can contribute

to many leading global fish diversity indices. Power

plant intake screens can serve as ideal locations to mon-

itor fish populations: when large volumes of water are

drawn into the plant for cooling purposes, fish are

impinged along with the incoming current. Because of

the constant rate of water intake, impingement surveys

provide informative data for detecting community vari-

ation (Greenwood 2008) and can be carried out over a

long-time period. The consistency of the collecting

scheme combined with fixed sampling efforts decreases

systematic errors among samples.

The fish community data used in this study were col-

lected from nuclear power plants at Shihman and Ye-

hliu, both situated in northern Taiwan. Fish samples

were collected monthly from intake screens at both

plants from July 1987 to April 1990, and from Septem-

ber 2000 to August 2012 (except for December 2006,

December 2007 and March 2012 at both plants, and Jan-

uary 2007 at the first plant). Impinged fish were col-

lected from cooling water intakes once every 30 days

for 24 h beginning at 9 a.m. on the chosen date using a

systematic sampling method (Cochran 1977). The

impinged individuals were flushed into a sluiceway

and then collected in a trash basket suspended outside

the pumping house. All fish were retrieved from the

trash baskets and transported to the laboratory for sort-

ing, identification and counting. Because the geographi-

cal features of the intakes are similar to one another, we

Divergence time

All
Random sampling
Skewed sampling

Fig. 1 Divergence time distributions

between community members reflect spe-

cies sampling patterns. Dark grey circles

represent random sampling, whereas

light grey circles correspond to skewed

sampling. Squares mark divergence

times. The histogram shows distributions

of all divergence times (species sampling

proportion = 1), divergence times under

random sampling, and divergence times

under skewed sampling.
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pooled the monthly samples from both. The increased

number of data points enhanced the quality of the

pooled data, allowing for more informative analyses.

Two hundred and sixty-five species were collected in

the 34 months prior to 1990, and 337 species were col-

lected in the 142 months after 2000. The resulting meta-

sample comprised 457 species (Table S1; Shao 2013)

recorded from the impingement samples.

Bayesian inference of divergence times and
phylogenetic skew

Nucleotide sequences of the mitochondrial cytochrome

oxidase subunit I (COI) gene were available from the

National Center for Biotechnology Information (NCBI

2012) database for 226 species from 73 families of the

above-sampled 457 species belonging to 85 families

(Table S1, Supporting information). As the coverage

of this subsample represents a reasonable proportion

of families surveyed, examination of the effect of sub-

sampling on the value of the phylogenetic skew was

left for future study. After performing sequence align-

ments with the MUSCLE program (Edgar 2004) in

MEGA 5.0 (Tamura et al. 2011), divergence times

among the species sampled in the meta-sample were

estimated in a Bayesian framework using BEAST

v1.7.5 (Drummond et al. 2012). The HKY model of

nucleotide substitution with gamma-distributed rate

heterogeneity among sites (Felsenstein 1981; Hasegawa

et al. 1985; Yang 1994) was used for the analysis.

Because the rate of molecular evolution varies over

time, estimation of divergence times based on a

molecular clock assumption may be biased (Sanderson

1997; Thorne et al. 1998). A random local clock model

was used to take variable evolutionary rates among

lineages into account (Douzery et al. 2002; Drummond

& Suchard 2010). The Yule process was used as the

prior of the tree. As for the prior distributions of the

parameters that specify the substitution process, we

adopted the default values. The prior for the HKY

transition/transversion parameter was set to log-nor-

mal distribution with a location parameter = 1 and a

scale parameter = 1.25. The prior distribution of the

shape parameter describing the heterogeneity rate

among sites was the exponential distribution with

mean = 0.5. The frequency of change in evolutionary

rate followed a Poisson distribution with mean = 0.7.

We did not have the reference nodes for which the

time information is available. Because we only use

the relative values of the divergence times in the sub-

sequent step, we set the mean evolutionary rate to 1.

The Markov chain Monte Carlo (MCMC) chain length

was set to 10 000 000. Because the MCMC runs range

over tree topologies and the parameters of evolutionary

processes, the resulting Bayesian estimates of diver-

gence times take into account the uncertainty of the

topology.

Translation of divergence time distribution into a
sampling proportion assuming random sampling and
calculation of the phylogenetic skew index

The shape of the divergence time distribution depends

on three parameters: speciation rate, k; extinction rate,

l; and species sampling proportion, q. Denoting the

ordered divergence times (relative, not absolute) of the

sample by t ¼ t1; . . .; ts�1ð Þ, t1 > . . . > ts�1, and using for-

mulae of the generalized birth and death processes

(Kendall 1949; Nee et al. 1994; Yang & Rannala 1997),

the likelihood of t given t1 is obtained as

L0 tjk; l; qð Þ ¼ s� 2ð Þ!
Ys�1

j¼2

kp1 tj
� �

mt1
eqn 1

where

p1 tð Þ ¼ 1

q
P 0; tð Þ2e l�kð Þt

P 0; tð Þ ¼ q k� lð Þ
qkþ k 1� qð Þ � lð Þe l�kð Þt ;

and

mt ¼ 1� 1

q
P 0; tð Þe l�kð Þt:

The three parameters, k, l and q, are not identifiable.

Specifically, the function, g tjk; l; qð Þ � kp1 tð Þ
mt1

, that deter-

mines the likelihood (eqn 1) can be written as a func-

tion of the net diversification rate, h1 � k�l, and the

apparent speciation rate, h2 � kq:

g tjk; l; qð Þ ¼
h2

h1
h2

1�e�h1 tð Þþh1
h2
e�h1 t

� �2
e�h1t

1�
h1
h2

1�e�h1 t1ð Þþh1
h2
e�h1 t1

� �
e�h1t1

In other words, the degrees of freedom of the model

is not three but two. With the reparameterized likeli-

hood function, L0 tjh1; h2ð Þ, the joint likelihood of the

divergence times of species in the meta-community,

tmeta-comm, and that of species in the community, tcomm,

is expressed as

L tmeta�comm; tcommjh1; h2; qEð Þ ¼ L0 tmeta�commjh1; h2ð Þ
� L0 tcommjh1; h2 � qEð Þ

eqn 2

Here, qE can be termed as the effective species sam-

pling proportion. It explains the difference in diver-

gence time distributions of the community and that of

the meta-community, assuming that the species compo-
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sition of the community is a random sample from the

meta-community. Note that the likelihood of the com-

munity is a function of the product of h2 and qE. When

we compare a set of communities, the eqn (2) becomes

L tmeta�comm;t
1ð Þ
comm; . . .;t

Kð Þ
commjh1;h2;q 1ð Þ

E ; . . .;q Kð Þ
E

� �

¼L0 tmeta�commjh1;h2ð Þ
YK
k¼1

L0 t kð Þ
commjh1;h2�q kð Þ

E

� � eqn3

Instead of maximizing the joint likelihood (eqn 3), we

adopted the following two-step procedure. In the first

step, we estimated the two parameters, h1 and h2, by

maximizing the likelihood of the meta-community,

L0 tmeta�commjh1; h2ð Þ. In the second step, we treated

these estimates as fixed and obtained the maximum-

likelihood estimate of the effective species sampling

proportion for each of the communities by maximizing

the partial likelihood L0ðtðkÞcommjĥ1; ĥ2 � qðkÞE Þ. Further-

more, the observed species sampling proportion was

calculated by dividing the number of species in each

community by the number of species in the meta-com-

munity. The phylogenetic skew index for a community

was then defined as the ratio of the estimated effective

species sampling proportion to the observed species

sampling proportion. Eqns (2) and (3) are not accurate,

although each component of them is. The set of species

in a community is not independent of the species pool

in the meta-community, but rather is a subsample from

the species pool. Noting that the information on h1 and

h2 is mostly included in tmeta-comm, the two-step proce-

dure approximates the maximum composite likelihood

method (Lindsay 1988). A composite likelihood consists

of a valid likelihood of subsets of data and has sound

theoretical basis and satisfactory performance (Varin &

Vidoni 2005).

Comparing phylogenetic diversity indices under three
typical sampling scenarios

The values of the proposed PS index and the existing

phylogenetic diversity indices depend on the type of

species sampled from the meta-community. To gain an

insight into the effect of sampling type, we generated

community samples from the meta-community

impingement data, using three typical types of species

sampling: random, quota (systematic thinning) and

cluster sampling. To simulate an evenly sampled com-

munity among families, we selected one species from

each family sampled, with a total of 73 species used for

the analysis (Fig. S1a, Supporting information). As a ref-

erence, we also generated a random sample of 73 spe-

cies (Fig. S1c, Supporting information). To simulate a

scenario of phylogenetically skewed sampling, we

selected the six most dominant families comprising a

total of 77 species (Fig. S1e, Supporting information).

For each of the simulated communities, we calculated

PS ¼ q̂E=qO, NRI, NTI, Faith’s PD and AvTD values.

Evaluation of small-sample bias in the PS index
estimate and bias correction

Our phylogenetic skew index is based on the maxi-

mum (composite)-likelihood inference of the effective

species sampling proportion, which is efficient as long

as the sample size (species richness, in our context) is

large. However, the ratio of estimated to observed

species sampling proportions, PS ¼ q̂E=qO, may be

biased, especially when the species richness is small.

The number of impinged fish species in each monthly

community was not very large and ranged from 3 to

34. To correct for the small-sample-size bias, we con-

ducted a random sampling simulation. After excluding

the excessively small community, we generated a set

of 1000 random communities from the meta-commu-

nity for each number of species from 5 to 34. We then

calculated the PS value for each community. We fitted

gamma distributions to the simulated PS distribution

under the null hypothesis of random sampling.

Assuming functional dependence of shape (a) and rate

(b) parameters on community size (species richness,

SR) according to the equations a = aSR = a1 + b1 9 SR

and b = bSR = a2 + b2 9 SR, respectively, we obtained

the maximum-likelihood estimates of these parameters.

The bias-corrected phylogenetic skew and its 95% con-

fidence interval were calculated by dividing PS by the

median and by the 2.5th and 97.5th percentiles of the

1000 PS values estimated assuming a gamma distribu-

tion under the null hypothesis of an expected mean

of 1.

Results

Phylogenetic skew, NRI, NTI, Faith’s PD and AvTD
under three typical sampling scenarios

Figure 2a shows the Bayesian phylogenetic COI tree of

the 226 fish species in the meta-sample. Based on the

estimated divergence times, net diversification rate and

apparent speciation rate were estimated as

ĥ1 ¼ 4:48� 0:43 and ĥ2 ¼ 0:87� 0:15 (�SE), respec-

tively. The predicted divergence time distribution pro-

vided a satisfactory fit to the observed meta-community

divergence time distribution (Fig. 2b).

Table 1 shows the PS ¼ q̂E=qO, NRI, NTI, Faith’s PD

and AvTD values for the simulated communities under

the three different scenarios. In the case of quota sam-

pling, where one species was sampled from each of the

73 families, the divergence time distribution was longer

© 2015 John Wiley & Sons Ltd
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on average and the PS was 0.64, far <1. The PS value

was close to 1 in the case of random sampling of 73

species. In the case of cluster sampling of 73 species,

the divergence time distribution shifted towards the

present compared with the distribution obtained by

random species sampling.

The Faith’s PD values were 54.00, 47.02 and 25.90 for

quota, random and cluster sampling, respectively. The

AvTD values were 0.1979, 0.1987 and 0.1896 for quota,

random and cluster sampling, respectively. Like Faith’s

PD, the smallest value was obtained when the species

were sampled by cluster sampling. AvTD cannot distin-

guish the difference between quota and random sam-

pling, but can distinguish the difference between cluster

and other types of sampling. The NRI (NTI) values

were �2.62 (�5.57), �0.14 (�1.18) and 8.05 (8.73) for the

three sampling types. The order of the NRI and NTI

values was consistent with that of the PS values. As

these indices are standardized with reference to the

mean and standard deviation of the random sampling,

the value was close to zero in the case of random sam-

pling.

Depending on the species sampling scenario, the PS

value does not depend on species richness. However,

the Faith’s PD value depends largely on species rich-

ness, and it is difficult to quantify the effect of differ-

ent types of sampling on phylogenetic diversity. The

AvTD value does not depend on species richness. The

NRI value decreased when the species was subsam-

pled from the clusters selected in the cluster sampling.

Both NRI and PS compare the divergence time distri-

butions among member species with the distribution

expected from random sampling. So, it is reasonable

to see a similar pattern in the simulation. The differ-

ence is the weights on the ancestral nodes. PS puts

equal weights on them. However, as a node whose

two sister branches have m and n offspring is counted

m 9 n times, NRI examines the weighted average of

divergence times with larger weights on the nodes

close to the most recent common ancestor. Like NRI,

NTI distinguished the type of sampling well. It still

depended on species richness, but was less sensitive

than NRI.

Interannual trend and seasonal patterns

Figure 3a shows the PS values of a set of 1000 random

communities from the meta-community for each num-

ber of species from 5 to 34. The simulated PS distribu-

(a)

(b)

Fig. 2 Bayesian inference of divergence times. (a) Bayesian

phylogenetic tree of 226 fish species estimated from COI nucle-

otide sequences. (b) Histogram of divergence times in the

Bayesian phylogenetic tree. The curve represents the distribu-

tion of divergence times using eqn (1), with the estimated

parameters ĥ1 ¼ 4:47 and ĥ2 ¼ 0:87.

Table 1 The community diversity indices values for the communities shown in Fig. S1.

Quota sampling Random sampling Cluster sampling

Species richness 73 50 73 50 77 50 30

PS 0.64 0.71 1.03 1.08 6.28 6.17 6.36

NRI �2.62 �2.58 �0.14 �0.70 8.05 5.38 3.59

NTI �5.57 �4.29 �1.18 �1.56 8.73 6.58 5.25

Faith’s PD 54.00 39.97 47.02 35.69 25.90 19.91 14.18

AvTD 0.1979 0.1971 0.1987 0.1971 0.1896 0.1908 0.1899

PS, phylogenetic skew; NRI, net relatedness index; NTI, nearest taxa index; Faith’s PD, Faith’s phylogenetic diversity; AvTD, average

taxonomic distinctiveness.
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tion under the random sampling null hypothesis was

well approximated by a gamma distribution (Fig. 3b).

Assuming functional dependence of shape (a) and rate

(b) parameters on species richness, SR, to be

a = aSR = a1 + b1 9 SR and b = bSR = a2 + b2 9 SR,

respectively, we obtained the maximum-likelihood esti-

mates of the four parameters as a1 = 3.49 � 0.16,

b1 = 0.44 � 0.01, a2 = �1.50 � 0.08 and b1 = 0.45 �
0.01. Figure 3b shows a satisfactory fit of the model.

A plot of the monthly estimated PS ¼ q̂E=qO values

from September 2000 to August 2012 compared with

that derived from the simulated random sampling dis-

tribution is shown in Fig. 4a. The phylogenetic skew

and its 95% confidence interval were calculated by

dividing PS by the median and by the 2.5th and 97.5th

percentiles of the 1000 PS values estimated assuming a

gamma distribution under the null hypothesis of an

expected mean of 1. The bias-corrected phylogenetic

skew and its 95% confidence interval (number of spe-

cies from 8 to 34) are shown in Fig. 4b. This value ran-

ged from 0.75 to 4.16, with a median of 1.39 and a

mean of 1.44 � 0.19, which is significantly larger than

1 (P < 0.001).

A declining trend was observed in the species rich-

ness of the impingement fish community. Species rich-

ness declined significantly among years (correlation

coefficient = �3.98, P-value = 0.002; Fig. 5a) and

severely in summer and autumn (Fig. 5b). Figure 5b

shows the monthly variation of species richness from

July 1987 to April 1990 and from September 2000 to

August 2012. The monthly species richness ranged from

3 to 41. The yearly trends were different between spe-

cies richness and PS (Fig. 5a). Before 2007, although

species richness declined, PS did not change. This

(a)

(b)

sr = 25

sr = 15sr = 10 sr = 20

sr = 34sr = 30

Fig. 3 Phylogenetic skew (PS) calculated from a random sampling simulation. (a) PS box plots of 1000 random samples from the

meta-sample for each number of species from 5 to 34. (b) PS histograms for number of species (SR) = 10, 15, 20, 25, 30 and 34 with

fitted gamma distributions.
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implies that the species declined systematically and the

composition of present species is phylogenetically

evenly distributed, more similar to quota sampling.

From 2007, PS fluctuated annually when species rich-

ness started to decline sharply. The rapid decrease dev-

astated the evenly distributed phylogenetic species

composition in the community. The monthly PS (after

correction of small-sample bias) from July 1987 to April

1990 and from September 2000 to August 2012 ranged

between 0.23 and 4.16. A significant difference between

the periods before 1990 and after 2000 is shown in

Fig. 5c (t = �17.29, P-value <0.001). We then compared

the species compositions among the periods 1988–1990,
2001–2003 and 2010–2012 (Fig. 6). An apparent qualita-

tive change in species composition among different

periods is shown in the figure. Compared to the 1988–
1990 period, species in 2001–2003 decreased more sys-

tematically than in 2010–2012. Some species appeared

frequently prior to 1990 and disappeared after 2000, for

example the species belonged to the families Labridae,

Carangidae and Leiognathidae. Leiognathidae and Ca-

rangidae are more common in warmer months, suggest-

ing that the cause of their decrease may be related to

changing sea temperatures in recent years (Fig. S4, Sup-

porting information).

Discussion

As the PS index is based on a fully parametric model, a

natural worry is a possible bias caused by model mis-

specification. The random speciation and extinction

model was used to describe the divergence time distri-

bution between the meta-community member species.

The real pattern of speciation and extinction may be far

more complex. However, we had only hoped that the

model with the net diversification and apparent specia-

tion rate would achieve a satisfactory fit to the

observed distribution in most cases. These two parame-

ters are nuisance ones for our purpose. Our target

parameter of interest is the effective species sampling

proportion, which explains the amount of difference

between the divergence time distributions among the

member species of a community and that of the meta-

community. As the model assumes random sampling,

the difference between the estimated parameter value

and the actual species sampling proportion is a depar-

ture of the community species composition from the

pattern expected from random sampling of the meta-

community.

The numerical simulation that reflects the fish assem-

blage in northern Taiwan showed that the maximum-

likelihood estimate of the effective sampling proportion

is positively biased, when the sample size is small. In

this study, we corrected the bias by examining the dis-

tribution of the estimate under the random sampling

scenario. The simulation showed that the bias

decreased monotonically with sample size (species rich-

ness). This type of bias may be better handled in the

framework of a penalized likelihood or Bayesian

approach, where the relative strength of the penalty

against the departure from the actual sampling propor-

tion decreases with increasing sample size. The validity

of the bias-correction methods need be tested both with

extensively designed simulations and empirical data

analysis in the future. We wish to propose the PS index

for comparative studies of relatively large communities

(a)

(b)

Fig. 4 Time series of monthly phyloge-

netic skew (PS) of the impingement fish

community from September 2000 to

August 2012. (a) Observed phylogenetic

skew (points) compared with a simulated

random sampling distribution (boxes).

(b) The bias-corrected phylogenetic skew

(points) and its 95% confidence interval

(lines).
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that have sufficient information on divergence time dis-

tributions. Because the index does not depend on spe-

cies richness as long as the community has more than a

few member species, it enables us to compare the phy-

logenetic skew between partially observed communi-

ties. It may be used effectively in exploratory analysis

to detect candidate communities with unique species

compositions from a large number of communities. By

looking closely at the species compositions of the candi-

date communities with high phylogenetic skew values,

it may be possible to identify factors with unique fea-

tures.

Remarkable developments in phylogenetic inference

procedures and the reduction in sequencing costs have

enabled statistical modelling of phylogenetic diversity.

The proposed index is computationally demanding.

The largest computational burden is the estimation of

the divergence times of member species in the meta-

community without assuming a molecular clock. As

divergence times depend on tree topology, this

method is ideal for taking uncertainty in tree topology

inferences into account. However, the divergence time

distributions may be relatively robust against the

errors in the minute phylogenetic order of the internal

nodes that are separated by short branches. The com-

putation becomes inexpensive by adopting the two-

stage procedure: the estimation of the branch lengths

and the estimation of divergence times from the

(a)

(b)

(c)

Fig. 5 Temporal variation of species rich-

ness and phylogenetic skew (PS) of the

impingement fish community. (a) Time

series of yearly species richness and phy-

logenetic skew from 1988 to 1990 and

from 2001 to 2012. (b) Time series of

monthly species richness from July 1987

to April 1990 and from September 2000

to August 2012. (c) Time series of

monthly PS (after the correction of small-

sample bias) from July 1987 to April 1990

and from September 2000 to August

2012. Filled circles in (b) and (c) indicate

the value in each month. The diameter of

the circle is proportional to the value.
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estimated branch lengths (Thorne et al. 1998; Dos Reis

& Yang 2011).
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Data accessibility

The Supplementary Table lists the species in the

impingement meta-sample. The raw data of monthly

observations and the Accession nos of the COI

sequences are available as supporting data. The

sequence data, the estimated tree and the program used

for the analysis are attached as a zip file.
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Additional supporting information may be found in the online ver-

sion of this article.

Data S1 The raw data of monthly observations, sequence data

and R program.

Fig. S1 Phylogenetic skew index values calculated under dif-

ferent sampling scenarios.

Fig. S2 The family names of the selected species in Fig. S1a.

Fig. S3 Average species composition.

Fig. S4 Average species composition over the years and

months from 2001 to 2012.

Table S1 Checklist of species in the meta-community recorded

in the impingement samples.
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