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a  b  s  t  r  a  c  t

As  an  inherent  function  of  a community,  body-size  spectrum  has  proved  to be a robust  indicator  for
functional  community  research  and  global  bioassessment.  To  determine  the  feasibility  of  body-size  dis-
tinctness  of biofilm-dwelling  protozoa  for  marine  bioassessment,  a set of  data  points  of the  protozoa,
which  was  monthly  collected  at four  stations  within  a gradient  of  pollution  in  coastal  waters  of  the Yel-
low  Sea,  northern  China  during  a 1-year  cycle,  was  studied.  The  body-size  spectra  of the protozoa  showed
a  clear spatial  pattern  in  response  to the  water  quality  status  among  four  sampling  stations.  The  average
body-size  distinctness  (�+

z ) and  variation  in  body-size  distinctness  (�+
z ) were  used  to  evaluate  the  water

quality  status  based  on  a  Euclidean  distance  resemblance  and  a  modified  hierarchy  of  body-size  units,
respectively.  The  paired  distinctness  measures  (�+

z and  �+
z )  based  on  both  traits  showed  a  significant

departure  from  the  expected  trait  hierarchy  of  body-size  spectrum.  These  results  suggest  that  the  body-
size  distinctness  measures  may  be a useful  indicator  for  discrimination  of  water  quality  status  in  marine
ecosystems,  using  biofilm-dwelling  protozoa.

© 2015  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Protozoa have been widely used as robust indicator of water
quality in many aquatic ecosystems due to their rapid response
to environmental changes, short/simple life history, easy samp-
ling and comparisons on spatial/temporal scales (Cairns, 1979;
Madoni, 2003; Jiang et al., 2012; Xu et al., 2012b, 2015a,b,c,d).
Biofilm-dwelling protozoa (mainly ciliates) are primary consumers
in a biofilm, and have been successfully utilized to indicate water
quality status, using glass slide method, in marine ecosystems
(Xu et al., 2014a,b,c, 2015a,b,c,d). However, many previous studies
have demonstrated that community-based bioassessment is com-
monly subject to a strong bias due to a large number of redundant
species in the protozoan communities, since they could signifi-
cantly influence the outputs of analyses, and thus limit their use
for bioassessment of water quality status (Xu et al., 2014c, 2015d;
Zhang et al., 2014; Zhong et al., 2014).

As an inherent function, body-size spectrum is a useful tool to
summarize functional structure of a community and to evaluate
ecological quality status in many aquatic environments (Sheldon
et al., 1972; San Martin et al., 2006; Kamenir et al., 2010; Jiang et al.,
2012; Xu et al., 2013, 2016). Recent studies have shown that the
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analyses based on body-size spectra could significantly remove the
influence of redundant species on community research and moni-
toring programs at taxonomic resolutions (Sheldon et al., 1972; San
Martin et al., 2006; Kamenir et al., 2010; Xu et al., 2016).

In this study, the average body-size distinctness (�+
z ) and vari-

ation in body-size distinctness (�+
z ) were used evaluate the water

quality status based on a dataset of biofilm-dwelling protozoa,
which was collected form coastal waters of the Yellow Sea, north-
ern China during a 1-year period. The aims of this study were to
evaluate the feasibility of the body-size distinctness of protozoa
for discriminating water quality status in marine ecosystems.

2. Materials and methods

2.1. Data collection

The dataset was collected from a study area within a pollu-
tion gradient in coastal waters of the Yellow Sea, northern China
(Fig. 1, stations A–D). In this dataset, there were a total of 40 data
points, which were collected monthly using glass slide method at
four sampling stations during a 1-year period of August 2011–July
2012 (Xu et al., 2011, 2012a; Zhang et al., 2012a,b).

Species identification and individual enumeration were car-
ried out following the methods described by Xu et al. (2011). For
identification of species, the references such as Song et al. (2009)
were used.
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Fig. 1. Sampling stations in coastal waters of the Yellow Sea, near Qingdao, northern China. (A) Station A, a heavily stressed area in Jiaozhou Bay, the pollution being mainly
in  the form of organic pollutants and nutrients from domestic sewage and industrial discharge from several rivers; (B) Station B, a moderately polluted area in Jiaozhou Bay
by  minor discharges from a small river entering the bay; (C) Station C, a slightly polluted area near the mouth of Jiaozhou Bay and relatively distant from the rivers entering
the  bay; (D) Station D, relatively clean area which was  out of this bay and more distant from the river discharges.

Biovolumes of the protozoan individuals were calculated by
measurements of their linear dimensions according to the vol-
ume  equations of appropriate geometric shapes (Winberg, 1971).
Equivalent spherical diameter (ESD) was used to summarize the
body-size spectrum of the protozoa. The ESD-ranks of the protozoa
were classified according to Xu et al. (2016).

Water temperature (T), salinity (Sal), pH and dissolved oxygen
(DO) were detected using WTW  Multi 3500i sensor, and the trans-
parency (Tra) was measured in situ using a transparent scale. The
concentrations of ammonium nitrogen (NH4-N), nutrients nitrate
nitrogen (NO3-N), nitrite nitrogen (NO2-N), and soluble reactive
phosphate (SRP) were obtained using the “Standard Methods for
the Examination of Water and Wastewater” (APHA, 1992).

2.2. Data analyses

Two measures, the average body-size distinctness (�+
z ) and

variation in body-size distinctness (�+
z ) were calculated logically

according to the average taxonomic distinctness (�+) and varia-
tion in taxonomic distinctness (�+) (Clarke and Warwick, 1998,
2001; Jiang et al., 2012; Wang et al., 2016). For calculation of the
measures, a matrix of resemblances based on Euclidean distance,
as branch lengths between body-size rank levels, as a trait matrix
of the body-size spectrum of the regional protozoan assemblage in
coastal waters of the Yellow Sea, northern China.

Based on the original hierarchy, we constructed a modified trait
matrix according to Xu et al. (2016). Thus, the paired body-size
distinctness measures (�+

z and �+
z ) can be easily computed using

the following the equations:

�+
z =

⎡
⎣∑∑

i<j

ωij

⎤
⎦/[S(S − 1)/2]

�+
z =

⎡
⎣∑  ∑

i<j

ωij − �+
z

⎤
⎦/[S(S − 1)/2]

where xi, the abundance of the ith species (i = 1, 2, . . .,  S); N, the
total number of individuals in the sample; ωij, the “distinctness
weighting” given to the path length linking species i and j (i < j);
S, the number of species (Warwick and Clarke, 1995; Clarke and
Warwick, 2001; Xu et al., 2016).

The distinctness weightings were according to Clarke and
Warwick (1998) and Xu et al. (2016), in context of the Rk5 (logically
“phylum-level”): ω = 1 (species in the Rk1 level, logically “genus-
level”), 2 (same Rk2, logically “family-level”, but different Rk1), 3
(same Rk3, logically “order-level”, but different Rk2), 4 (same Rk4,
logically “class-level”, but different Rk3) and 5 (same Rk5, logically
“Phylum-level”, but different Rk4). The distinctness of two species
connected at the highest body-size rank level was  set equal to 100
according to Clarke and Warwick (1998) and Warwick and Clarke
(2001).

All multivariate analyses were conducted using PRIMER v7.0.10
and the PERMANOVA+ for PRIMER (Clarke and Gorley, 2015;
Anderson et al., 2008). The Euclidean distance matrices were com-
puted on log-transformed species ESD and environmental data.
The spatial variations in body-size pattern and environmental
conditions were discriminated by the routine dbRDA (distance-
based redundancy analysis) of PERMANOVA+. The paired measures
(�+

z and �+
z ) are the average resemblance and variation in

resemblance between species, respectively. Ellipse tests were con-
ducted to detect the significant departure of samples from an
expected body-size patterns of the communities by the routine
TAXDTEST of the PRIMER v7.0.10 package (Clarke and Gorley,
2015).
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