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Abstract – Research in the phytoplankton community has become an important part of the overall
water-quality monitoring. However, to date studies in small rivers and streams were still scarce and sampling
methods were also diverse and not as well developed as in lakes or large rivers. We investigated whether two
sampling protocols collected diﬀerent phytoplankton assemblages within a lowland catchment and, consequently, inﬂuenced the outcome of bio-assessment. Data collected from 77 sites by plankton net (PLNET)
collection and sedimentation (SEDIM) protocols were analyzed. Median Bray–Curtis (BC) similarity between
phytoplankton assemblages generated by the two protocols was 48.5% (range: 7.5–82.0%), and sites with the
lowest BC similarities tended to have lower chlorophyll a (Chl a), water temperature (WT), total suspended
solid (TSS) and volatile suspended solid (VSS), but higher channel width and water depth, than other
sites with higher BC similarities. Reduced total algal density and biomass, but higher species richness,
were observed by the PLNET protocol. However, overall phytoplankton assemblages generated by the
two protocols were similar, as indicated by dominant species (paired t-test, P > 0.05) and non-metric multidimensional scaling (NMDS) ordination. Nevertheless, from the phytoplankton-based bio-assessment point of
view, PLNET protocol was a better method compared with SEDIM protocol because algal data collected by
PLNET protocol had higher relationship with environmental variables as indicated by ‘Correlation Index’
(CoI), Cumulative_R2 and canonical correspondence analysis (CCA).
Key words: Algal metrics / canonical correspondence analysis (CCA) / correlation index (CoI) / plankton net
(PLNET) / sedimentation (SEDIM)

Introduction
Phytoplankton, together with benthic algae and
macrophytes, constitute the autochthonous primary producers in aquatic ecosystem and form part of the basis
of the food web in terms of energy and material input
(Hötzel and Croome, 1999). Due to their short life cycle,
planktonic algae are sensitive to respond quickly to a
broad range of stressors, and thus an ideal indicator for
water quality (Domingues and Galvão, 2007; Cabecinha
et al., 2009). The investigation of the phytoplankton community has become an important part of the overall waterquality monitoring (Majaneva et al., 2009). From the
management decision-making point of view, Jeong et al.
(2008) even thought that if an accurate autoregressive
model for phytoplankton dynamics was reliable, then
forecasting would be possible with only phytoplankton
*Corresponding author: nwu@hydrology.uni-kiel.de;
wunaicheng2003@yahoo.com.cn

data instead of monitoring a wide range of limnological
changes, which usually has exorbitant costs.
A complete list of species and reliable quantitative
data on species densities are of primary importance for
bio-assessment development. Only with precise species
composition we can get a great deal of community
information from diﬀerent kinds of indices available, like
community diversity, growth forms, etc. (Wang et al.,
2005). However, the precision obtained in the ﬁeld may
vary greatly due to the diﬀerences in sampling methods.
Two sampling protocols of phytoplankton were widely
used in lakes or large rivers: plankton net (PLNET) collection and sedimentation (SEDIM) method (Hötzel and
Croome, 1999; Huang, 2000). PLNET protocol is labor
saving, fast, easy to handle and can capture rare species,
but allows real nanoplankton to pass through its meshes
(Kraatz, 1940; Tangen, 1978). It is thus a preferred method
for clean water with low phytoplankton density. In contrast, SEDIM is usually used in water bodies with high
phytoplankton density (e.g., Ha et al., 1998; Köhler et al.,
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2002; Zhou et al., 2006; Sabater et al., 2008; Friedrich and
Pohlmann, 2009; Xu et al., 2009). Nevertheless, in small
rivers and streams with relative higher current velocity, the
studies on phytoplankton were very scarce (Piirsoo et al.,
2008; Sumorok et al., 2009; Centis et al., 2010) and the
sampling methods in these systems were also diverse and
not as well developed as in lakes or large rivers. For
example, Trifonova and Pavlova (2004), Trifonova et al.
(2007) and Wu et al. (2007) used SEDIM to explore the
riverine phytoplankton community in the river of the
Lake Ladoga basin, Russia and the Xiangxi River, China,
respectively, while PLNET was employed by Paasche and
Ostergren (1980) in the inner Oslofjord, Norway and
Plenković-Moraj et al. (2007) in the Drava River, Croatia.
Although the above-mentioned methods were both applied in the stream systems, to our knowledge, the inﬂuence of two sampling protocols on the outcome of
bio-assessment in streams has not been investigated
systematically yet. Thus, the main purpose of our study is
to determine how phytoplankton sampling protocols may
inﬂuence bio-assessment.
In this study, we compared phytoplankton assemblages
generated from PLNET and SEDIM in a German lowland
catchment – the Kielstau catchment. The main aim was to
determine whether phytoplankton assemblages generated
by the two sampling protocols were related to diﬀerent
environmental variables and therefore might yield diﬀerent bio-assessment. Our speciﬁc objectives were to:
(1) compare phytoplankton assemblages collected using
PLNET and SEDIM protocols; (2) quantify and compare
the relationships between phytoplankton assemblages
and environmental variables shown by the two sampling
protocols, and (3) compare the relationship of algal
metrics, commonly used in bio-assessment, between
PLNET and SEDIM protocols.

Fig. 1. The location of the Kielstau catchment in Schleswig–
Holstein state (b), Germany (a; map source: CDC, 2010)
and the sampling sites (c). S-H = Schleswig-Holstein state;
M01–M03 = sampling sites collected from Moorau tributary;
H01–H05 = sampling sites from Hennebach tributary;
K01–K10 = sampling sites from main stream Kielstau.

November 2008, February 2009, May 2009 and August
2009, respectively. At each date, 20 sites (Fig. 1(c)) along
the main stream Kielstau and its tributaries were sampled.
Ten sites (K01–K10) were located along the main stream,
three (M01–M03) at the Moorau tributary, ﬁve (H01–
H05) at the Hennebach tributary and two (L01 and L02)
at Lake Winderatt. Due to some absent samples, we
totally collected 77 samples in the four sampling dates.

Methods

Sampling methods and primary procedures

Study area and sites

For PLNET collection, at each site and on every
sampling date, three replicate samples of known volume
subsurface (5–40 cm) water were taken with a 10 L bucket,
and then the water was ﬁltered through a PLNET. The
retained organisms in the PLNET were transferred into
glass containers and concentrated to 30 mL. Considering
that nets with very ﬁne meshes (5 or 10 mm) often ﬁlter too
little water to provide an adequate algal sample, the mesh
size chosen in the present study was 20 mm (Paasche and
Ostergren, 1980).
Concurrently, the SEDIM protocol was also used at
each site. A sample of 1 L of subsurface (5–40 cm) river
water was taken and ﬁxed in 5‰ non-acetic Lugol’s iodine
solution (Sabater et al., 2008). Forty-eight hours later, the
supernatant liquid was removed and the retained organisms were transferred into glass containers. After SEDIM,
again samples were concentrated to 30 mL for further
processing.
Besides, the following instream parameters including
pH, dissolved oxygen (DO), electrical conductivity

The Kielstau catchment is located in northern
Germany, with a length of 17 km and a drainage area of
50 km2. It has its origin in the upper part of Lake Winderatt
and is a tributary of the Treene River, which is the most
important tributary of the Eider River (Fig. 1). Moorau
and Hennebach are two main tributaries within the
Kielstau catchment. In addition, various smaller tributaries
and water from drainage pipes and open ditches ﬂow
into the Kielstau. Sandy, loamy and peat soils are
characteristic for the catchment. Land use is dominated
by arable land and pasture (Schmalz and Fohrer, 2010).
The drained fraction of agricultural area in the Kielstau
catchment is estimated at 38% (Fohrer et al., 2007).
The precipitation is 841 mm/a (station Satrup, 1961–1990,
DWD, 2010) and the mean annual temperature is 8.2 xC
(station Flensburg, 1961–1990, DWD, 2010).
In order to take into account possible interseasonal
variations, the study was performed four times in
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(COND) and water temperature (WT) were measured
in situ by Portable Meter (WTM Multi 340i, Weilheim,
Germany). Water depth, channel width and ﬂow velocity
(FlowSens Single Axis Electromagnetic Flow Meter,
Hydrometrie, Germany) were measured at each site as
well. At each site, water samples were also collected for
further laboratory analysis.

Chemical variables and chlorophyll a (Chl a)
measurement

The factors including orthophosphate–phosphorus
(PO4–P), ammonium–nitrogen (NH4–N), total phosphorus (TP), nitrite–nitrogen (NO2–N), dissolved silicon
(Si), nitrate–nitrogen (NO3–N), chloride (Clx) and sulphate (SO42x) were measured according to the standard
methods DEV (Deutsche Einheitsverfahren zur Wasser-,
Abwasser- und Schlammuntersuchung). PO4–P and TP
were measured using the ammonium molybdate spectrophotometric method (at 880 nm; DIN 1189). We used
Nessler’s reagent colorimetric method (DIN38 406-E5-1)
to measure NH4–N concentrations at 690 nm. NO2–N was
measured by sulphanilamide and N-(1-naphthyl)-ethylenediamine method (DIN38 405-D10). Si was measured
using molybdosilicate (at 410 nm; DIN38 405-D21)
method. NO3–N, Clx and SO42x were measured by ion
chromatography method (DIN38 405-D19). Dissolved
inorganic nitrogen (DIN) was deﬁned as the sum of
NH4–N, NO3–N and NO2–N, and N:P was calculated by
DIN:TP. Total suspended solid (TSS) and volatile suspended solid (VSS) were measured according to the
standard operating procedure for TSSs analysis (U.S.
EPA, 1997). Besides, a known volume of surface water was
ﬁltered through Whatman GF/C glass-ﬁber ﬁlters for
Chl a determination, which was measured spectrophotometrically following 90% acetone extraction according to
APHA (1992).

Algae identification under microscope

Non-diatom algae were analyzed using a 0.1 mL
counting chamber at a magniﬁcation of 400 r (Zeiss
Axioskop microscope). Permanent diatom slides were
prepared after oxidizing the organic material (by nitric
acid and sulphuric acid) according to the methods of
Abrantes (1988) and Abrantes et al. (2005) with some
modiﬁcations. A minimum of 300 valves were counted for
each sample using a Zeiss Axioskop microscope at 1000 r
under oil immersion. Algae were identiﬁed to the lowest
taxonomic level possible (mainly species level) according
to Simonsen (1987), Round et al. (1990) and LangeBertalot (2000a, 2000b, 2005, 2007) and their densities
were expressed as cells.Lx1. Total algal biomass (TAB)
for each sample was estimated based on multiplication of
density data with volume (closest geometric form) supposing speciﬁc gravity of 1.00 g.cmx3 (Hillebrand et al., 1999;
Padisák and Adrian, 1999).
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Data calculation and analyses

Phytoplankton taxon counts were expressed as the
proportion of total individuals at each site (relative
abundances). Bray–Curtis (BC; relative abundance data)
and Jaccard’s (presence/absence data) similarities were
calculated between PLNET and SEDIM protocols at each
site. Sites were then ranked based on their BC similarity
and divided into four groups of equal number (low-BC
group: n = 20, all other groups: n = 19). Paired t-test was
used to compare dominant phytoplankton species collected by PLNET and SEDIM protocols at lotic and
lentic sites, respectively. Stream sites were ordinated on the
basis of phytoplankton composition (BC similarity as the
distance measure) by non-metric multidimensional scaling
(NMDS) ordination.
To test the inﬂuence generated by PLNET and SEDIM
protocols on the outcome of bio-assessment, totally
13 algal metrics, which were commonly used for phytoplankton based bio-assessment, were calculated at each
site. These metrics included assemblage diversity measures
[e.g., species richness (SpR), Simpson’s diversity index
(SiD), Shannon–Wiener diversity index [H'] and evenness
(Ev)], morphological metrics [% benthic taxa (BeT), %
mobile taxa (MoT) and % unattached taxa (UnT)],
saprobity index (SaI), Q index (QI), Chlorophyte index
(ChI), Pennales index (PeI), total algal density (TAD) and
TAB. All the algal metrics were brieﬂy described in
Table 1, and all of them (except for TAD) were calculated
based on taxa biovolumes. To evaluate the statistical
signiﬁcance of each correlation between biotic metrics and
environmental variables, we used ‘correlation index’ (CoI)
and Cumulative_R2 according to Blanco et al. (2007):

Cumulative R2 ¼ S r2s
ð1Þ
where R2 is the sum of rs2 with rs the Spearman’s
correlation coeﬃcient between a given metric and the
environmental variable.

CoI ¼ Cumulative R2  S =n2
ð2Þ
where CoI is the correlation index for a given metric, S
is the number of rs statistically signiﬁcant at P < 0.05, and
n is the number of environmental variables evaluated.
CoI ranges from 0 to 1, while Cumulative_R2 from 0
to n, indicating the theoretical minimum and maximum
relationship between a given candidate metric and environmental variables, with high values indicating better
relationship. Paired t-test was also used to compare the
diﬀerences of CoI and Cumulative_R2 collected by
PLNET and SEDIM, respectively.
Moreover, canonical correspondence analysis (CCA)
was used to relate algal assemblages generated by PLNET
and SEDIM protocols to environmental variables. CCA
was chosen because detrended correspondence analyses on
the algal data matrices produced longest gradient length
of 4.27 and 3.74 for PLNET and SEDIM, respectively
(Lepš and Šmilauer, 2003). CCA is a multivariate ordination technique for direct gradient analysis, and it can be
used to evaluate species–environment relationships as well
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Table 1. Summary of analyzed algal metrics.
Abbreviation
TAD
TAB

Metric
Total algal density
Total algal biomass

BeT

% benthic taxa

MoT

% mobile taxa

UnT
SaI
SpR
SiD
H'
Ev
QI

% unattached taxa
Saprobity index
Species richness
Simpson’s diversity index
Shannon–Wiener
diversity index
Evenness
Q index

ChI
PeI

Chlorophyte index
Pennales index

Description
Measures of algal numbers per liter
Measures of TAB per liter, and is estimated
based on multiplication of density data
with volume (closest geometric form)
supposing speciﬁc gravity of 1.00 g.cmx3
Measures of microhabitat traits (pelagic
or benthic life-styles) of taxa
Measures of movement capable of taxa in
water or on submerged surface
Measures of algal growth forms
Measures of saprobic status of the water
Numbers of speciﬁc taxa in each sample
Measures ecological diversity in the community

A new evaluation technique of potamo-plankton
for the assessment of the ecological status
of rivers; QI > 4.75 = excellent,
4.75–4.50 = good, 4.50–4.00 = moderate,
4.00–3.50 = poor, < 3.50 = bad
The German method to assess rivers by
phytoplankton with a list of indicator taxa
for routine monitoring in Germany

Reference
–
Hillebrand et al. (1999)

Algal Analysis System (ADAS)
using an attribute ﬁle of
published values
(van Dam et al., 1994;
Wang et al., 2005; Porter, 2008)
–

Borics et al. (2007)

Mischke and Behrendt (2007)

All the algal metrics (except for TAD) are calculated based on algal biomass.

as to derive estimates of the amount of variation in the
species data that is explained by measured environmental
variables (Reavie et al., 2010). All the algal data were
transformed into relative abundance (0–100%) before
analysis. Because of the large number of rare species,
individual taxa chosen for analyses had to occur at > 1
sample and have a total relative abundance > 0.5% when
all samples were summed; this requirement reduced the
number of taxa in the analysis of 31 and 20, respectively
for PLNET and SEDIM. Environmental variables with
high correlation coeﬃcients (r > 0.60) and variance inﬂation factors (VIF > 20) were excluded in the ﬁnal CCA
analyses (Wu et al., 2011). This criterion reduced the
number of environmental variables to 11. During CCA,
log (x + 1) transformation and down-weighting of rare
taxa were applied, and forward selection and Monte Carlo
permutations (999 iterations) were used to identify a
subset of measured variables that exerted signiﬁcant and
independent eﬀects on phytoplankton assemblages.
NMDS ordination was performed with PRIMER
(version 5). Correlation analyses were conducted by
STATISTICA 6.0 (version 6.0, StatSoft, Tulsa,
Oklahoma), and the data not normally distributed were
log (x + 1) transformed prior to analysis. CCA were
carried out by CANOCO (version 4.5).

Results
Environmental characteristics

River reaches of the study area varied widely in waterquality and habitat characteristics (Tab. 2). For example,

pH ranged from 6.76 to 9.95 (mean = 7.89), DIN ranged from 0.02 to 43.01 mg.Lx1 (mean = 19.99 mg.Lx1),
and TP ranged from 0.04 to 1.30 mg.Lx1 (mean =
0.41 mg.Lx1). WT averaged 10.56 xC (0.30–21.50 xC),
mean TSS was 11.51 mg.Lx1 (1.53–58.40 mg.Lx1), mean
COND was 604 ms.cmx1 (385–803 ms.cmx1). Stream depth
ranged from 4 to 81 cm with an average of 29 cm, and
stream width ranged from 0.9 to 4.4 m with a mean value
of 2.2 m.
Phytoplankton assemblage

A total of 127 taxa (mostly to species levels) were
identiﬁed from the four sampling dates and two protocols.
These taxa belonged to six phytoplankton groups –
Bacillariophyta, Chlorophyta, Cryptophyta, Cyanophyta,
Euglenophyta and Pyrrophyta. Diatoms were predominant with 59.52% of the total abundance in lotic sites.
In the lentic site (L01 and L02), Chlorophyta (88.35%
of the total abundance) was the most abundant group
and Cryptophyta (4.99%), Bacillariophyta (3.96%),
Cyanophyta (2.43%), Euglenophyta (0.26%) and
Pyrrophyta (0.004%) followed. One hundred and twentyﬁve taxa were identiﬁed in the PLNET counts and 95 taxa
were observed in the SEDIM counts. However, the
dominant species with relative abundance > 1% were
similar at both lotic and lentic sites between counts
generated by the two sampling protocols (paired t-test,
P > 0.05; Tab. 3).
In general, BC similarities ranged from 7.5 to 82.0%
(lower quartile = 36.8%, median = 48.5% and upper
quartile = 60.3%), while Jaccard’s similarities ranged from
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Table 2. Mean (¡ 1 SE) values of environmental variables for all sites and for sites grouped by BC similarity between samples
collected using PLNET and SEDIM.
Environmental variables
Chl a (mg.Lx1)
DO (mg.Lx1)
Channel width (m)
Water depth (m)
Flow velocity (m.sx1)
pH
WT ( xC)
COND (ms.cmx1)
TSS (mg.Lx1)
VSS (mg.Lx1)
NH4–N (mg.Lx1)
NO3–N (mg.Lx1)
NO2–N (mg.Lx1)
DIN (mg.Lx1)
PO4–P (mg.Lx1)
TP (mg.Lx1)
Si (mg.Lx1)
Clx (mg.Lx1)
SO2x
(mg.Lx1)
4
N:P

All sites
35.76 ¡ 9.64
9.21 ¡ 0.38
2.2 ¡ 0.11
0.29 ¡ 0.02
0.17 ¡ 0.01
7.89 ¡ 0.07
10.56 ¡ 0.61
604.49 ¡ 10.59
11.51 ¡ 1.2
8.61 ¡ 0.96
1 ¡ 0.17
18.92 ¡ 1.17
0.07 ¡ 0.01
19.99 ¡ 1.25
0.22 ¡ 0.02
0.41 ¡ 0.03
0.23 ¡ 0.01
32.62 ¡ 1.04
34.71 ¡ 1.05
76.82 ¡ 10.76

BC > 60.3
92.18 ¡ 35.91
9.98 ¡ 0.97
2.06 ¡ 0.21
0.29 ¡ 0.05
0.10 ¡ 0.02
8.02 ¡ 0.14
13.15 ¡ 1.03
589.16 ¡ 28.13
20.97 ¡ 3.61
16.01 ¡ 3.21
0.64 ¡ 0.21
17.09 ¡ 3.18
0.06 ¡ 0.01
17.79 ¡ 3.25
0.23 ¡ 0.04
0.48 ¡ 0.06
0.22 ¡ 0.03
32.39 ¡ 1.6
34.63 ¡ 2.73
77.06 ¡ 32.93

BC = 48.5–60.3
16.80 ¡ 4.02
8.92 ¡ 0.46
2.41 ¡ 0.22
0.33 ¡ 0.04
0.22 ¡ 0.03
7.81 ¡ 0.16
9.82 ¡ 1.15
608.37 ¡ 19.9
9.29 ¡ 1.52
6.07 ¡ 0.61
1.24 ¡ 0.36
21.19 ¡ 2.29
0.08 ¡ 0.02
22.5 ¡ 2.52
0.17 ¡ 0.03
0.37 ¡ 0.05
0.23 ¡ 0.02
31.95 ¡ 1.3
36.2 ¡ 1.91
91.04 ¡ 24.32

BC = 36.8–48.5
19.48 ¡ 5.72
8.52 ¡ 0.78
1.92 ¡ 0.19
0.22 ¡ 0.02
0.18 ¡ 0.03
7.77 ¡ 0.08
10.9 ¡ 1.33
611.4 ¡ 19.63
9.34 ¡ 1.14
6.91 ¡ 0.7
1.43 ¡ 0.47
18.63 ¡ 1.93
0.09 ¡ 0.02
20.15 ¡ 2.2
0.29 ¡ 0.05
0.49 ¡ 0.06
0.24 ¡ 0.02
34.73 ¡ 2.28
35.57 ¡ 2.04
52.96 ¡ 7.79

BC < 36.8
15.42 ¡ 3.38
9.38 ¡ 0.76
2.42 ¡ 0.25
0.34 ¡ 0.05
0.17 ¡ 0.03
7.97 ¡ 0.17
8.37 ¡ 1.19
608.68 ¡ 16.95
6.55 ¡ 0.98
5.55 ¡ 0.6
0.66 ¡ 0.15
18.8 ¡ 1.87
0.05 ¡ 0.01
19.51 ¡ 1.94
0.18 ¡ 0.03
0.3 ¡ 0.03
0.23 ¡ 0.02
31.28 ¡ 2.83
32.39 ¡ 1.66
87.48 ¡ 13.63

Table 3. Dominant phytoplankton species collected by PLNET and SEDIM in Kielstau catchment at 18 lotic and 2 lentic sites.
Paired t-test results were also shown.
Species
Bacillariophyta
Cocconeis placentula Ehrenberg
Cyclotella meneghiniana
Fragilaria biceps (Kütz.) Lange-Bertalot
Fragilaria crotonensis Kitton
Gomphonema olivaceum (Lyngb.) Kütz.
Meridion circulare (Grev.) Ag.
Navicula cryptocephala Kütz.
Navicula ingapirca Lange-Bertalot & U. Rumrich
Navicula viridula (Kütz.) Ehr.
Nitzschia sigma (Kütz.) W. Sm.
Planothidium lanceolatum (Breb.) Round et Bukhtiyarova
Tabellaria ﬂocculosa (Roth) Kütz.
Ulnaria ulna (Nitzsch) Comperé
Chlorophyta
Coelastrum sp.
Desmodesmus communis (Hegew.) Hegew.
Pediastrum duplex Meyen
Scenedesmus dimorphus (Turp.) Kütz.
Cryptophyta
Cryptomonas erosa Ehr.
Cyanophyta
Oscillatoria sp.
Stigonema sp.
Euglenophyta
Euglena sp.
Paired t-test

Overall

Lotic sites
PLNET
SEDIM

Lentic sites
PLNET
SEDIM

1.51
3.02
1.28
0.39
0.93
0.51
0.96
1.29
0.40
0.85
2.86
2.12
0.95

6.73
3.77
6.50
1.99
1.93
2.71
2.64
3.34
1.05
3.72
8.62
12.35
3.99

3.96
4.43
3.24
0.91
2.86
1.29
2.83
3.80
1.17
2.22
8.21
4.97
2.54

0.07
2.47
0.02
0.11
0.05
0.00
0.04
0.14
0.05
0.18
0.35
0.36
0.03

0.02
2.33
0.00
0.03
0.01
0.00
0.00
0.01
0.00
0.01
0.04
0.07
0.01

0.87
48.20
7.06
3.67

0.21
1.17
0.93
1.12

0.19
6.15
0.25
1.88

0.72
49.65
26.91
3.34

1.25
71.28
9.85
4.72

6.30

4.15

9.65

0.50

5.18

1.66
1.26

2.36
0.00

4.25
0.00

0.60
0.27

0.46
1.99

6.70

9.64
t = x 0.401

20.79
P = 0.693

0.45
t = x 0.391

0.25
P = 0.700

Values in tables are relative abundance (%).

10.5 to 64.9% (lower quartile = 32.4%, median = 42.1%
and upper quartile = 50.0%). Jaccard’s similarities were
less than BC similarities in 55 sites, indicating that rare

species inﬂuenced similarities between PLNET and
SEDIM protocols in these sites. The PLNET protocol
yielded higher SpR than the SEDIM sampling protocol in
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Table 4. Median (range) of 13 algal indices for samples collected using PLNET and SEDIM for all sites and sites with low values of
BC similarity between the two protocols. Coeﬃcients of determination and paired t-test are between the two sampling protocols,
and bold font indicates statistically signiﬁcant (P < 0.05).
Algal metrics
Log (TAD)*
TAB (mg.Lx1)
BeT (%)*
MoT (%)
UnT (%)*
SaI
SiD
SpR
H'
Ev*
QI*
ChI (%)
PeI (%)*

PLNET
5.03 (3.66–6.19)
0.78 (0.02–4.24)
46.03 (0.42–86.77)
25.35 (1.01–92.61)
25.08 (2.35–98.73)
1.04 (0.29–2.86)
7.61 (1.58–14.03)
33 (17–54)
2.47 (1.01–3.10)
0.71 (0.28–0.91)
3.67 (1.40–4.73)
13.28 (0–79.87)
84.56 (0.54–99.47)

All sites
SEDIM
5.84 (4.75–7.47)
5.01 (0.08–54.4)
38.09 (0–90.28)
43.80 (0.61–100)
22.95 (0–98.21)
1.11 (0–2.55)
6.35 (1.25–15.05)
20 (3–41)
2.09 (0.48–3.09)
0.71 (0.19–0.97)
3.14 (1.01–4.96)
12.32 (0–94.52)
78.09 (0.84–100)

R
0.58
0.60
0.63
0.63
0.82
0.43
0.66
0.46
0.79
0.69
0.69
0.67
0.76

paired t-test
0.000
0.000
0.001
0.000
0.183
0.208
0.000
0.000
0.000
0.788
0.000
0.635
0.001

Low BC sites
PLNET
SEDIM
4.91 (3.73–5.53)
5.71 (5.00–6.57)
0.50 (0.02–2.26)
2.73 (0.21–8.80)
41.89 (0.66–86.77)
24.35 (0–73.03)
26.92 (1.01–90.03)
61.93 (19.98–100)
30.30 (3.85–89.77)
27.25 (0–81.25)
1.15 (0.45–2.86)
1.32 (0.53–2.55)
6.19 (1.58–11.87)
4.18 (1.59–8.78)
35.05 (18–54)
15 (3–23)
2.34 (1.01–3.03)
1.76 (0.71–2.41)
0.67 (0.28–0.82)
0.66 (0.38–0.92)
3.29 (1.76–4.42)
2.67 (1.03–3.96)
17.12 (0–71.08)
10.99 (0–63.87)
78.82 (4.96–97.05)
69.31 (2.55–100)

r
0.44
0.35
0.59
0.67
0.66
0.61
0.31
0.57
0.68
0.66
0.43
0.33
0.63

Metrics with * are presented in Fig. 3, metric abbreviations are listed in Table 1.

Fig. 2. NMDS ordinations of phytoplankton assemblage collected using PLNET and SEDIM in November 2008 (a), February 2009
(b), May 2009 (c) and August 2009 (d).

72 of 77 sites. Thirty-two taxa identiﬁed in the PLNET
counts were not found in the SEDIM counts, whereas
all taxa observed in the SEDIM counts were found in
the PLNET counts. Besides, reduced TAD and biomass
(TAB) were observed by PLNET protocol (Tab. 4).
Most sites clustered more closely in the NMDS
ordination of PLNET-generated data than those of
SEDIM-generated data (Figs. 2(a)–(d))). However, sites
of PLNET and SEDIM were not separated along NMDS

axis 1 or 2 in the four sampling dates (Figs. 2(a)–(d)),
indicating that the two sampling protocols yielded similar
phytoplankton assemblages.

Sites with low values of BC similarity

Phytoplankton assemblages from the subset of sites
with the lowest values of BC similarity were examined
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Fig. 3. Relationships between values of total algal densities [log(TAD)] (a), BeT (b), UnT (c), Ev (d), QI (e) and PeI (f) generated by
PLNET and SEDIM. Solid circles are sites with the lowest BC values. Solid lines are regression lines and dashed lines indicate the 95%
conﬁdence bands.
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Table 5. Comparisons of CoI values and Cumulative_R2 between PLNET and SEDIM protocols.
Cumulative_R2

CoI
Metrics
Log (TAD)
TAB (mg.Lx1)
BeT (%)
MoT (%)
UaT (%)
SaI
SiD
SpR
H'
Ev
QI
ChI (%)
PeI (%)
Mean
Paired t-test

PLNET
0.029
0.027
0.009
0.011
0.047
0.057
0.010
0.098
0.048
0.000
0.021
0.023
0.034
0.032

SEDIM
0.008
0.014
0.010
0.012
0.042
0.007
0.011
0.010
0.010
0.014
0.005
0.003
0.025
0.013
t = 2.704 P = 0.018

PLNET
0.882
0.805
0.374
0.451
1.137
1.152
0.388
1.478
0.822
0.248
0.632
0.546
0.685
0.738

SEDIM
0.477
0.562
0.392
0.474
0.850
0.395
0.439
0.387
0.416
0.411
0.299
0.335
0.600
0.464
t = 3.071 P = 0.009

Metrics abbreviations are listed in Table 1.

further. Sites were regarded as having a low BC similarity
if the values were in the lowest quartile of similarities
(BC < 36.8, n = 20). For this group, median SpR was much
lower for counts generated by SEDIM than those by
PLNET protocol (Tab. 4). Individual values of SpR were
lower by SEDIM protocol than those by PLNET protocol
at all the 20 low BC sites. Sites in the low BC group tended
to have lower Chl a, WT, TSS and VSS, but higher channel
width and water depth, than other sites (Tab. 2).
Influences on algal metrics and bio-assessment

All the 13 algal metrics were signiﬁcantly correlated
between PLNET and SEDIM protocols within all sites
(p < 0.05; Tab. 4, Fig. 3(a)–(f)). Divergence in SpR, TAD,
TAB, QI and ChI tended to be greater at sites with the
lowest BC values (Tab. 4, Figs. 3(a) and (e)). BC similarity
values were only positively related to TAD (log transformed) and TAB (r = 0.30 and 0.33, respectively), but
these relationships were statistically signiﬁcant in all cases
(P < 0.05, Figs 4(a) and (b)).
However, CoI and Cumulative_R2 between algal data
collected by PLNET and environmental variables were
signiﬁcantly higher than those of SEDIM, respectively
(paired t-test, P < 0.05; Tab. 5). Furthermore, results
of CCA relating algal assemblages to environmental
variables demonstrated that higher percent of algal
variation was explained by PLNET (38.2%) than by
SEDIM (31.4%) (Tab. 6).

Fig. 4. Regressions of BC similarity between phytoplankton
assemblages generated by PLNET and SEDIM protocols as a
function of TAD [log(TAD)] (a) and TAB (b).

Discussion
In our study, the median BC similarity between
PLNET and SEDIM protocols was 48.5%, and it is lower
than those of previous studies. For example, mean BC
similarity between diatom assemblages from diﬀerent
habitats within the same stream sampled multiple times
was 68% (Stevenson and Hashim, 1989). Weilhoefer and

Pan (2007), who compared two periphyton sampling
protocols in three states of the USA, found a median
BC value of 70%. The potential reason was that the
phytoplankton density in our study area was much lower
than that in lakes, reservoirs and riverine periphyton.
As BC similarity values were signiﬁcantly positively
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Table 6. Results of canonical correspondence analyses (CCA) relating algal assemblages to environmental variables. Higher percent
explained variation indicates stronger algal–environment relationships.
Axes
Eigenvalues
Species–environment correlations
Cumulative percentage variance
of species data
of species-environment relation
Sum of all eigenvalues
Sum of all canonical eigenvalues
% explained variation in species data

1
0.130
0.770
12.0
31.4
1.085
0.414
38.2

PLNET
2
3
0.122
0.066
0.861
0.820
23.2
60.9

correlated with TAD and TAB (Fig. 4), in the low-algae
density water bodies, SEDIM sampling protocol is usually
not suitable to collect enough species (particularly rare
species) to reﬂect the actual algal characteristics, because it
can only collect phytoplankton from 1-L water (compared
to 40–60 L of PLNET). Consequently, the similarities between the two sampling protocols were reduced and most
of all samples were beyond the 95% limits (Fig. 3). This
was also the reason why PLNET sampling protocol
yielded higher SpR than the SEDIM sampling protocol.
Because SpR is highly correlated to the volume of sub
sample, which has been investigated (Padisák et al., 1999),
with increasing volume of sample examined, the number of
phytoplankton will increase.
As we used 20 mm net for PLNET, theoretically species
smaller than 20 mm can surpass the PLNET and PLNET
protocol would induce reduced TAD and TAB than
SEDIM protocol. In the present study, we did ﬁnd this
pattern (Tab. 4), demonstrating the loss of small taxa,
as well as TAD and TAB by using PLNET protocol.
However, the dominant species generated by the two
sampling protocols were similar, as indicated by paired
t-test (Tab. 3) and NMDS ordination (Fig. 2). Although
the 13 algal metrics were signiﬁcantly correlated between
the two protocols within all sites (Tab. 4 and Fig. 3),
paired t-test showed that most metrics were signiﬁcantly
diﬀerent between the two sampling protocols (P < 0.05;
Tab. 4), indicating that the two sampling protocols
yielded diﬀerent information on phytoplankton-based
bio-assessment. Furthermore, the PLNET protocol
seemed to be a better method than the SEDIM protocol
for bio-assessment, as suggested by the results of CoI,
Cumulative_R2 and CCA (Tabs. 5 and 6). Many investigators (e.g., Tangen, 1978; Hötzel and Croome, 1999)
suggested that the PLNET protocol could only provide
qualitative data and should be combined with quantitative
methods. Nevertheless, on the other hand, Kraatz (1940)
argued that sometimes the PLNET protocol was better for
quantitative purposes than the SEDIM protocol. Indeed
the SEDIM protocol was less accurate than the PLNET
collection because it was based on fewer actual counted
specimens and involving more multiplication in the
calculation (Kraatz, 1940). From the phytoplanktonbased bio-assessment point of view, the present study
was consistent with Kraatz (1940) and found that the
PLNET protocol provided more accurate phytoplankton

29.3
76.8

4
0.037
0.698
32.7
85.7

1
0.126
0.764
10.4
33.2
1.210
0.380
31.4

SEDIM
2
3
0.111
0.068
0.751
0.656
19.6
62.3

25.1
80.1

4
0.033
0.678
27.8
88.7

information on algal metrics, although the two sampling
protocols generated similar dominant algal species. It must
be pointed out that, in rivers, phytoplankton is less used
for bio-indicator than other communities, such as periphyton and benthic invertebrates, because planktonic algae
are believed to come from either upstream lentic water
bodies or the benthos (Hötzel and Croome, 1999). However, the present study found high correlations between
algal communities and environmental variables and highlighted the importance of riverine phytoplankton-based
bio-assessment.
One of the basic premises of bio-assessment is that
the species assemblage has been characterized accurately
within the study unit. Both sampling protocols provided
similar information about phytoplankton assemblages,
but our study did not inform us as to whether the reaches
had been sampled adequately. To our knowledge, no published studies have determined the best way to sample a
stream reach to represent its phytoplankton assemblage
adequately. Several studies have demonstrated that the
observed composition and richness of macroinvertebrate
and ﬁsh assemblages changed as more subsamples were
collected within a reach (e.g., Cao et al., 1997, 2002), but
no well-developed method existed to determine how many
subsamples were enough for representative. Samples’
representativeness tended to increase with the number of
samples collected, but the stabilization point varied among
habitat types (Weilhoefer and Pan, 2007). Thus, phytoplankton-based stream bio-assessment would greatly
beneﬁt from further studies on the number of samples
needed to characterize phytoplankton adequately in
stream reaches with habitat heterogeneities. For instance,
multiple samples from diﬀerent habitats within a reach
could be collected and analyzed, respectively, to determine
how habitat heterogeneity impacts on descriptors of
phytoplankton assemblages. Those data could be used to
detect the relationship between the number of samples
and SpR to provide insight into the number of samples
necessary to characterize the riverine phytoplankton
assemblage.
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