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bstract

The present study aims at investigating the possibility of assessing performance and depuration conditions of an activated
ludge wastewater treatment plant through an exploration of the microfauna. The plant, receiving textile industrial (70%) and
omestic (30%) sewage, consists of a two-step biological depurating plant, with activated sludge followed by a percolating
ystem. A total of 35 samples were analyzed during five months, and 30 taxa  of protozoa and small metazoa were found.
pistylis rotans, Vorticella  microstoma, Aspidisca  cicada  and Arcella  sp. were the most frequent protozoa identified. Several
ignificant correlations between biological, physical–chemical and operational parameters were determined, but no significant
orrelations could be established between biological parameters and removal efficiencies. The Sludge Biotic Index (SBI) reflected
he overall state of the community but only presented statistically significant correlations with the influent total suspended solids
TSS), total suspended solids in mixed-liquor (MLTSS) and dissolved oxygen (DO). The determination of key  groups  and taxa
long with general community parameters showed to have potential value as indicators of the depuration conditions. Despite
he impossibility of correlating biological parameters and the removal efficiencies, the present study attests the value of the

icrofauna to assess the operation of the activated sludge systems even in the case of non-conventional plants and/or plants

eceiving industrial sewage.

 2014 Elsevier GmbH. All rights reserved.
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ntroduction

The identification of problems of wastewater treatment
lants (WWTP) at the level of their microbial communities

s now seen as an essential component of the monitoring of
hese systems. In the aeration tank of activated sludge sys-
ems, protozoa acquire special significance as they consume
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strial sewage

ost of the dispersed bacteria in the mixed-liquor, and con-
equently take part in the reduction of suspended solids and
urbidity in the final effluent (Al-Shahwani and Horan 1991).
hus, they significantly contribute to a better performance of

he system (Madoni 1994; Madoni et al. 1993). Moreover,
rotozoa are especially sensitive to changes in the environ-
ental conditions of the aeration tank and can be used as
iological indicators, allowing for the evaluation of either the
onditions inside the aeration tank or the performance of the
ystem. Over the years, protozoa have been used as biolog-
cal indicators in wastewater treatment in different ways. In
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he first place, authors established the relationships between
he succession of different groups of protozoa and the tem-
oral evolution of the system of activated sludge (Curds and
ockburn 1970). Others focused on the influence of physi-
al and chemical conditions prevailing in the aeration tank,
ncluding the entry of toxicants (Abraham et al. 1997; Dubber
nd Gray 2011a; Madoni et al. 1993; Madoni et al. 1996;
ortimer et al. 2010; Nicolau et al. 2001; Nicolau et al. 2005;
icolau et al. 2007; Papadimitriou et al. 2007). The accumu-

ated knowledge helped to establish relationships between
he prevalence of various groups of the microfauna and the
erformance of the plant, including the quality of the final
ffluent (Fried et al. 2000; Hu et al. 2013a; Hu et al. 2013b;
adoni et al. 1993; Salvadó et al. 1995) and specific species

Drzewicki and Kulikowska 2011; Pérez-Uz et al. 2010).
lso, to study these complex ecosystems with many interac-

ing factors, mathematical models proved to be useful tools
omplementing the observation of the microbial community
Holenda et al. 2008).

Frequent microscopic examination of biomass may
rovide a fast, simple and convenient method of indicating
udden changes in the plant performance. Methods based on
he protozoan population structure have been used to assess
ctivated sludge plant performance, the Sludge Biotic Index
SBI) proposed by Madoni (1994) being the best known and
ost common method here. This index is based on the abun-

ance and diversity of the community of protozoa and small
etazoa, as well as on the different sensitivities to changes in

he environmental conditions prevailing in the aerating tank
hat are revealed by several of these groups.

The evolution of wastewater treatment systems driven
orward through the introduction of new components/
echnologies or sewage compounds in the activated sludge-
ased systems raised doubts about the applicability of the
BI to these new WWTP (Arévalo et al. 2009; Drzewicki
nd Kulikowska 2011; Dubber and Gray 2011a). Also, the
ddition of toxicants seems to affect the conclusions that
an be drawn from the calculation of SBI (Drzewicki and
ulikowska 2011; Papadimitriou et al. 2007). Two differ-

nt kinds of discrepancies between the SBI assessment and
he effective quality of treatment have been described: in
ome cases, lowering of the treatment performance was
ot reflected by SBI values, that is, in spite of a decrease
n the WWTP performance, the SBI values remained high
Drzewicki and Kulikowska 2011). Other authors, on the
ontrary, observed drastic effects on SBI values when the
fficiency of the treatment systems remained high (Arévalo
t al. 2009; Papadimitriou et al. 2007; Samaras et al. 2009).
rzewicki and Kulikowska (2011) suggested that changes in

he abundance of some taxa  of the microfauna could indi-
ate, better than the SBI calculation, the performance level
f the WWTP, namely the quality of the final effluent. There-

ore, it is important to consider specific protozoan species as
ndicators of the performance of the plant. Yiannakopoulou
nd Kaimakamidou (2009) recommend the use of protozoan
pecies as indicators; nevertheless they emphasize that the
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se of protozoan indicators should be limited to the empir-
cal assessment of expert system development, and only to
ne particular plant.
In Portugal, many activated sludge WWTP receive signif-

cant amounts of sewage from textile industries, a fact that
auses several problems to the management of these systems
nd leads to subsequent adaptations and upgrades in order to
nsure the quality of the final effluent. In the textile sewage, a
umber of surfactants, dyes and heavy metals (e.g. copper and
inc) is present (Moran et al. 1997) bearing the potential to
educe the efficiency of biological wastewater treatments due
o toxic phenomena. These compounds are also potentially
oxic to the microfauna, thus complicating the interpretation
f data in these cases.
The main goal of this study was to confirm the possi-

ility of assessing the performance and the conditions of
epuration of an industrial WWTP receiving textile sewage
y using the protozoan and small metazoan communities.
his was done through the establishment of relationships
etween the biological parameters, including the SBI, and the
hysical–chemical and operational parameters of the WWTP.
he establishment of these relations is particularly impor-

ant because data are scarce and some contradictions exist
bout these correlations in the scientific literature, as stated
bove.

aterial and Methods

escription of the wastewater treatment system

The studied WWTP, located in Barcelos, Portugal, started
orking in 1999; it was projected as a percolating system to
e used until 2020 by a constant population of 133,250 inha-
itants. The wastewater is of industrial (70%) and domestic
30%) sources, with textile sewage as the major contribution.
n the course of its operation, a significant change was made:
ue to the low performance of the initial design in remov-
ng solids, an activated sludge aerating tank followed by a
ettling tank was introduced before the percolating system.
herefore, this WWTP is at present composed of preliminary

reatment (degreasing and desanding) and a two-step biolog-
cal depurating system, including, by this order, an activated
ludge aerating tank, a first settling tank, a percolating tank
nd a final settling tank. No selector or primary settling tank
xists. The mean hydraulic retention time (HRT) in the five
onths was 3.5 h.

ampling

Samples for the identification of protozoa and small meta-

oa were collected from mixed liquor of the aeration tank
n 1 L plastic bottles during 5 months, two or three times

 week. The plastic bottles with mixed liquor samples were
alf emptied to avoid oxygen limitation and then immediately
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arried to the laboratory. They were kept aerated during the
rotozoan community inspection and counting.

dentification of microfauna and calculation of
BI

Protozoa and small metazoa were identified using an
ptical microscope (magnifications 40×  to 1000×) and iden-
ification guides when necessary (Canler et al. 1999; Madoni
t al. 2005; Foissner et al. 1991; Foissner et al. 1992; Foissner
t al. 1994; Foissner et al. 1995). The calculation of the
BI was performed according to the guidelines of Madoni
1994). A sample volume of 25 �L from the mixed liquor
f the aeration tank was collected in duplicate with an auto-
atic piston-micropipette. Protozoa were identified to genus

r species level when necessary, as for example, in the case
f the various Vorticella  species, which have different indi-
ator values. Protozoa of WWTP can be classified as large
nd small flagellates (the latter with less than 20 �m), amoe-
ae and, in particularly high numbers, ciliates. Madoni et al.
1993) classified the bacterivorous ciliates in three key groups

 free-swimming, crawling and stalked ciliates, according to
heir feeding and motion behaviors. With the exception of
mall flagellates, protozoa and metazoa were counted and
heir abundances presented as ind/mL. In accordance with the

ethod of Madoni, the small flagellates were not identified
ith regard to genus or species: they were counted directly in

he diagonal of the Fuchs-Rosenthal chamber and their abun-
ances fell in 3 categories: less or equal to 10, between 10
nd 100, equal or more than 100. The microscopic observa-
ion was performed in the WWTP laboratory ensuring that
he period between sampling and finalization of the protozoa
nd small metazoa identification never surpassed 3 h. This
voids progressive temporal changes in density and richness
f the microfauna (Madoni 1994).
The SBI ranges from 0 (indicating the poorest condition) to

0 (indicating the best condition). SBI values are grouped in
our classes corresponding to different levels of quality: class

 includes SBI values from 8 to 10 (very well colonized and
table sludge, excellent biological activity; very good perfor-
ance); class II includes 6 and 7 (well colonized and stable

ludge, biological activity on decrease; good performance);
roup III includes 4 and 5 (insufficient biological depuration
n the aeration tank; mediocre performance); class IV (poor
iological depuration in the aeration tank; low performance)
ncludes the remaining values (Madoni 1994).

hysical–chemical and operational parameters

Physical and chemical variables were analyzed accord-
ng to Standard Methods (APHA 1995) in 24-h composed

amples: Biological Oxygen Demand in five days (BOD5),
hemical Oxygen Demand (COD), and Total Suspended
olids (TSS) from influent, final effluent and aeration tank,
issolved oxygen (DO), Total Suspended Solids in Mixed

(
a
I
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iquor (MLTSS), Volatile Suspended Solids (VSS) from
eration tank, Sludge Volume Index (SVI), Food to microor-
anism ratio (F/M) were calculated.

ata analysis

Experimental data were logarithmically transformed:
 = ln(x  + 1). Statistical analyses were performed by Statis-
ic 7.0  based on the calculation of Pearson and Kendall
orrelation coefficients for the parameters following nor-
al and non-normal distributions, respectively. Nineteen

hysical–chemical and operational parameters were selected
or statistical analysis: TSS, DO, SVI and F/M from mixed
iquor, TSS, COD and BOD5 removal and TSS, COD and
OD5 from influent, final effluent and mixed liquor. Cor-

elation coefficients were determined in order to examine
otential relationships between protozoan and small meta-
oan taxa  and the physical–chemical and the performance
arameters.

esults

The minimum, maximum and mean values of each param-
ter during the study period are shown in Table 1. The values
resented as values of the final effluent are those relating to
amples taken after the first settler and before entering the
ercolating step so that the activated-sludge step could be
tudied without interference of subsequent treatment stages.
ince nutrient levels of ammonia, nitrate, nitrogen, and phos-
horus were measured only monthly, they were not correlated
o the other variables.

In the 35 samples collected over the five-months’ period,
0 taxa  of protozoa and small metazoa were identified, 14
ut of which being bacterivorous ciliates (crawling, attached
nd free-swimming), 4 testate amoebae, 4 large flagellates, 6
arnivorous ciliates and 2 small metazoa (Table 2). As stated
efore, small flagellates were counted but not identified.
Table 3 shows the total abundance of protozoa and small
etazoa, the key  groups  defined by Madoni (1994) and the
ve taxa  considered of particular importance, either because

hey were the most abundant or frequent (Epistylis  rotans,
spidisca  cicada, Arcella  sp.), because of their recognized
alue as bio-indicators of degrading conditions in the aera-
ion tank of activated sludge (Opercularia  spp.) or because
oth these criteria were taking effect here (Vorticella  micros-
oma). Considering the maximum density value attained,
he key  groups  can be ranged by this order: attached cil-
ates > crawling ciliates > testate amoebae > free-swimming
iliates, being carnivorous ciliates, and small metazoa even
ess abundant.
The SBI was used to assess the state of the community
Fig. 1). Between March and April, the SBI values were
round 9 and 10, corresponding to Class of Treatment Quality

 (well colonized and stable sludge with optimal biological
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Table  1.  Physical and chemical variables in the studied WWTP.

Maximum Minimum Average Standard deviation

Sewage
(entrance of the
WWTP)

COD (mg/L) 1647 400 673 238
BOD5 (mg/L) 780 110 332 140
TSS (mg/L) 2367 107 421 414
N (mg/L) 39 16 22.4 9.6
NH4

+ (mg/L) 19 11 15 3.8
NO3

− (mg/L) 3 0.6 1.9 1.3
P (mg/L) 16 5 8.8 4.9

Final effluent
(end of the
activated sludge
step)

COD (mg/L) 141 64 109 17
BOD5 (mg/L) 29 12 19 5
TSS (mg/L) 62 12 28 10
N (mg/L) 13 7 8.4 2.6
NH4

+ (mg/L) 8 2 4.2 2.4
NO3

− (mg/L) 0.4 0.2 0.3 0.1
P (mg/L) 7 3 5 1.6

Removal Ratio COD 91 68 82 6
BOD5 98 77 93 4
TSS 99 48 89 9
N (mg/L) 79 35 59.4 17.3
NH4

+ (mg/L) 88 50 72.2 13.9
NO3

− (mg/L) 87 66 78.8 10.2
P (mg/L) 56 31 38.5 11.9

Mixed liquor DO (mg/L) 2 0.6 1.3 0.3
MLTSS (mg/L) 8100 3300 5678 1377
SVI (ml/g) 132 61 104 18

1.4 
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F/M (kg BOD5/kg VSS*d) 

ctivity and a high depurating efficiency). The high SBI
alues during this period were due to a high number of
pecies; co-dominance of crawling ciliates, attached ciliates

nd testate amoebae, and low numbers of small flagellates.
n May, the SBI values were mainly 8 with the exception of

 value 6 corresponding to the last day of sampling in May.

e
t
F

able  2.  Protozoa and small metazoa identified in the studied WWTP.

axonomic identification

rawling ciliates Attached ciliates 

spidisca  cicada  Zoothamnium  sp. 

spidisca  lynceus Carchesium  sp. 

cineria  uncinata  Vorticella  aquadulcis  

hilodonella  uncinata Vorticella  microstoma  

Vorticella  convallaria
Epistylis  rotans
Epistylis  plicatilis
Opercularia  spp.

lagellates (>20 �m) Carnivoro

lagellate 1 Litonotus
lagellate 2 Suctoria 1
eranema  sp. Acineta  s
uglena  sp. Podophry

Tokophry
Prorodon
0.1 0.4 0.3

hese values of 8 correspond to Class I and the remaining
alue of 6 corresponds to Class II (stable and well colonized
ludge with sub-optimal activity and a sufficient purifying

fficiency). The SBI values decreased in this period, because
he abundance of crawling ciliates was strongly reduced.
rom the beginning of June, there was a period of instability:

Free-swimming ciliates Testate amoebae

Tetrahymena  pyriformis  Difflugia  sp.
Uronema  nigricans  Arcella  sp.

Centropyxis  sp.
Euglypha  sp.

us Small metazoa

 sp. Rotaria  sp.
 Nematode

p.
a  sp.
a  sp.

 sp.
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Table  3.  Main biological parameters in the studied WWTP.

Frequency (%) Abundance (ind/mL)a

Maximum Minimum Average Standard deviation

Free-swimming ciliates 14 40 0 3 9
Crawling ciliates 63 2439 0 432 722
Attached ciliates 100 4382 80 1194 1023
Testate amoebae 97 740 0 228 179
Small flagellates 100 25 1 4 5
Opercularia  spp. 51 160 0 31 42
Vorticella  microstoma 77 719 0 105 159
Aspidisca  cicada 43 1780 0 311 550
Arcella  sp. 94 640 0 175 164
Espistylis  rotans  100 3420 20 830 846
Abundance – 6600 400 2023 1666
N
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umber of taxa – 18 

aWith the exception of the small flagellates corresponding to direct count

BI values ranged between 4 and 10, the former correspond-
ng to Class III (insufficient biological activity and a mediocre
urifying efficiency). Despite the instability observed, the
WTP was further characterized by SBI values ranging

etween 6 and 9 by the end of the sampling period (July).
he SBI average value over the five-month study was 8 with

 standard deviation of 2.
Changes observed in the protozoan community structure

re depicted in Fig. 2. During the five months of the study,
ttached ciliates were the dominant group. Crawling ciliates
lmost disappeared after the first six weeks of sampling. Tes-
ate amoebae were more abundant in April and May and in the
iddle of July. The presence of carnivorous ciliates and small
etazoa (presented as “others”), though varying during the

tudy period, was more perceptible from April. Abundances
f attached ciliates above 80% were observed in the end of

ay, in the second half of June and in the middle of July.
In order to study the relationships between the

hysical–chemical and operational parameters and the

B

r

Fig.  1.  Variation of the Sludge Biotic Inde
6 10 3

he diagonal of the Fuchs-Rosenthal Camera.

iological parameters, correlations were calculated by using
he Pearson and Kendall correlation coefficients (Table 4).

We did not find significant correlations between any taxa
nd the quality of the final effluent (BOD5 or COD). How-
ver, two significant positive correlations were determined
etween the BOD5 of the final effluent and the amount of
mall flagellates and the protozoan diversity; the first with a
robability higher than 95% and the latter with a probability
igher than 99%. The Total Suspended Solids (TSS) of the
ffluent correlated positively with the SBI, the abundance and
iversity of the microfauna, the abundance of testate amoeba
and Arcella  sp.), crawling ciliates (and Aspidisca  cicada)
nd attached ciliates. The effluent TSS was significantly neg-
tively correlated to Vorticella  microstoma. Regarding the
uality of the treatment, no correlations were significant
etween the biological parameters and the removal ratios of

OD5, COD or TSS (data  not  shown).
The influent COD exhibited three significant negative cor-

elations with biological parameters, namely with testate

x (SBI) during the period of study.
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ig.  2.  Distribution of the microfauna key  groups  during the perio
iagonal of the Fuchs-Rosenthal Camera).

moebae (−0.38; n = 33), Arcella  sp. (−0.36; n  = 33) and
spidisca cicada  (−0.36; n = 33). The influent BOD5 showed
n inverse relation with Aspidisca  cicada  (−0.37; n  = 29) and

 positive correlation with Opercularia  spp. (0.60; n  = 29)

nd Vorticella  microstoma  (0.63; n  = 29). The solids in the
ntrance of the activated sludge system revealed merely two
egative significant correlations, namely with the number of

c
g
d

able  4.  Statistical analysis of physical–chemical/operational and biolog

iological parameters Physical/chemical and operational parameters

Influent Effluent 

COD BOD5 TSS COD B

umber of samples n  = 33 29 30 22 3
ree-swimming ciliates 0.14 −0.02 −0.02 −0.02 

rawling ciliates −0.30 −0.08 −0.31 −0.17 

ttached ciliates −0.25 0.14 0.08 −0.17 

estate amoebae −0.38* −0.10 −0.19 −0.14 

mall flagellates −0.05 0.03 0.15 −0.20 

percullaria  spp. 0.04 0.60*** −0.32 0.03 

orticella  microstoma  0.15 0.63*** −0.01 −0.21 

spidisca  cicada  −0.36* −0.37* 0.20 −0.20 

rcella  sp. −0.36* −0.22 −0.21 −0.21 −
spistylis  rotans  −0.23 0.09 0.10 −0.13 

BI −0.24 −0.15 −0.50** 0.06 

bundance −0.29 0.03 −0.17 −0.17 

iversity −0.23 0.01 −0.37* −0.19 

he bold numbers are the significant correlations, either positive and negative.
***P < 0.001.
**P < 0.01.
*P < 0.05.

nderlined – Pearson correlation.
ot underlined – Kendall correlation.
udy (small flagellates are presented as the average number on the

rotozoan and small metazoan diversity (−0.37; n  = 30) and
ith the SBI (−0.50; n  = 30).
With reference to the characteristics of the mixed liquor,

ignificant correlations were established between Aspidisca

icada and DO in mixed liquor (0.79; n  = 35): as the oxy-
en in the aeration tank decreased, the number of A.  cicada
ecreased also. The same tendency was observed for the

ical parameters (Pearson and Kendall correlation coefficients).

Mixed liquor

OD5 TSS DO MLTSS SVI F/M

0 31 35 35 35 27
0.01 −0.13 0.04 −0.33 0.36* 0.07
0.17 0.73*** 0.62*** 0.77*** −0.22 −0.51**

0.04 0.39* 0.30 0.36* −0.03 −0.11
0.03 0.53** 0.43** 0.60*** −0.29 −0.38
0.43* 0.21 0.24 −0.21 0.17 0.18
0.21 −0.08 −0.23 0.01 0.06 0.19
0.21 −0.37* −0.51** −0.09 −0.02 0.46*

0.05 0.71*** 0.79*** 0.75*** −0.26 −0.58**

0.06 0.52** 0.44** 0.58*** −0.22 −0.46**

0.04 0.35 0.33 0.18 0.10 −0.09
0.09 0.48** 0.52** 0.66*** −0.25 −0.47
0.10 0.53** 0.51** 0.52** 0.01 −0.28
0.49** 0.60*** 0.52** 0.65*** −0.05 −0.30
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Table  5.  Correlations between some of the most significant taxa  of protozoa in the Barcelos WWTP (Kendall correlation) (number of
samples = 35).

Vorticella  microstoma Arcella  sp. Aspidisca  cicada  Epistylis  rotans

Opercularia  spp. 0.41* −0.001 −0.27 −0.39*

Vorticella  microstoma  −0.21 −0.43** −0.43*

Arcella  sp. 0.38* 0.16
Aspidisca  cicada  0.50*

The bold numbers are the significant correlations, either positive and negative.
*** P < 0.001.
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*P < 0.05.

estate amoeba and Arcella  sp., the overall abundance and
iversity and, finally, the SBI. In contrast, the correlation
etween Vorticella  microstoma  and the DO was significant
ut negative.

It is also obvious from Table 4 that MLTSS presented var-
ous positive associations with biological parameters, such
s Aspidisca  cicada  (and, consequently, with crawling cili-
tes), attached ciliates, Arcella  sp. (and, consequently, with
estate amoebae), overall abundance and diversity of the pro-
ozoa and, finally, with the SBI. In fact, in the presence of
ow concentrations of MLTSS, we observed decreases in the
umber of Aspidisca  cicada, crawling and attached ciliates,
estate amoebae and Arcella  sp., as well as in the number and
iversity of protozoa and in the value of the SBI.
Crawling ciliates (and, consequently, Aspidisca  cicada)

nd Arcella  sp. demonstrated a significant negative asso-
iation with the F/M ratio (respectively −0.51, −0.58 and
0.46; n  = 27), which, on the contrary, showed a significant

ositive correlation with Vorticella  microstoma  (0.46; n  = 27).
The free-swimming ciliates revealed a significant positive

orrelation with the SVI (0.36; n = 35).
Further, correlations among biological parameters based

n the Kendall correlation coefficient were established
Table 5). The correlations showed some associations
etween the protozoa selected for this study: the presence of
percularia  spp. was accompanied by the presence of Vor-

icella microstoma. Opercularia  spp. showed a significant
egative correlation with Epistylis  rotans  (−0.39; n = 35).
oreover, Epistylis  rotans  presented a significant negative

orrelation with Vorticella  microstoma  (−0.35; n  = 35) and
isplayed a significant positive relationship with the crawling
iliate Aspidisca  cicada  (0.51). Aspidisca  cicada, in addition,
as negatively correlated with Vorticella  microstoma  (−0.48,

 = 35) and showed a strongly positive relation to Arcella  sp.
0.61; n  = 35).

iscussion
Among the 30 taxa  identified during the studied period
Table 2), three of the most frequent have an established
alue as biological indicators (Madoni 1994; Madoni et al.
005): Epistylis  rotans  (100% of the samples) indicates a

a
A
o
c

ood quality of the water treated by the WWTP. Arcella
p. (94%) is frequently associated with good oxygenation,
xtended aeration and good nitrification. Vorticella  micros-
oma (77%) is an indicator of insufficient oxygenation and
igh load. Aspidisca  cicada  (43%) is often related to adequate
erformance, but some authors have also related its presence
ith toxic inputs (Abraham et al. 1997; Nicolau et al. 2005).
percularia  spp. (51%) is known to be prevailing in aerating

anks with degrading conditions and poor performance.
The SBI, whose results are shown in Fig. 1, is considered a

ood indicator of the health state of the community of proto-
oa and small metazoa (Madoni 1994). The evolution of the
BI during the studied period was in general accordance with

he physical–chemical assessment of the performance of this
WTP: a period of good performances was followed by a

eriod of instable operation with subsequent problems in the
uality of the final effluent (sample  individual  data  not  shown
ue to  confidential  agreement  with  the  WWTP  administration
oard). The sample with an SBI value of 4, the only sample
ith a value corresponding to class III, corresponded to a sit-
ation of particular mal-functioning of the WWTP. Also, the
BI seemed to reflect the general performance of the plant as
erceived by the technicians and manager. Nevertheless, the
BI did not show any of the expected correlations either with

he removal ratios or with the quality of the effluent (Table 4).
he significant positive correlations with the DO levels and

he MLTSS obtained in the present study were also found by
adoni (1994), but the negative significant correlation with

he influent TSS or the significant positive correlation with
he effluent TSS are not reported in other studies.

Changes observed in the protozoan community structure
Fig. 2) reflected some of the other parameters. As referred
o, crawling ciliates almost disappeared after the first six
eeks of sampling, which corresponds to the period when
BI values were consistently 10, with the exception of three
amples. Considering the accepted indicator value of tes-
ate amoeba, Arcella  sp. in particular (Madoni 1994; Madoni
t al. 2005), it was unexpected that Arcella  sp. predominated
hroughout the periods of instability. Higher values of amoeba

bundance always corresponded to higher values of the SBI.
lthough more evident from April, the abundance of carniv-
rous ciliates was inconstant and does neither seem to have
orresponded to any particular condition of operation, nor to
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ave reflected any SBI condition. The attached ciliates domi-
ated the samples throughout the studied period but surpassed
he 80% only occasionally. Abundances of attached ciliates
bove 80% corresponded, as expected, to lower values of the
BI and to general lower performances of the WWTP, namely
hen experiencing transient phenomena of malfunctioning

Madoni 1994).
We did not find significant relationships between specific

axa and the quality of the effluent in terms of BOD5 or
OD (Table 4) corroborating the findings of Dubber and
ray (2011a). Inversely, Curds and Cockburn (1970) and
alvadó et al. (1995) observed that Vorticella  microstoma
nd Opercularia  spp. were dominant when the quality of the
ffluent decreased and suggested their use as bio-indicators
f this. Perhaps, due to the high content of solids in the efflu-
nt after the activated sludge step, filtered BOD and COD
hould have been determined and studied for correlation pur-
oses. Correlations were found between the effluent BOD5
nd the small flagellates (0.43; n  = 30) and the diversity of the
ommunity (0.49; n  = 30). The first correlation was expected
n the form of the presence of small flagellates associated
o a bad performance of the biological depuration (Madoni
994). On the contrary, the positive correlation between the
ffluent BOD5 and diversity was not forecasted as diver-
ity was expected to decrease with lowering performance.
egarding the quality of the influent, the significant corre-

ations obtained between the influent BOD5 and Aspidisca
icada (negative), Opercularia  sp. and Vorticella  microstoma
positive) are in accordance with the general knowledge about
hese taxa. No correlations were found between the biologi-
al parameters and the removal ratios of BOD5, COD or TSS
hich means that they were no indicators of treatment quality.
The Total Suspended Solids (TSS) of the effluent showed

he highest number of correlations with the biological param-
ters, positively with the SBI, the abundance and the diversity
f the microfauna, the abundance of testate amoeba (and
rcella sp.), crawling ciliates (and Aspidisca  cicada) and
ttached ciliates, and negatively with the abundance of Vorti-
ella microstoma  (−0.37; n  = 31). Considering the indicator
alue of the referred biological parameters (Madoni 1994;
adoni et al. 2005) and the fact that higher effluent TSS

eflects a lower performance of the plant, we expected oppo-
ite correlations.

Crawling ciliates (and, consequently, Aspidisca  cicada)
emonstrated a significant negative association with the F/M
atio, which can be associated with the possible metabolic
dvantage in competing for substrate (Lee et al. 2004). The
ignificant positive correlation established with Vorticella
icrostoma was expected because the species is mentioned

o be, in general, resistant to increased organic load (Madoni
994). F/M and Arcella  sp. showed a negative correlation.
rcella sp.  is more abundant or even dominant in sludges

haracterized by low loading (Chierici and Madoni 1991).

The positive correlation between the DO and the abun-
ance of Aspidisca  cicada  contradicts the findings of
ingolani et al. (1992), Cingolani and Ciccarelli (1997),

r
u
s
t
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icolau et al. (2005, 2007) and Dubber and Gray (2011a)
ho stated that Aspidisca  cicada  showed a remarkable abil-

ty to survive in adverse conditions. The crawling ciliates, as a
roup, also showed a significant positive association with the
O of the mixed liquor (0.62; n = 35), and Vorticella  micros-

oma indicated the lack of DO with a significant coefficient
alue of −0.51 (n  = 35) which can be explained by its good
esistance to the influence of anoxic environment and envi-
onmental changes (Madoni 1994; Esteban et al. 1991; Lee
t al. 2004; Dubber and Gray 2011b). Testate amoebae and
rcella  sp. also demonstrated to have a positive association
ith DO (respectively 0.43 and 0.44; n  = 35), confirming that

hey can be a good indicator of high DO levels in the aeration
ank (Chierici and Madoni 1991). Significant positive corre-
ations were achieved between concentrations of DO in the

ixed liquor and the overall abundance, the overall diver-
ity and the SBI values (0.51, 0.52 and 0.52, respectively;

 = 35). The results suggest that high DO levels increase the
umber and the diversity of protozoa and small metazoa in
he mixed liquor and, consequently, the value of SBI once
his index is based on the abundance and species diversity of
he community prevailing in the system (Madoni 1994).

The significant positive correlation between the SVI and
he free-swimming ciliates corroborate the findings of Liu
t al. (2008) and Martín-Cereceda et al. (1996), which found
wimming ciliates dominant when lower sludge quality was
etected, and concluded that this group of ciliated protozoa
ould be a good indicator of bad settlement conditions of
ludge. In contrast, Zhou et al. (2006, 2008) found a sig-
ificant negative correlation between testate amoebae and
VI.
The correlations found between the most frequent taxa

in Table 5) were as expected (Madoni 1994). The posi-
ive association of Epistylis  rotans  and Aspidisca  cicada  was
lso observed by Zhou et al. (2006). In summary, Epistylis
otans, Arcella  sp. and Aspidisca  cicada  appear in one group
ssociated with overall good conditions for depuration, while
orticella  microstoma  and Opercularia  sp. appear opposite
o the previous and are associated with bad conditions of
epuration in the plant (Madoni 1994; Salvadó et al. 1995).

In recent years, several studies have considered the SBI
o be a useful monitoring tool that can successfully evaluate
he health of the activated sludge. Papadimitriou et al. (2007)
tated that the application of the SBI could be limited upon the
ddition of toxic influent, especially in cases of co-treatment
f municipal and industrial wastewaters. The textile sewage
as oils/fats/waxes removed by scouring, a number of sur-
actants present along with salts, dyes, a range of compounds
rom simple inorganic to complex organic compounds and
eavy metals (Moran et al. 1997). These compounds can be
ighly toxic to the protozoan and metazoan communities.
rzewicki and Kulikowska (2011) mentioned that the occur-
ence of high SBI values at a low effluent quality limits the
sefulness of the SBI for monitoring the status of an activated
ludge system and the effluent quality in municipal WWTP
reating wastewater from septic tanks. In this study, the SBI
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id not reflect the performance of the WWTP in terms of
SS, COD or BOD removal. Nevertheless, it was considered
n indicator of the environmental conditions of the aerating
ank in terms of DO and MLTSS and the overall state of
he community. Also, it revealed the global functioning as
valuated by the technicians and the manager of the plant.

onclusions

Based upon the statistical correlations that we obtained,
he usefulness of the SBI may be limited for monitoring
he status of an activated sludge system and the effluent
uality of wastewater treated by municipal WWTP with
on-conventional designs. The temporal variation of the SBI
verall reflected the general performance of the plant and
losely reflected the state of the community. It correlated sig-
ificantly with influent TSS, MLTSS and DO, but not with
ffluent COD or BOD5, as expected. This discrepancy can
e due to the fact that total COD and BOD were determined
nstead of the soluble COD and BOD.

The first remarkable and unexpected result was the fact
hat no correlation could be established between biologi-
al parameters and removal of BOD5, COD or TSS in the
lant. Also in this case, the determination of soluble COD
nd BOD could lead to different results. However, statistical
nalysis showed that several groups of protozoa, including
he key  groups  defined by Madoni (1994), significantly cor-
elated with physical–chemical and operational parameters
n the studied WWTP. Several significant correlations were
stablished between the biological parameters and the char-
cteristics of the mixed liquor, especially the DO and MLTSS,
ost of them corroborating the premises that Madoni made

o conceive the SBI. Vorticella  microstoma  was, as expected,
n indicator of high F/M and influent BOD5, and of low lev-
ls of DO in the aerated tank. Aspidisca  cicada  indicated low
/M and COD and BOD5 of the influent, and Arcella  sp. was
losely related to low F/M and influent COD and high val-
es of DO and MLTSS in the aerated tank. Nevertheless, no
pecific taxa  proved to be an appropriate bio-indicator of the
ffluent quality with the exception of the number of the small
agellates. Contradicting results of other studies, Aspidisca
icada served as an indicator of good conditions for depu-
ation. Probable toxicity of the influent has not biased the
onclusions.

A high number of biological parameters (9 parameters, the
ighest number) were positively correlated with the TSS of
he effluent, all of them in contradiction with published data
nd general knowledge of these systems.

Free-swimming ciliates were the only group that signifi-
antly correlated with the settling ability: as the SVI rised,
he number of free-swimming ciliates increased also, which

s in accordance with the works of other authors that refer to
ts relation with generally lower performances of the WWTP
r bad quality of the final effluent (Liu et al. 2008; Madoni
994; Madoni et al. 2005; Martín-Cereceda et al. 1996).

C
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The determinations of the key  groups  and some species
e.g., the crawling ciliate Aspidisca  cicada  and the attached
iliate Vorticella  microstoma) along with general commu-
ity parameters (e.g., the abundance and diversity) provided
mportant information to optimize the activated sludge sys-
em as well as to identify causes and solution approaches of
perational problems during the period of the study, espe-
ially as far as DO and F/M were concerned.
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