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Impact of temperature and dissolved oxygen level on the
population dynamics of naidids and their reproduction in
biological activated carbon ﬁlters: a life table
demographic study
Xiao-Bao Nie, Yu-Qing Wu, Yuan-Nan Long, Chang-Bo Jiang and Li Kong

ABSTRACT
Aquatic macro-organisms, such as naidids, propagate excessively in biological activated carbon
(BAC) ﬁlters. This has become a troublesome problem for drinking water plants. For successful
control of naidid contamination risk, it is necessary to determine the population dynamics under
different environmental conditions within drinking water plants, with special emphasis on BAC ﬁlters.
In this study, ﬁeld studies of naidid distribution in a drinking water plant were conducted, and the
effects of temperature and dissolved oxygen (DO) on naidid population dynamics were investigated
using the life table method. The results indicated that naidid pollution in the water plant occurred
seasonally and was induced by the excessive propagation of naidids in the BAC ﬁlters. Increased
temperature and DO increased the naidid intrinsic rate of natural increase and decreased the naidid
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population doubling time. The life table method was also used to acquire the reproductive
parameters of naidids in BAC ﬁlters based on simulative experiments. These results indicated that
naidids can reproduce asexually in BAC ﬁlters, and the population doubling time was 12.60 days.
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INTRODUCTION
Aquatic worms such as oligochaetes and nematodes are

developing

countries

have

recently

installed

ozone–

often the main benthic or staggered planktonic macro-

biological activated carbon (O3–BAC) ﬁlters to guarantee

organisms in source water (Luoto ). Once propagating

drinking water quality (Gibert et al. ). It is believed

excessively in source water and entering into drinking

that this technology has increased the risk of contamination

water works, these worms may penetrate through water

by aquatic macro-organisms, such as oligochaetes, nema-

treatment units and present in drinking water distribution

todes, and the larvae of some insects (Schreiber et al. ;

systems (Van Lieverloo et al. ). Although there are no

Smart & Harper ; Castaldelli et al. ).

indications that these worms pose a threat to public health,

Previous studies indicated that naidid reproduction in

their presence is not appreciated as most people associate

BAC ﬁlters was the main reason for increases of naidid

the organisms with poor sanitation (Bichai et al. ).

populations in the efﬂuent of BAC ﬁlters (Beaudet et al.

Owing to increasing concerns regarding the contami-

; Li et al. ; Wang et al. ). The level of naidid

nation of source water, many drinking water plants in

contamination was also found to depend on temperature
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and dissolved oxygen (DO) level in BAC ﬁlters (Beaudet

with a pore diameter of 45 μm to collect naidids. The

et al. ; Li et al. ). However, it is still not clear how

nylon nets were hung for 20 h each day, after which they

temperature and DO inﬂuence naidid reproduction in

were washed with tap water. All ﬂushing water was col-

BAC ﬁlters.

lected and allowed to stand for 2 h. The supernatant was

To date, studies concerning naidid reproduction have

discarded, and the residual was transferred to a polyethylene

mainly focused on population dynamics, yearly reproduc-

bottle. Wastewater was collected in 10–50 L, then immedi-

tion and biomass (Ibrahim ); however, few studies

ately ﬁltered through a nylon net with a pore diameter of

have focused on reproduction parameters such as gener-

45 μm, after which the same washing procedure was

ation time T, intrinsic rate of natural increase rm and

repeated. All naidid samples were ﬁxed with 4% formal-

population doubling time t, despite their practical impor-

dehyde and naidids were counted using a stereoscopic

tance in the control of naidid contamination in drinking

microscope.

water plants. The life table method is one of the main
approaches used to study population dynamics (Gabre

Materials and apparatus used for reproduction

et al. ; Golizadeh et al. ; Fernandez & Beltrán-Sán-

experiment

chez ). Life tables can be used for populations with
generation overlap and stable age composition to the quan-

The population source was naidids collected from the back-

titative effects of environmental conditions on a host

washing water of BAC ﬁlters at Bijiashan Water Plant. Each

population (Mauri et al. ; Ren et al. ). Currently,

reproduction experiment was conducted using naidids from

this method has been widely used in reproduction studies

the same batch, which were obtained as follows: larger indi-

of many macro-organisms, such as Diptera, Hymenoptera,

viduals were selected and placed in cell culture plates with

and Cladocera (Mo & Liu ; Gama-Flores et al. ).

96 wells, with each individual in one well and three plates

In the current study, we investigated: (1) the impact of

in total; after 24 h, 30 newborn naidids were selected, and

temperature and DO on the population dynamics of naidids;

then divided into three replicates for each reproduction

(2) the reproduction of naidids in BAC ﬁlters. First, we con-

experiment.

ducted ﬁeld studies of naidid distribution in a drinking water

Two respective series of experiments were performed to

plant. We then investigated the effects of temperature and

investigate the effects of temperature and DO on the repro-

DO on population dynamics using the life table method.

duction of naidids. Both reproduction experiments were

Finally, this method was also used to acquire the reproduc-

performed in cell culture plates with 96 wells with a well

tion parameters of naidids in BAC ﬁlters based on

diameter of 0.5 cm and a well depth of 1 cm, which were

experiments in which their growth was simulated.

placed in biochemical incubators under controlled light
and temperature conditions. Before being added to the
wells, distilled water was aerated, and then Na2S2O3 was

MATERIALS AND METHODS

added to control the initial DO level in the distilled water.
During the experiment, naidids were fed freshly blended spi-

Field study of naidids

nach juice. Another series of experiments was conducted to
investigate naidid reproduction in the BAC ﬁlters, which

The ﬁeld study was conducted at Bijiashan Water Plant in

were also simulated in cell culture plates. In this case, the

Shenzhen, Guangdong Province, China. Water samples

inﬂuent of the BAC ﬁlters at the Bijiashan Water Plant was

included raw water and samples collected from the efﬂuent

added to the wells without implementing measures to control

of each puriﬁcation unit. Wastewater samples included

initial DO levels, and suspended particles collected from

sludge from the sedimentation tank and backwashing

backwashing water of the BAC ﬁlters were served as feed.

water of the sand ﬁlters and BAC ﬁlters.
At the outlet of each puriﬁcation unit, we installed a
bypass pipe with a water valve and then hung a nylon net
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The intrinsic rate of natural increase (rm) was estimated
by using the iterative bisection method and the Euler–Lotka

For each experiment, 30 newborn naidids were placed indi-

equation with the age indexed from 0:

vidually into 30 wells that contained aerated distilled water
with targeted initial DO levels or inﬂuent of the BAC ﬁlters
at Bijiashan Water Plant.

∞
X

erm (xþ1) lx mx ¼ 1

(2)

(x¼0)

For temperature and DO experiments, one drop of freshly
blended spinach juice was added to each well, which was
ﬁlled with 0.15 mL distilled water with the target initial DO
level, and then all wells were sealed with plastic ﬁlm in

The mean generation time (T ) and population doubling
time (t) were calculated as follows:

order to keep the ﬂuctuation of DO level as small as possible.
In simulation experiments, one drop of backwashing water of

T¼

the BAC ﬁlters with some amount of suspended particles was
added to each well to serve as feed, and each well ﬁlled with
0.15 mL distilled water was not sealed. The reproduction

t¼

P∞
0

xlx mx
R0

ln(2)
rm

(3)

(4)

experiment was initiated by placing cell culture plates into
biochemistry incubators with controlled temperature and
light conditions. During the experiment, water and food
were changed once per day. The survival and ﬁssiparism

RESULTS

results of the naidids were observed, which provided the sur-

Naidid distribution pattern among water puriﬁcation

vival rate lx and reproduction rate mx, in which x stands for

processes

the number of days since the beginning of the experiment;
lx was the survival rate on day x and mx was the number of

In most water puriﬁcation units, naidids were detected

ﬁssiparism of each naidid on day x. Every day, newborn nai-

between late August and early October (Figure 1(a)),

dids were selected, counted and thrown away. Each

indicating the appearance was seasonal. Naidids were

experiment lasted until all naidids were dead.

occasionally detected in raw water, settled water and efﬂu-

In the temperature experiments, temperatures were set
to 16  C, 23  C, and 30  C, with the same initial DO level

ent of the sand ﬁlter, while they were most frequently
detected in efﬂuent of the BAC ﬁlter with a maximum den-

of 8 mg/L. To investigate the effects of DO, initial DO

sity of 68.9 ind./m3. Among wastewater samples, naidids

levels were set to 3 mg/L, 5 mg/L, and 8 mg/L, and the

were only detected in the backwashing water of the BAC

temperature was 25  C. The temperature for the simulated

ﬁlter (Figure 1(b)), with the highest density being approxi-

experiments was set to 25  C. The light photoperiod was

mately 50 ind./L.

12L:12D for all of these experiments.
Effects of temperature on naidid reproduction
Life table and reproduction parameter calculation

The age-speciﬁc survival curve of naidids at 16  C showed a
typical concave shape (Figure 2(a)), indicating death primar-

A life table for naidids in each experiment was constructed

ily occurred among young individuals. The age-speciﬁc

using the development time and survivorship rates of all the

reproduction curve indicated that naidids only started to

life stages and daily fecundity. The net reproductive rate

reproduce after they were 10 days old and that the reproduc-

(R0) was calculated as follows (Pilkington & Hoddle ):

tion rate was higher in the late stage (40–65 d) than in the

R0 ¼

∞
X

early stage (10–30 d), while the average reproduction rate
lx mx

(x¼0)
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decrease of T and t (p < 0.05) (Table 1). When temperature
was at 30  C, no parameters changed signiﬁcantly compared
with those at 23  C; however, all parameters signiﬁcantly
changed (p < 0.05) when compared with those at 16  C.

Effects of initial DO on naidid reproduction
When the initial DO was 3 mg/L, the age-speciﬁc survival
rate curve decreased almost linearly in the ﬁrst 25 days
(Figure 2(d)), then remained stable at 3.3% until day 33,
after which all naidids died. The age-speciﬁc reproduction
rate curve indicated that naidid reproduction mainly
occurred in the middle of the experiment. When the initial
DO level was 5 mg/L, the age-speciﬁc survival rate curve
had a concave shape (Figure 2(e)) and the mortality in the
ﬁrst 5 days was 37%. Naidids entered the reproduction
phase after day 5, at which time reproduction mainly
occurred in the mid-term, while it stopped after day 24.
During the experiment, the average reproduction rate was
0.14. At initial DO levels of 8 mg/L, the age-speciﬁc survival
rate decreased linearly with a slight concave shape
(Figure 2(f)), and the mortality was 70% in the ﬁrst 18
days, which was much higher than that at 3 mg/L and
5 mg/L. From the ﬁrst day, naidids entered the reproduction
phase, while the reproduction rate increased dramatically
Figure 1

|

Naidid distribution among the water puriﬁcation processes of Bijiashan Water
Plant: (a) raw water and samples collected from the efﬂuent of each puriﬁcation unit, (b) wastewater form sedimentation tank, sand ﬁlter and BAC ﬁlter.
Field study was conducted from late August 2015 to early October 2015.
Water samples were taken once every two days. Wastewater samples were
taken once a week.

and reached 0.95. at day 5. Throughout the experiment,
the average reproduction rate was 0.62.
When the initial DO increased from 3 mg/L to 5 mg/L,
no parameters signiﬁcantly changed (Table 1). When the
initial DO was 8 mg/L, all parameters signiﬁcantly changed
(p < 0.05) compared with those of 5 mg/L.

shape (Figure 2(b)); however, death still primarily occurred
in the early stage. From the third day, naidids entered the

Naidid reproduction simulation experiment in BAC

reproduction phase, and no apparent regular pattern for

ﬁlters

the ﬂuctuation of reproduction was observed. During the
test period, the average reproduction rate was 0.33. When

During the simulation experiment, the age-speciﬁc survival

the temperature increased to 30  C, the age-speciﬁc survival

rate curve decreased linearly (Figure 2(g)), and all naidids

curve decreased and all individuals died within 39 days

were dead on day 76. The age-speciﬁc reproduction rate

(Figure 2(c)). From the second day, naidids entered the

curve indicated that naidids entered the reproduction

reproduction phase and the average reproduction rate

phase quickly, with the reproduction rate on day 1 being

during the experiment was 0.55.

0.16. The average reproduction rate was 0.1 during the simu



When temperature increased from 16 C to 23 C, both
R0 and rm increased signiﬁcantly (p < 0.05), with signiﬁcant
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Naidid age-speciﬁc survival rate and age-speciﬁc reproduction rate with different temperatures and DO: (a) 16  C, 8 mg/L, (b) 23  C, 8 mg/L, (c) 30  C, 8 mg/L, (d) 25  C, 3 mg/L,
(e) 25  C, 5 mg/L, (f) 25  C, 8 mg/L, and (g) in reproduction simulation experiments. Reproduction experiments were performed on a 96-well cell culture plate with initial DO level
of 3–8 mg/L and temperature of 16–30  C, and blended spinach juice (a–f) and suspended particles collected from backwashing water of the BAC ﬁlters (g) were used as feed.
The error line represents the standard deviation of repeated samples (N ¼ 3).

DISCUSSION

mainly resulted from the excessive reproduction of naidids
in the BAC ﬁlter as worm density in its backwashing water

Field study results indicated that naidid contamination was

was almost 1,000 times higher than in the inﬂuent (Figure 1),

seasonal. Moreover, we conﬁrm that naidid contamination

which was similar to the results reported by Beaudet et al.

Table 1

|

Naidid reproduction parameters in temperature and DO experiments and simulated experiments

Temperature ( C)

DO (mg/L)

Net reproductive

Mean generation

Intrinsic rate of natural

rate R0

time T (d)

increase rm (d

b

Population doubling
time t (d)

0.03 ± 0.01

22.96 ± 4.76c

10.40 ± 2.55a

21.70 ± 2.04b

0.11 ± 0.02c

6.56 ± 1.12a

8 mg/L

11.20 ± 2.39

18.06 ± 1.35

0.13 ± 0.02

5.22 ± 0.10a

3 mg/L

1.93 ± 0.21b

10.26 ± 1.21d

0.06 ± 0.01b

11.20 ± 3.23b

25

5 mg/L

2.50 ± 0.17

12.99 ± 1.52

b

0.07 ± 0.01

9.82 ± 0.50b

25

8 mg/L

12.20 ± 1.25a

17.89 ± 0.59c

0.14 ± 0.01d

4.98 ± 0.31a

25

–

2.87 ± 0.40

19.02 ± 2.84

0.06 ± 0.002

12.60 ± 0.42

8 mg/L

3.17 ± 0.55

23

8 mg/L

30
25

a

b

Numbers with different superscripts are signiﬁcantly different.
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() and Wang et al. (). At the end of September, nai-

benthic organisms. The DO level at the bottom of BAC ﬁlters

dids were not detected in the efﬂuent of the BAC ﬁlters

has been reported as high as 2–3 mg/L (Feng et al. ); thus,

(Figure 1), indicating the reproduction of naidids was com-

naidid reproduction may occur throughout the BAC ﬁlter. A

pleted. However, naidids were detected in the backwashing

previous study showed although naidids have strong toler-

water from the BAC ﬁlters until the end of October, indicat-

ance for low oxygen conditions, they still show strong

ing that backwashing had limited removal effects on the

aerotaxis (Beaudet et al. ). In the current study, we also

naidids in the BAC ﬁlters. Previous studies (Weeks et al.

found that a high level of initial DO favored rapid naidid

; Wang et al. ) have reported that the adhesion of

reproduction.

some aquatic worms to BAC ﬁlter media seemed to be sufﬁ-

Under simulation conditions, naidids could reproduce

cient to completely prevent themselves from being removed

asexually, providing direct evidence of naidid outbreaks

if the BAC ﬁlter was backwashed with water ﬂuidization

induced by worm reproduction in the BAC ﬁlter. It has

alone. Therefore, to completely remove naidids in BAC

been widely reported that the backwashing cycle of BAC ﬁl-

ﬁlters, increasing the rounds of backwashing was needed.

ters usually takes more than 7 days, sometimes reaching 28

The instantaneous growth rate is commonly used in

days (Laurent et al. ; Persson et al. ; Velten et al.

naidid reproduction studies (Löhlein ). However, it is

). Assuming the backwashing cycle was 20 days and

very difﬁcult for this method to quantify the effects of

the naidid population doubling time t was 5 days, the

environmental conditions and food on naidid reproduction.

naidid population density would increase by a factor of 16

In this study, t calculated using the life table method was

within one backwashing cycle, indicating that the naidid

5.22–22.96 d, compared with the 4.8–14.7 d and 5.7–15.5 d

outbreak could be inhibited only if a removal rate of

under lab and ﬁeld conditions respectively which were

93.8% could be obtained by backwashing. However, naidids

calculated by the instantaneous growth rate method.

are generally ﬁrmly attached to the surface of active carbon

Considering the differences in the experimental set-up, the

particles (Christensen et al. ); thus, high removal rates

present results were close to those of previous studies, indi-

are hard to achieve (Beaudet et al. ; Weeks et al.

cating the life table method was suitable for investigating

). Naidid detection results from the efﬂuent and back-

naidid reproduction and provided more information than

washing water of the BAC ﬁlters also indicated the limited

the instantaneous growth rate method.

removal efﬁciency of backwashing (Figure 1). However,


When the temperature reached 23 C, further increases

the naidid population doubling time t can be increased by

of temperature induce no signiﬁcant changes of reproduc-

temperature and other factors. When the temperature was

tion parameters. It is interesting that the average results at

low (e.g., <16  C), t was longer than 22.96 days, and it

25  C are equal to the ones at 30  C and not to the ones at

was almost impossible for naidids to propagate excessively

23  C. At ﬁrst sight, it was not expected that the average

in the BAC ﬁlters. Therefore, naidid contamination in the





results at 25 C would be more similar to the ones at 30 C

BAC ﬁlters is seasonal, as shown in Figure 1. Once the back-

and not to the ones at 23  C. This is easily explained by

washing cycle of the BAC ﬁlters lasts longer than the naidid

the fact that there are no reproduction differences between

population doubling time t, naidid contamination will prob-

23  C and 30  C, as the results showed. Moreover, working

ably occur. In this case, controlling the ﬁltration cycle length

with living organisms there are always some natural oscil-

to be shorter than the population doubling time t may be a

lations. Nevertheless, once the temperature reaches 23  C,

promising strategy for preventing naidids’ presence in the

it is necessary to check naidid density regularly to collect

efﬂuent of BAC ﬁlters.

information regarding population dynamics, which enable
effective responses to naidid pollution breakouts.
The reproduction parameters at the initial DO of 5 mg/L

CONCLUSIONS

had no signiﬁcant difference compared with those of 3 mg/L,
indicating naidids have a strong adaptive capacity to low DO

Naidid pollution in the Bijiashan Water Plant was found to

conditions. This could have occurred because naidids are

occur seasonally and to be induced by the excessive
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propagation of naidids in the BAC ﬁlters. One round of BAC
ﬁlter backwashing has a limited naidid removal effect.
When the temperature was between 16  C and 30  C and
initial DO between 3 and 8 mg/L, naidids could reproduce
asexually, with higher temperature and DO being associated
with higher reproduction rates. The simulation experiment
in BAC ﬁlters indicated that naidids can reproduce asexually
in BAC ﬁlters, and the population doubling time was 12.6
days, which provides direct evidence of excessive naidid
propagation in BAC ﬁlters.

ACKNOWLEDGEMENTS
This work was supported by the National Natural Science
Foundation of China (51408068, 51809020) and the
Natural Science Foundation of Hunan Province of China
(2016JJ3011).

REFERENCES
Beaudet, J.-F., Prévost, M., Niquette, P., Clément, B., Coallier, J. &
Arcouette, N.  Simple methods for evaluating the
population of naidids in drinking water treatment plants.
Can. J. Civ. Eng. 27, 601–609.
Bichai, F., Barbeau, B., Dullemont, Y. & Hijnen, W.  Role of
predation by zooplankton in transport and fate of protozoan
(oo)cysts in granular activated carbon ﬁltration. Water Res.
44, 1072–1081.
Castaldelli, G., Mantovani, S., Benvenuti, M. R., Rossi, R. & Fano,
E. A.  Invertebrate colonisation of GAC ﬁlters in a
potabilisation plant treating groundwater. J. Water SRT –
Aqua 54, 561–568.
Christensen, S. C. B., Nissen, E., Arvin, E. & Albrechtsen, H.-J.
 Distribution of Asellus aquaticus and microinvertebrates
in a non-chlorinated drinking water supply system – effects of
pipe material and sedimentation. Water Res. 45, 3215–3224.
Feng, S., Xie, S., Zhang, X., Yang, Z., Ding, W., Liao, X., Liu, Y. &
Chen, C.  Ammonium removal pathways and microbial
community in GAC-sand dual media ﬁlter in drinking water
treatment. J. Environ. Sci. 24, 1587–1593.
Fernandez, O. E. & Beltrán-Sánchez, H.  The entropy of the
life table: a reappraisal. Theor. Popul. Biol. 104, 26–45.
Gabre, R. M., Adham, F. K. & Chi, H.  Life table of Chrysomya
megacephala (Fabricius) (Diptera: Calliphoridae). Acta
Oecol. 27, 179–183.
Gama-Flores, J. L., Sarma, S. S. S. & Nandini, S.  Exposure
time-dependent cadmium toxicity to Moina macrocopa

Downloaded from https://iwaponline.com/ws/article-pdf/19/5/1363/570857/ws019051363.pdf
by guest

Water Supply

|

19.5

|

2019

(Cladocera): a life table demographic study. Aquat. Ecol. 41,
639–648.
Gibert, O., Lefévre, B., Fernández, M., Bernat, X., Paraira, M.,
Calderer, M. & Martínez-Lladó, X.  Characterising
bioﬁlm development on granular activated carbon used
for drinking water production. Water Res. 47, 1101–1110.
Golizadeh, A., Kamali, K., Fathipour, Y. & Abbasipour, H. 
Effect of temperature on life table parameters of Plutella
xylostella (Lepidoptera: Plutellidae) on two brassicaceous
host plants. J. Asia-Pac. Entomol. 12, 207–212.
Ibrahim, M. M.  Population dynamics of Chaetogaster limnaei
(Oligochaeta: Naididae) in the ﬁeld populations of
freshwater snails and its implications as a potential
regulator of trematode larvae community. Parasitol. Res.
101, 25–33.
Laurent, P., Kihn, A., Andersson, A. & Servais, P.  Impact of
backwashing on nitriﬁcation in the biological activated
carbon ﬁlters used in drinking water treatment. Environ.
Technol. 24, 277–287.
Li, X. W., Yang, Y. F., Liu, L. J., Zhang, J. S. & Wang, Q. 
Invertebrate community characteristics in biologically active
carbon ﬁlter. J. Environ. Sci. 22, 648–655.
Löhlein, B.  Assessment of secondary production of Naididae
(Oligochaeta): an example from a North German lake.
Hydrobiologia 406, 191–198.
Luoto, T. P.  The relationship between water quality and
chironomid distribution in Finland – a new assemblage-based
tool for assessments of long-term nutrient dynamics. Ecol.
Indic. 11, 255–262.
Mauri, M., Baraldi, E. & Simonini, R.  Effects of zinc exposure
on the polychaete Dinophilus gyrociliatus: a life-table
response experiment. Aquat. Toxicol. 65, 93–100.
Mo, T. L. & Liu, T. X.  Biology, life table and predation of
Feltiella acarisuga (Diptera: Cecidomyiidae) feeding on
Tetranychus cinnabarinus eggs (Acari: Tetranychidae). Biol.
Control 39, 418–426.
Persson, F., Heinicke, G., Uhl, W., Hedberg, T. & Hermansson, M.
 Performance of direct bioﬁltration of surface water for
reduction of biodegradable organic matter and bioﬁlm
formation potential. Environ. Technol. 27, 1037–1045.
Pilkington, L. J. & Hoddle, M. S.  Use of life tables to quantify
reproductive and developmental biology of Gonatocerus
triguttatus (Hymenoptera: Mymaridae), an egg parasitoid of
Homalodisca vitripennis (Hemiptera: Cicadellidae). Biol.
Control 42, 1–8.
Ren, J. L., Tu, X. B., Ge, J., Zhao, L. & Zhang, Z. H.  Inﬂuence
of temperature on the development, reproduction, and life
table of Calliptamus italicus (L.) (Orthoptera: Acridoidea).
J. Asia-Pac. Entomol. 19, 203–207.
Schreiber, H., Schoenen, D. & Traunspurger, W.  Invertebrate
colonization of granular activated carbon ﬁlters. Water Res.
31, 743–748.
Smart, A. C. & Harper, D. M.  Life after lakes: the ecology
and management of the water distribution network.
Hydrobiologia 395–396, 379–386.

1370

X.-B. Nie et al.

|

Naidid population dynamics in a drinking water plant

Van Lieverloo, J. H. M., Hoogenboezem, W., Veenendaal, G. &
van der Kooij, D.  Variability of invertebrate abundance
in drinking water distribution systems in the Netherlands in
relation to biostability and sediment volumes. Water Res. 46,
4918–4932.
Velten, S., Boller, M., Köster, O., Helbing, J., Weilenmann, H.-U.
& Hammes, F.  Development of biomass in a drinking
water granular active carbon (GAC) ﬁlter. Water Res. 45,
6347–6354.

Water Supply

19.5

|

2019

Wang, Q., You, W., Li, X. W., Yang, Y. F. & Liu, L. J.  Seasonal
changes in the invertebrate community of granular activated
carbon ﬁlters and control technologies. Water Res. 51,
216–227.
Weeks, M. A., Leadbeater, B. S. C., Callow, M. E., Bale, J. S. &
Holden, J. B.  Effects of backwashing on the
prosobranch snail Potamopyrgus jenkinsi Smith in
granular activated carbon (GAC) adsorbers. Water Res.
41, 2690–2696.

First received 5 May 2018; accepted in revised form 13 December 2018. Available online 2 January 2019

Downloaded from https://iwaponline.com/ws/article-pdf/19/5/1363/570857/ws019051363.pdf
by guest

|

