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• A biocascadewas developed incorporat-
ing ecological processes in wastewater
treatment.

• Tubificidae predation resulted in 45%
sludge reduction.

• In total the biocascade sequestered
133 mmol P m−3 d−1 via biomass pro-
duction.

• Tubificidae facilitated increased produc-
tivity of A. filiculoides on wastewater.
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Due to high waste sludge disposal at wastewater treatment plants and increasing phosphorus scarcity, there is a
need to combine waste removal and nutrient recovery. One way to achieve this is by incorporating ecological
processes intowastewater treatment. Positive species interactions, such as facilitation, are critical to increase pro-
ductivity of biomass and nutrient recovery. In this study we showed the potential of using ecological principles
including interspecific facilitation processes of aquatic plants (Azolla filiculoides) and worms (Oligochaeta,
Tubificidae) in waste recovery and biomass production. This was investigated by developing a biocascade with
monocultures of plants and aquatic worms that was fed on activated sludge. Tubificidae had an average relative
growth rate of 0.02 g g−1 DWd−1 whereby sludge predation resulted in 45% sludge reduction. When Tubificidae
were present in the biocascade, A. filiculoides biomass production significantly increased to a relative growth rate
of 0.15 g g−1 DWd−1. The activity of Tubificidaemostly affected total suspended solids, chemical oxygendemand
and ammonium concentration in the first compartment of the biocascade. Additionally, nitrification rates in-
creased and the water acidified, leading to increased carbon dioxide concentrations and dissolved phosphorus-
bindingmetals (zinc, iron, aluminium andmanganese) that stimulated A. filiculoides growth. The high sludge re-
duction (45%) and phosphorus sequestration (133mmolm−3 d−1) show a strong potential of the biocascade for
combined sludge waste reduction and phosphorus recovery from wastewater.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
tal Science, Institute for Water and Wetland Research, Radboud University, Nijmegen, the Netherlands.
nbergen@gmail.com (T.J.H.M. van Bergen).

. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2021.147538&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.scitotenv.2021.147538
mailto:t.vanbergen@science.ru.nl
mailto:tamaravanbergen@gmail.com
https://doi.org/10.1016/j.scitotenv.2021.147538
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


Nomenclature

TSS [g L−1] Total suspended solids
RGR [g g−1 DW d−1]
Relative growth rate
DW [g] Dry weight
WW [g] Wet weight
t [d] Time
fdw/ww [−] Dry weight to wet weight conversion factor
TP [mmol L−1] Total phosphorus
TN [mmol L−1] Total nitrogen
COD [g L−1] chemical oxygen demand
TIC [μmol L−1] Total inorganic carbon.
HCO3 [μmol L−1] Bicarbonate
CO2 [μmol L−1] Carbon dioxide
NH4

+ [μmol L−1] Ammonium
NO3

− [μmol L−1] Nitrate
PO4

3− [μmol L−1] Phosphate
Al [μmol L−1] Aluminium
Ca [μmol L−1] Calcium
Fe [μmol L−1] Iron
K [μmol L−1] Potassium
Mg [μmol L−1] Magnesium
Mn [μmol L−1] Manganese
Mo [μmol L−1] Molybdenum
Na [μmol L−1] Sodium
N [μmol L−1] Nitrogen
P [μmol L−1] Phosphorus
S [μmol L−1] Sulphur
Zn [μmol L−1] Zinc
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1. Introduction

Wastewater treatment plants (WWTPs) are a point source of pollu-
tion and produce large volumes of sludge with a limited application po-
tential that needs to be disposed against high cost. Annually,
approximately 10 million ton of activated sludge is produced in Europe
(Gendebien et al., 2010).Waste sludge is often incinerated and sludge dis-
posal is estimated to account for 50% of the total operation cost of the
WWTP (Davis and Hall, 1997; Tchobanoglous et al., 1991). Additionally,
effluent discharges from municipal WWTPs are causing eutrophication
in freshwaters via nutrient input (Ahearn et al., 2005). At the same
time, an increasing global food production requiresmore extensive fertil-
ization of agricultural landwithnitrogen (N) andphosphorus (P). Produc-
tion of N via the Haber-Bosch process is a costly process that requires
extensive use of non-renewable resources (>1% of the global energy con-
sumption) and P is non-renewable as it can only be obtained from a lim-
ited number of P mines (Chowdhury et al., 2017; Ullmann et al., 1985).
Although there are several methods to recover P from sludge (e.g. direct
use of sewage sludge, precipitation in form of struvite, recovery from
ashes through thermochemical treatment), they often have limited appli-
cation potential (Cieślik and Konieczka, 2017) and there is not one solu-
tion to combat the scarcity of P in the future. Therefore, there is an urge
to implement the new concept of circular economy in wastewater man-
agement, in order to reuse sewage sludge as a valuable resource ofmatter
and energy (Kacprzak et al., 2017).

An example of a systemwith such potential is a constructed wetland,
which acts as a buffer zone between theWWTP and the natural environ-
ment (Brix, 1994). Here, the soil, microbes, aquatic macrophytes and an-
imals together remove N and P while growing biomass. N is removed via
coupled nitrification and denitrification and P is partly removed via ad-
sorption and precipitation reactions (Reddy and DeLaune, 2008). Macro-
phytes play a minor role in the uptake of N and P, and are estimated to
take up 5 – 10% of the N load and 5% of the P load in municipal
2

wastewater, respectively (McJannet et al., 1995; Thable, 1984), but they
do play an important indirect role in nutrient removal processes, espe-
cially floating-leaved species such as Azolla spp. (Stottmeister et al.,
2003; Tang et al., 2017). Their roots, for example, provide surface area
for attachedmicrobial growth and release oxygen that stimulate nitrifica-
tion and aerobic degradation (Brix, 1997). In contrast, aquatic animals are
rarely studied or considered in the construction of wetlands, even though
they have the potential to fulfil similar valuable functions such as nutrient
uptake and remediation of heavy metals and microbial contaminants
(Gifford et al., 2007). For example, for bivalve molluscs it has been
shown that they can reduce nitrogen and phosphorus levels (van der
Schatte Olivier et al., 2020) and some species, e.g. Crassostrea virginica,
have evenbeen identified as hyperaccumulator for heavymetals accumu-
lating >2000 mg kg−1 copper (Gifford et al., 2004). Although this poten-
tially creates opportunities to purify water and produce high-grade
materials through biomass production, their biomass is often not har-
vested. Examples of high-grade materials include simple applications of
aquatic worm and macrophyte biomass, as fish feed or green fertilizer
(Mount et al., 2006; Wagner, 1997), but also the use of valuable specific
biomass components, such as amino acids, fatty acids or enzymes while
biomass could also be processed into oleo chemicals or biodiesel for in-
stance (Brouwer et al., 2016; Elissen et al., 2010).

In order to implement circular economy in wastewater manage-
ment, ecological theory could be used and applied in WWTP engineer-
ing (Graham and Smith, 2004). Currently, WWTPs largely use
biological purification with aerobic sludge flocs or granules based on
natural principles already. Depending on the substrate composition of
the sewage water entering the WWTP, such as organic carbon loading,
the microbial population and community composition changes over
time (Li et al., 2008). At low substrate loadings, a higher species diver-
sity is observed compared to high substrate loadings, which leads to
dominant and fast-growing microbial species. This is similar to self-
purification processes in natural ecosystems (Benoit, 1971), where
feworganisms actwhen pollution occurs and the biodiversity of the sys-
tem decreases. Aquatic organisms can make polluted conditions more
favourable, thereby promoting other species to grow. In this way, the
ecosystem can stabilize again after it has been polluted if no critical pol-
lution limits are exceeded and the growth of other species is facilitated.

Such positive interaction between species, where at least one of the
species benefits and harm is caused to neither, is called interspecific fa-
cilitation (Bruno et al., 2003). Examples of interspecific facilitation can
be found in applications such as restoration ecology and agricultural
systems (Bertness and Callaway, 1994; Renzi et al., 2019). In restoration
ecology, an example of this are mussels that act as biofilters
(Giangrande et al., 2005). When mussels are abundant the water is fil-
tered and thereby environmental conditions change, like a reduction
in turbidity. Indeed, studies have shown that freshwater bivalves, e.g.
Dreissena polymorpha, facilitate plant growth by reducing turbidity
(Gagnon et al., 2020; Gao et al., 2017). Next to this, interspecific facilita-
tion processes are used in intercropping systems with multiple species
(Li et al., 2014; Zhang and Li, 2003), which enables organisms to exploit
a greater portion of available resources and increase productivity of spe-
cies (Bruno et al., 2003; Cardinale et al., 2002). Hence, by applying facil-
itative interactions between species of different functional groups in
WWTP engineering, this could aid in the simultaneous increase in
both biomass production and nutrient recovery.

Therefore, the aim of this study is to explore aquatic animal-plant in-
terspecific facilitation processes in a WWTP system in order to mimic
self-purification of ecosystems and increase productivity of valuable
biomass on wastewater. Specifically, we tested whether (i) the aquatic
worm of the family of Tubificidae was able to reduce sludge, grow on
wastewater sludge and sequester nutrients (ii) the macrophyte
A. filiculoideswas able to grow and sequester nutrients fromwastewater
and (iii) facilitation processes by Tubificidae could increase the produc-
tivity of A. filiculoides. Thiswas investigated by using a biocascadewhich
is defined as a series of connected compartments through which
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wastewater flows and monocultures of different species, including
aquatic animals, plants and associated microorganisms, are grown
allowing for optimal biomass exploitation. In this experiment,wastewa-
ter flows first though a compartment containing Tubificidae subse-
quently entering the connected compartment with A. filiculoides
monoculture. While research already established evidence that sludge
reduction by aquatic worms is possible (Hendrickx et al., 2009) and
the potential of some macrophytes species to grow and recover nutri-
ents (Stottmeister et al., 2003), the use of interspecific facilitation pro-
cesses to increase productivity in such a WWTP system has not been
investigated yet. We expected complementary growth of the species
through consumption of particles and nutrient regeneration (Vanni,
2002) by Tubificidae and uptake of dissolved nutrients through
A. filiculoides, and in this way increasingA. filiculoides productivity by in-
terspecific facilitation mechanisms.

2. Material and methods

2.1. Aquatic species

We selected the aquatic oligochaete specimens of the family of
Tubificidae and the aquatic macrophyte A. filiculoides for the cascade,
as they are known to grow well on domestic wastewater (e.g. Costa
et al., 1999; de Valk et al., 2017). Tubificidae can be found in sediment
of freshwaters with a low oxygen concentration and a high organic car-
bon loading. A. filiculoides often grows on the surface of pollutedwaters
with high ammonium (NH4

+), nitrate (NO3
−) and especially high phos-

phate (PO4
3−) concentrations (De Lyon and Roelofs, 1986). Tubificidae

were bought at a local wholesale (Aquadip B.V, The Netherlands) and
kept in the laboratory at 18 °C in aerated aquaria containingwastewater
for at least 1 month to adapt. Note that the wastewater sludge used for
the adaptation period was not the same as in the experiment, but had a
similar TSS concentration (3.5 g L−1). Each aquarium received a starting
worm density of 20 g wet weight (WW) L−1 of carefully dry-blotted
Tubificidae, since a pilot experiment showed the highest survival for
this density (Fig. S1). A. filiculoides was obtained from cultures of the
Radboud University. Before the start of the experiment, A. filiculoides
was acclimatized to the experimental conditions by growing them on
effluent wastewater for one week with a PO4

3− concentration of
0.60 mmol L−1 and a dissolved inorganic nitrogen concentration
(NH4

+ and NO3
−) of 0.76 mmol L−1. Subsequently, the plants were

washed with demineralised water and 37.5 g WW of carefully dry-
blotted A. filiculoides was introduced per aquarium. This weight corre-
sponds to a cover of approximately 75% of the water surface of each
aquarium (Fig. 1) and a density of 0.75 kgm−2 in order to prevent over-
crowding effects (>2 kg WWm−2; Van Hove, 1989).

2.2. Experimental design

To evaluate the growth and purification potential of Tubificidae and
A. filiculoides in wastewater, we used a three-compartment cascade
with four replicates and three treatments (Fig. 1). Each compartment
step consisted of 12 aquaria with a volume of approximately 2.5 L.
Wastewater from the inlet container first flowed into compartment 1
containing 12 aerated aquaria (Fig. 1), with a size of 16 × 10 × 21 cm
(l × w × h) and covered by a lid. Of these 12 aquaria, 4 were stocked
with Tubificidae worms and 8 without worms, serving as control.
Tubificidaewere grown on carrier material in racks (artificial substrate)
in order to improve their growth and increase their harvest potential
(Fig. 1). Via the overflow pipe of compartment 1 at 16 cm height,
waterflowed into compartment 2 (Fig. 1),which consisted of 12 aquaria
with a size of 17.5 × 13×15 cm(l ×w×h) and also covered by a lid. The
overflow was situated at 11 cm height. Compartment 2 functioned as a
settling tank in order to remove excess sludge particles leaving com-
partment 1, by using two aquarium filter pumps with a filter capacity
of 200 L h−1 (Aqua-Flow 100, Superfish). Compartment 3 consisted of
3

12 aquaria of 50 × 10 × 10 cm (l × w × h) with an overflow outlet at
5 cm height of which 8 were stocked with A. filiculoides and 4 served
as control. The first two compartments and the control aquaria of the
third compartment were kept in the dark by covering them with black
foil in order to prevent growth of photoautotrophs. Water from the
third compartment flowed into the outlet, which consisted of 12 closed
buckets to prevent evaporation.

This design resulted in three treatments: 1) a ‘worms-plants’ treat-
mentwith aquaria in compartment 1 containing Tubificidae and aquaria
in compartment 3 containing A. filiculoides; 2) a ‘control-plants’ treat-
ment where compartment 1 did not contain Tubificidae (as a control),
and aquaria in compartment 3 contained A. filiculoides; and 3) a double
control treatment without Tubificidae and A. filiculoides (Fig. 1). The ex-
periment was performed in a water bath with a temperature of 15 °C in
a greenhouse with additional lamps (400 W high-pressure sodium
lamps, Hortilux-Schréder, Monster, The Netherlands) maintaining a
light:dark cycle of 16 h:8 h. Lights turned on when the natural light in-
tensity fell below250Wm−2 (300 μmolm−2 s−1 PAR;Quantumsensor,
Skye Instruments LTD, Wales, England). Every two weeks municipal
wastewater was collected from the aeration tank at WWTP Nijmegen
and contained activated sludge (2.2±0.6 (±SD) g TSS L−1). Thiswaste-
water was subsequently stored at 4 °C and hereafter supplied to our
three-compartment cascade via 30 L containers. The activated sludge
in the 30 L container was resuspended with a submersible pump
(Fig. 1) and was kept at 15 °C before supplying to our cascade. The con-
tainer was refreshed every other day.Wastewater was pumped into the
cascade using peristaltic pumps (Masterflex L/S; Cole-Palmer, Chicago,
USA) with a tube size of 4.8 mm (Masterflex L/S tubing size 15; Cole-
Palmer, Chicago, USA) and aflowrate of 1.04±0.04 (SD) L h−1. The cas-
cade was batch fed and the pumps ran 15 min per hour for 3 h in a row
(daily from12:30 h to 15:30 h). In thisway, the theoretical hydraulic re-
tention time (HRT) was approximately 3 days, and excess sludge parti-
cles were allowed to be filtered out of the system by the filter pumps in
compartment 2. Demineralisedwaterwas added to each aquariumdaily
to compensate for the evapotranspiration losses during the experiment.
The outlet buckets were emptied weekly to determine the volume that
ran through the three-compartment cascade. The total duration of the
experiment was 4 weeks, with an acclimation period of 13 days for
the Tubificidae beforehand (Fig. 2).

2.3. Biomass growth and nutrient sequestration

Samples of the Tubificidae populations were taken only at the start
(day −13) and the end (day 28) of the experiment, while
A. filiculoideswas harvested once or twice aweek to prevent overcrowd-
ing (Fig. 2). At the start, 75–100 g WW A. filiculoides (n = 4) and 75 g
WWTubificidae (n= 4) from the culture were harvested to determine
the initial element content. These samples (at t = 0) were used as the
control in the analyses. All harvested worms and plants were washed
with demineralised water to remove residue from its surface. Wet
weight was measured and subsequently worms and plants were dried
in an oven to a constant weight at 70 °C for at least 24 h. To determine
total element concentrations, 500 mg of the resulting dry worm and
plant samples were grounded, digested and analysed for Aluminium
(Al), calcium (Ca), iron (Fe), magnesium (Mg), manganese (Mn),
sodium (Na), phosphorus (P) and sulphur (S) content, using ICP-
OES analyses (following the same procedure as in Temmink et al.,
2018).

The relative growth rate (RGR, g g−1 DW d−1) for A. filiculoides and
Tubificidae during the experiment was calculated according to
formula 1:

RGR ¼
ln DW2ð Þ− ln WW1 ∗ f dw=ww

� �

t2−t1
(1)
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Fig. 1. Experimental setup of the three-compartment cascade with Tubificidae and A. filiculoides.
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Where DW2 is the dry weight (g) of time 2, WW1 is the wet weight at
time 1 and fdw/ww is the dry weight to wet weight ratio of the species.
For A. filiculoides, the RGR was calculated each week. For Tubificidae,
DW2 was the dry weight at the end of the experiment (day 28) and
WW1 is the initial wet weight (g) of Tubificidae at day−13.

Additionally, the specific growth rate (μT, d−1) of Tubificidae was
calculated according to formula 2:

μT ¼
DW2− WW1 ∗ f dw=ww

� �

WW1 ∗ f dw=ww

� �
� t2−t1ð Þ

(2)

2.4. Physical-chemical water properties

Weekly water temperature, dissolved oxygen (DO) concentration
andpHweremeasured in themorning, using amultiparameter portable
meter (HQ40d, Hach, Loveland, USA) for temperature and DO and for
pH a handheld meter (Multi 340i meter, Wissenschaftlich-Technische
Werkstätten GmbH) connected to a pH probe (Orion 9156BNWP;
Thermo Fisher Scientific). Filtered and unfiltered water samples were
taken from each new inlet bucket, and once a week from aquaria in
compartment 1, compartment 3 and outlet buckets. Water samples
were filtered through a Whatman® puradisc filter with a pore size of
0.45 μm and concentrations of PO4

3−, NH4
+ and NO3

− were colorimetri-
cally measured (as in Geurts et al., 2008) with an Auto Analyzer 3 sys-
tem (Bran & Luebbe, Norderstedt, Germany). Filtered water samples
were further analysed for aluminium (Al), calcium (Ca), iron (Fe), po-
tassium (K), magnesium (Mg), manganese (Mn), Molybdenum (Mo),
phosphorus (P), sulphur (S), and zinc (Zn), using inductive coupled
4

plasma spectrometry (ICP-OES iCAP 6000, Thermo Fisher Scientific,
Waltham, USA). Unfiltered water samples were analysed for total
phosphorus (TP), total nitrogen (TN) and chemical oxygen demand
(COD) using Dr. Lange® test kits. Total suspended solids (TSS) were
measured according to Standard Methods (APHA, 1998). Additionally,
total inorganic carbon concentrations (TIC)weremeasured in unfiltered
water samples with an infrared gas analyzer (IRGA, ABB Advance
Optima, Zürich, Switzerland), where after carbon dioxide and bicarbon-
ate concentrations were calculated (as in van Bergen et al., 2019). An
overview of the analyses, instruments and protocols used can be
found in table S1.

2.5. Statistical analyses

2.5.1. Univariate analyses
Differences in worm biomass between day −13 and the end of the

experiment (day 28) were tested by a t-test. For plant biomass we
used a linear mixed model to determine differences over time between
plants grown downstream of the worm or control aquaria. We used a t-
test orMann–WhitneyU test (when data was not normally distributed)
to test differences of physical-chemical parameters between the control
andworm treatment in the first compartment at sampling day 0 and 28
in order to see how the system had changed. Differences between treat-
ments in compartment 3 at sampling day 0 and 28 were tested with
one-way ANOVA, followed by a post hoc Tukey test. Levene's test was
used to test homogeneity of variances and for the cases that variances
were not homogenous, we used a Kruskall–Wallis test followed by a
pairwise Mann–Whitney U test with Bonferroni adjusted p-values. All
univariate statistical analyses were performed with SPSS 23.0. All aver-
age values are shown with their SD (± 1SD).
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2.5.2. Multivariate analyses
The effect of Tubificidae in compartment 1 and A. filiculoides in com-

partment 3 on physical-chemical water properties over time were
analysedby the principal response curves analysis (PRC). The PRCanalysis
is a multivariate technique based on the redundancy analysis ordination
technique (Van den Brink et al., 1999). For this, we ln(x + 1) trans-
formed our physical-chemical water properties data. The PRC diagram
shows on its horizontal axis time and on its vertical axis the regression
coefficient (cdt) of thefirst Principle Component of the treatment effects
deviating from the control. Parameter weight (Bk), located at the right
side of the diagram, indicates the weight of physical-chemical water
properties measured and can be interpreted as the affinity of each
physical-chemical parameterswith the response graph shown in the di-
agram (Vanden Brink et al., 1999). The effect of the different treatments
on the physical-chemical parameters was statistically tested by using
Monte Carlo permutation test. The multivariate statistical analyses
were performed using the CANOCO for Windows® software package,
version 5 (ter Braak and Šmilauer, 2012).

3. Results

The wastewater sludge from the aeration tank of the WWTP in
Nijmegen used to feed the cascade slightly varied in physical-chemical
composition over time (Table S2). Total suspended solids (TSS) was
on average 2.02 g L−1 (±1.2), with a mean chemical oxygen demand
(COD) of 3.3 (±0.9) g L−1 and a pH between 6.5 and 7.2. The mean TP
concentration was 3 (±0.4) mmol L−1 and TN concentration was 10.3
(±2.6) mmol L−1. The average phosphate concentration in wastewater
was 260 (±199) μmol L−1. Most dissolved inorganic nitrogen (DIN) in
the wastewater was ammonium (319 ± 232 μmol L−1), and a smaller
fraction was nitrate (87 ± 167 μmol L−1).

3.1. Effects of worms (compartment 1)

3.1.1. Growth and sequestration
Worm biomass significantly increased from 8.6 (±0.02) to 18.8

(±2.5) gram dry weight (paired t-test, t(3) = −8.0, P = 0.004), which
resulted in a specific growth rate of 0.03 ± 0.007 d−1 and a RGR of
0.02 ± 0.003 g g−1 DW d−1. We observed that almost all worms had
settled on the carriermaterial at the endof the experiment. Additionally,
we found that most of the measured elements accumulated in worm
biomass over time (Fig. S2A). The highest accumulation was found for
iron and manganese with more than 200% on average (Fig. S2A).
Although phosphorus did not strongly accumulate, it was the element
with the highest concentration in worm biomass with a mean content
of 478 μmol g−1 DW.

3.1.2. Physical-chemical water properties
Aquatic worms strongly affected the physical-chemical properties of

the wastewater (Table 1, S3 and Fig. S3, S4). The PRC diagram of
Addi�on of plants
to compartment 3
(day 0)

Acclima�on period worms

Introduc�on 
of worms 
(day -13)

A�achment 
of worms to 

carrier 
material

Turn on pumps 
for flow
(day -11)

Acclima�on of 
worms under 

batch fed 
condi�ons

Run

Worms 

(day 7) (day(day -7)

Fig. 2. Schematical overviewof the experimental design including the harvest days ofworms an
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physical-chemical water properties in compartment 1 shows that the
worm treatment deviates from the control during the entire experiment
(Fig. 5A). Of the total variance, 55% was assigned to the different treat-
ments and the PRC diagram displayed a significant (P=0.002) amount
of this treatment variance (91%). Sampling time explained 26% of the
total variance, and difference in replicates accounted to 19% of all vari-
ance. TSS and COD received the highest positive weights in the first
PRC diagram, hence indicating a decrease in the worm treatment com-
pared to the control. TSS reduction by worms was only 22% at day−11
but after the pumps were turned on TSS reduction increased and
reached at day −7 a reduction rated similar to the rest of the experi-
mental period (Fig. 3). From day 0 on, the average reduction of sludge
by worms was 45%, and TSS concentration was significantly lower in
worm aquaria compared to control aquaria (Fig. 3, Table 1). Addition-
ally, COD in the worm aquaria was significantly reduced, with on aver-
age 1.2 g L−1 less COD than in the control treatment (Table 1, Fig. S3).

While TP concentration was significantly lower in the worm treat-
ment, all dissolved nutrients and elements increased in the aquaria con-
taining Tubificidae (Table 1, S3), caused by the degradation of
particulate organic matter by the Tubificidae worms. Themost negative
weight of the first PRC axis in compartment 1 is NH4

+, thus the largest
difference caused by the treatment is the increased NH4

+ concentration.
Additionally, manganese, iron, aluminium and zinc received high nega-
tive weight (Fig. 5), indicating an increase in concentration caused by
the Tubificidae worms.

3.2. Combination of worms and plants (compartment 3)

3.2.1. Plant growth and nutrient sequestration
The RGR of A. filiculoides did not differ between treatments in the

first week and was approximately 0.1 g g−1 DW d−1. After the first
week the RGR of A. filiculoides increased and harvest frequency had to
be increased to twice a week in order to prevent overcrowding. The dif-
ference in RGR between the treatments increased over time (Fig. 4A)
and at the end of the experiment the RGR of downstream of the worm
treatment increased to 0.15 ± 0.01 g g−1 DW d−1, while A. filiculoides
downstream of the control compartment only increased to 0.12 ±
0.01 g g−1 DW d−1. The RGR calculation of A. filiculoides downstream
of the control compartment was based on the biomass harvested that
combined both A. filiculoides and floating algae, as it was not possible
to separate this well. The cumulative biomass in the plant compartment
behind the worm compartment was significantly higher over time
(Fig. 4, Table S5, p < 0.001, F = 29.2). Although we found an increase
in cumulative biomass of A. filiculoides grown downstream the control
aquaria too, this was mainly caused by floating algae (Fig. 4).

Through time, the ratio A. filiculoides:floating algae decreased from
approximately 0.95 at the start to 0.38 at the end of the experiment
(Fig. 4B). Simultaneously with the biomass decrease of A. filiculoides
downstream of the control treatment, most plants turned yellow and
red (Fig. 4C2). In general, we found a decrease in element concentration
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Table 1
Physical-chemicalwater properties of the compartments 1 and3, at day 0 and the last day (day 28) of the experiment. Thephysical-chemicalwater properties of day 0 have beenmeasured
just before the addition of plants to compartment 3 on that day. Values are shown as mean ± SD and different characters indicate significant (P < 0.05) differences between treatments.

Compartment 1 Compartment 3

Day 0 Day 28 Day 0 Day 28

Control Worms Control Worms Control Control +
plants

Worms +
plants

Control Control +
plants

Worms +
plants

Water quality
pH 7.2a ± 0.2 6.2b ± 0.1 6.3 ± 0.3 6.4 ± 0.1 7.3a ± 0.2 7.4a ± 0.1 6.9b ± 0.1 6.4a ± 0.2 8.3b ± 0.3 4.0c ± 0.1
O2 (mg L−1) 9.3 ± 0.2 9.0 ± 0.2 9.5 ± 0.2 9.1 ± 0.4 7.8 ± 0.7 7.6 ± 0.4 6.9 ± 0.7 8.1a ± 0.4 14.3b ± 0.3 8.6a ± 0.4
Water temp (°C) 17.4 ± 0.3 18.0 ± 0.5 16.9 ± 0.2 17.0 ± 0.2 17.1 ± 0.2 17.4 ± 0.3 17.5 ± 0.2 17.4 ± 0.8 17.8 ± 0.7 18.1 ± 0.7
COD (mg L−1) 4436a ± 306 2600b ± 165 2730a ± 206 1495b ± 78 29.6a ± 1.3 27.9a ± 3.0 91b ± 5.0 28.2a ± 3.6 32.5a ± 2.25 114.8b ± 13.0
TSS (g L−1) 4.0 ± 0.5a 2.3 ± 0.1b 2.8 ± 0.2a 1.4 ± 0.03b

TIC (μM) 140 ± 57.3 114 ± 33.1 113a ± 41.9 170b ± 22.3 356a ± 186 448a ± 29 73.8b ± 13.4 96.1a ± 43.7 26.4b ± 29.2 33.1b ± 22.8
HCO3 (μM) 102 ± 54.2 52.9 ± 18.4 54.2 ± 33.0 83.0 ± 10.5 297a ± 175 413a ± 22 7.6b ± 2.7 53.6a ± 32.5 25.7ab ± 28.4 0.1b ± 0.1
CO2 (μM) 37.4a ± 13.1 61.1b ± 16.0 58.6 ± 20.2 86.8 ± 19.5 58.9a ± 15.4 34.4b ± 12.4 66.2a ± 15.3 42.5a ± 12.7 0.3b ± 0.3 33.0a ± 22.7

Nutrients
NH4 (μmol L−1) 9.9a ± 10.5 1615b ± 156 41a ± 18 1412b ± 417 1.6a ± 3.1 3.1a ± 3.0 810b ± 93.7 0a 3.0a ± 2.8 327b ± 306
NO3 (μmol L−1) 1402a ± 229 3265b ± 238 1897a ± 226 3534b ± 340 1135a ± 203 1008a ± 24 2826b ± 407 1504a ± 68 954b ± 115 2811c ± 314
PO4 (μmol L−1) 110a ± 64.5 463b ± 21.5 424a ± 36.3 551b ± 15.3 79a ± 33.4 77a ± 14.1 453b ± 43.0 423a ± 17.4 251b ± 97.8 530c ± 6.2
Total N (mmol L−1) 14.1a ± 3.2 9.8b ± 0.9 10.1 ± 2.3 9.8 ± 0.8 1.4a ± 0.3 1.2a ± 0.04 3.8b ± 0.2 1.7a ± 0.1 1.2b ± 0.1 3.8c ± 0.7
Total P (mmol L−1) 3.6a ± 0.2 2.7b ± 0.2 3.2a ± 0.4 2.8b ± 0.1 0.1a ± 0.04 0.1a ± 0.01 0.5b ± 0.02 0.5a ± 0.03 0.2b ± 0.1 0.7c ± 0.2

Elements
Aluminium (μmol L−1) 2.0a ± 0.3 4.5b ± 0.3 0.3a ± 0.2 2.7b ± 0.8 0.9a ± 0.6 0.5a ± 0.1 1.8b ± 0.1 0.4a ± 0.1 0.3a ± 0.1 4.4b ± 0.6
Iron (μmol L−1) 1.8a ± 0.1 6.6b ± 0.6 2.2a ± 0.5 8.9b ± 1.3 1.6a ± 0.3 1.3a ± 0.2 5.8b ± 0.7 2.0a ± 0.1 0.7b ± 0.1 8.2c ± 1.8
Manganese (μmol L−1) 0.2a ± 0.1 1.2b ± 0.1 0.2a ± 0.2 1.5b ± 0.3 0.1a ± 0.1 0.03a ± 0.01 2.4b ± 0.2 0.3a ± 0.2 0.01a ± 0.01 3.0b ± 0.8
Zinc (μmol L−1) 2.6a ± 0.8 5.7b ± 0.2 3.4a ± 1.1 5.8b ± 1.2 0.5a ± 0.1 0.4a ± 0.04 1.6b ± 0.2 0.9a ± 0.1 0.7a ± 0.1 2.1b ± 0.5
Calcium (μmol L−1) 789 ± 67.9 802 ± 15 1044a ± 66 1163b ± 45 767a ± 14 756a ± 10 874b ± 16 835a ± 26 568b ± 100 1040c ± 12
Phosphorus (μmol L−1) 129a ± 72 602b ± 53 537a ± 67 1167b ± 12 95.0a ± 32 87.4a ± 11 478b ± 16 506a ± 29 290b ± 107 819c ± 33
Potassium (μmol L−1) 512a ± 32 721b ± 14 828a ± 50 1021b ± 41 451a ± 23 435a ± 9 566b ± 10 652a ± 22 479b ± 24 371c ± 78
Magnesium (μmol L−1) 322a ± 44 560b ± 16 585a ± 40 889b ± 17 285a ± 17 270a ± 7 455b ± 13 490a ± 16 452a ± 37 699b ± 12
Molybdenum (μmol L−1) 0.10a ± 0.004 0.13b ± 0.01 0.07a ± 0.01 0.09b ± 0.004 0.09 ± 0.01 0.09 ± 0.002 0.08 ± 0.01 0.06a ± 0.01 0.06a ± 0.01 0.03b ± 0.01
Sulphur (μmol L−1) 456a ± 15.5 506b ± 11 691a ± 41 778b ± 21 382a ± 4 382a ± 5 413b ± 8 498ab ± 21 473a ± 9 511b ± 20
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in the biomass of A. filiculoides situated after the worms in the cascade
(except phosphorus and sodium), while the concentration in the bio-
mass of A. filiculoides, including floating algae, in the cascade without
worms showed an increase at the end of the experiment compared to
the start (Fig. S2B). The concentration of phosphorus inside
A. filiculoides was in the range of 0.3–0.6 mmol g−1 DW.

3.2.2. Physical-chemical water properties
The effects of Tubificidae were also observed in the physical-

chemical water properties of compartment 3 (Table 1, S4 and Fig. S3,
S4). The PRC analysis showed that sampling date explained 12% of the
total variance, displayed on the horizontal axis (Fig. 5B). Differences in
replicates accounted to 13% of all variance, while the largest part, 75%
of the total variance, could be attributed to treatment (Monte Carlo p-
0
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Fig. 3. Total suspended solids concentration (TSS; g L−1) ± SD in the worm aquaria (n=
4; filled circles) and the control aquaria (n = 8; open circles) during the experiment.

6

value = 0.002). Of this variance, 84% is explained by the first axis,
shown on the vertical axis (Fig. 5B). HCO3 and pH received the highest
parameter weights, being indicative of prominent decreases in the
worms-plants treatment (Table 1, Fig. 5B, S3, S4). Nutrient and element
concentrations received a negative parameter weight of the PRC axis
(Fig. 5B), denoting an increase in concentration in the worms-plants
treatment. NH4

+ and the metals aluminium, iron and manganese show
lowest parameter weights, as similar to compartment 1 (Fig. 5A,
Table 1). Though, different from compartment 1 is the significant in-
crease of N and P compared to the control. However, total nutrient con-
centrations were still lower in worm treatment compared to control in
compartment 2 when measured before sludge removal (compartment
2;worms: total P of 0.87mmol L−1, total N of 2.0mmol L−1, and control:
total P of 1.1 mmol L−1, total N of 3.0 mmol L−1). Hence, the observed
increase is a result of the larger fraction of the nutrients present in dis-
solved form inworm aquaria,which in turnwere not removed as sludge
in compartment 2 and remained in the system.

Lastly, in the control-plants treatment, we observed that
A. filiculoides significantly decreased NO3

−, PO4
3− and themacronutrients

potassium, calciumand iron in thewater column (Table 1, S4). For PO4
3−

we found on average a 25% decrease in the water and for NO3
− an even

higher decrease of 40% (Table S4), consequently resulting of a decrease
in total N and P concentration in the water column (Table 1).

4. Discussion

4.1. Main findings

This study demonstrated the interspecific facilitation processes of
aquatic plants and animals in a biocascade system fed on wastewater
by showing that sludge predation by Tubificidae worms can facilitate
the biomass production of the aquatic macrophyte A. filiculoides,
confirming our hypothesis. To our knowledge this is the first study
that demonstrates increased biomass production on wastewater by
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interspecific facilitating mechanisms, while organisms were grown in
monoculture. Tubificidae reduced sludge TSS by approximately 45%,
whilemore than doubling in biomass. Tubificidae grewwell on carrying
material, which optimized biomass production and creates potential for
harvesting biomass in the future. The activity of Tubificidae mostly af-
fected TSS, COD, NH4

+andmetals, but also NO3
− and PO4

3− concentration
in the first compartment of the biocascade. This increase in dissolved
nutrients and metals was caused by the degradation of particulate or-
ganic matter (POM) by worms. Subsequently, water from the
Tubificidae compartment flowed into the A. filiculoides compartment,
where it affected the water composition causing a lower HCO3

− concen-
tration and pH while the concentration of zinc, iron, aluminium and
manganese increased compared to the control system without
Tubificidae (Fig. 5). These changes stimulated A. filiculoides growth,
which was significantly higher in the presence of Tubificidae and
prevented algae growth (Fig. 4).

4.2. Effects of worms

Tubificidae reduced sludge and were successfully grown on waste-
water sludge. By introducing higher organisms, aquatic Tubificidae
worms, that are able to consume bacterial biomass in sludge this re-
sulted in an extended food chain in the activated sludge system
(Ratsak et al., 1993) and biomass conversion. An average Tubificidae
growth of 99.5 g DW m−3 d−1 and a maximum sludge consumption
rate of 164.5 g DW m−3 d−1 in the biocascade were observed. The
Tubificidae specific growth rate was 0.03 d−1 on average and in the
range reported by other studies on aquatic worms Lumbriculus
variegatus (family Lumbriculidae) and Aulophorus furcatus (subfamily
Naididae; 0.01–0.11 d−1 specific growth rate) (Buys et al., 2008; Cai
et al., 2017; Tamis et al., 2011). The sludge consumption (a 45% reduc-
tion) in our studywas also in the range of that reported in other studies
(16–75%, Buys et al., 2008; Hendrickx et al., 2009; Lou et al., 2011; Tamis
7

et al., 2011; Zhang et al., 2020; Zhu et al., 2016), while the sludge to bio-
mass conversion factor was higher (approximately 1.65 g sludge TSS
g−1 worm TSS), than reported in other studies (e.g. 0.5–1 g TSS g-1
TSS worms; Tamis et al., 2011). Hence, by preying on bacterial biomass
in sludge, energy transfers in the food chain resulting in a decrease of
sludge due to the dissipation of energy (Wang et al., 2017) and incorpo-
ration intoworm biomass. In addition, it has been suggested that sludge
predation by worms could convert it into a better biodegradable form
and increase overall biodegradability (de Valk et al., 2017; Tamis et al.,
2011).

4.3. Effects of plants

A. filiculoides was able to grow on wastewater and had a maximum
RGR of 0.15 g g−1 DW d−1 when Tubificidae were present in the
biocascade. We used the same A. filiculoides strain as Temmink et al.
(2018) and found a slightly higher RGR than the maximum RGR identi-
fied in their study (0.1 g g−1 DW d−1), where A. filiculoideswas grown
on a N-free nutrient solution, similar to the quality of natural surface
waters. This RGRmight be inherent to this A. filiculoides strain as higher
RGRs are reported for different strains (Temmink et al., 2018). The RGR
in our experiment was in the range reported by other studies (Peters
et al., 1980; van Kempen et al., 2016; Wagner, 1997), indicating that
the species can successfully grow on wastewater. In addition, the P-
sequestration per gram biomass in our study (0.3–0.6 mmol g−1 DW)
was higher than the maximum sequestration reported in other studies
that grew A. filiculoides on a nutrient solution similar to natural surface
waters (0.16 and 0.35; Temmink et al., 2018; van Kempen et al., 2016).
This indicates the potential of growing A. filiculoides on wastewater for
phosphorus recovery. The element concentration in A. filiculoides was
lower in the treatment with Tubificidae, which is a result of higher
growth rates due to a dilution effect. Nevertheless, total element se-
questration by A. filiculoides was higher in the presence of Tubificidae
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in the biocascade due to the increased biomass production. Tubificidae
and A. filiculoides together sequestered 133 mmol P m−3 d−1 in the
biocascade via biomass production. This shows the potential of the
biocascade for P recovery from wastewater and thereby reuse (Shilton
et al., 2012).

4.4. Facilitation mechanism

The increased growth of A. filiculoides in the biocascade with
Tubificidae could not be explained by the increased availability of mac-
ronutrients, as the wastewater used in our study had high P concentra-
tions in all treatments (> 90 μM, Table S2). When A. filiculoides grew in
the absence of Tubificidae, plant growth was lower and pH values were
high. The availability of phosphorus boundmetals (iron, manganese, al-
uminium and zinc) was influenced by pH (Fig. S5). High pH values
8

caused those metals to precipitate and thereby becoming less available
to A. filiculoides (Fig. S5). It is known that A. filiculoides turns yellow
when it has no access to iron (Wagner, 1997). Temmink et al. (2018)
showed that phosphorus-induced iron chlorosis can occur in
A. filiculoides when P concentrations are high (> 50 μM). Hence, it is
likely that the concentration of phosphorus bound metals in the oxy-
genated water decreased due to precipitation reactions causing
A. filiculoides to turn yellow/red with lower growth rates (Fig. 6). A pH
above 8 in the A. filiculoides compartment in the absence of Tubificidae
(Table 1) also might have inhibited the uptake of P by A. filiculcoides,
as in the presence of Tubificidae the Fe content in the plants decreased
while the P content increased with low pH values (Fig. S2B; da Silva
Cerozi and Fitzsimmons, 2016). In contrast to the treatment without
Tubificidae, no metal limitation occurred when Tubificidae were pres-
ent in the biocascade as the growth rate increased.
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In the treatment with Tubificidae the water in the system showed
increased NH4

+ and NO3
− (due to nitrification of NH4

+) concentrations,
a lower oxygen concentration and a lower pH (4 ± 0.1) with signifi-
cantly higher concentrations of metals (Fe, Mn, Al and Zn) compared
to the other treatments. The lowering of the pH and increased CO2

may additionally have stimulated Azolla growth (Brouwer et al., 2018;
van Kempen et al., 2016). Although reaeration of the Tubificidae com-
partment likely stimulated precipitation of phosphorus bound metals,
this effect was reversed by acidification caused by nitrification of
NH4

+via the reaction: NH4
++2O2→NO3

−+2H++H2O.Mineralization
of particulate organic matter by Tubificidae caused a high excretion of
NH4

+, which together with the high oxygen supply, stimulated nitrifica-
tion rates by microorganisms. The protons released during the nitrifica-
tion process, caused a decrease in pH (and a relative increase in CO2),
which increased the concentration of dissolved metals in the water as
shown in the PRC (Fig. 5) and facilitated growth of A. filiculoides
(Fig. 6). Microorganisms could have also contributed to the mineraliza-
tion of organic matter and increased CO2 production.

Similar to themacronutrients, the concentration of P boundmetals in-
side the plants were lower when A. filiculoides grew in the presence of
Tubificidae due to a dilution effect (Fig. S2). Also the uptake of nutrients
by the floating algae that grew well in the absence of Tubificidae might
have influenced the concentrations of (micro)nutrients inside the plants.

4.5. Facilitation processes in other studies

Observing facilitation between Tubificidae worms and A. filiculoides
is in line with a previous study demonstrating the promoting effect of
Tubifex tubifex (Tubificidae) on the productivity of themacrophytes spe-
cies Elodea canadensis and Myriophyllum spicatum (Mermillod-Blondin
and Lemoine, 2010). However, the proposed mechanism responsible
for the enhanced macrophyte growth by worms differed from the
mechanism observed in this study. While Mermillod-Blondin and
Lemoine (2010) postulated that the enhanced macrophyte growth
was a result of a reduction of anoxic conditions in sediments, our hy-
pothesized mechanism involves facilitation by degradation of organic
material by worms causing changes in physical-chemical water proper-
ties and elevation of micronutrient stress.

4.6. Optimisation of the biocascade system

With our biocascade of Tubificidae worms and A. filiculoides, we
showed that interspecific facilitation processes can be used to increase
9

the productivity of these species in a wastewater fed system. However,
extending our biocascade with other positive plant-plant or animal-
plant interactions is needed to increase further biomass production
and nutrient removal. For this we could learn from other disciplines
such as restoration ecology, where ecosystem engineers are being
used to facilitate growth of other species (Halpern et al., 2007) or agri-
cultural systems, in which overyielding is achieved by positive interac-
tions between plant species. An example of extending the
biocascade could be by adding freshwater bivalves, like Dreissena
polymorpha, in combination with submerged macrophytes, since it
has been shown that freshwater bivalves facilitate submerged plant
growth by reducing turbidity (Gagnon et al., 2020; Gao et al.,
2017). Next to that, a study on restoration of peat-forming wetland
communities showed that complementarity between macrophyte
species was the dominant mechanism causing overyielding for bio-
mass production (van Zuidam et al., 2019). Complementarity can ei-
ther be caused by interspecific resource partitioning among
functional plant groups, or through interspecific facilitation pro-
cesses (Hooper et al., 2005), but the authors stated interspecific facil-
itation as being the more likely explanation (van Zuidam et al.,
2019). Thus, using plant–plant facilitation or plant-animal facilita-
tion between species of different functional groups, i.e. species that
process different resources and have a different ecosystem function,
in wastewater engineering shows great potential for further increas-
ing biomass production and nutrient recovery.

5. Conclusions

This work showed the potential of applying the ecological princi-
ple of interspecific facilitation in engineered systems for sludge
reduction, phosphorus recovery and biomass production. The
Tubificidae worms grew well on carrier material and facilitated
A. filiculoides growth in this simple biocascade. Although complex,
the processes in this cascade (Fig. 6) exemplify of how to make use
of facilitating processes in order to achieve higher productivity sim-
ilar to agricultural practices using wastewater. As nutrients are
mobilised by the activity of the Tubificidae, an adapted design
could enable the production of more A. filiculoides biomass resulting
in a higher phosphorus recovery. Furthermore, the biocascade sys-
tem could be expanded with other species such as submerged mac-
rophytes and/or mussels, which act as biofilters. We postulate that
optimizing interspecific interactions will strongly improve the suc-
cess of biocascade-use in wastewater management practices.
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