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Aerobic granular sludge (AGS) plants have gained growing interest and application due to their low energy

demand, small footprint, and low operational costs. However, the fulfilment of strict discharge limits for

nitrogen and phosphorus, vast seasonal temperature variations, and large peaks in influent flows may pose

challenges to the implementation of AGS. Moreover, the knowledge about microbial community assembly

and process performance under varying environmental conditions in full-scale reactors is still limited. In this

study, the first implementation of the AGS process in the Nordic countries was assessed. In two full-scale

AGS reactors with different seeding sludges, the start-up was associated with rapid changes in microbial

community composition in both, but only successful granulation in one. As a consequence, the non-

granulated reactor was eventually reseeded with biomass from the better granulated reactor. This resulted

in a convergence of the microbial communities in the two reactors with the maintenance of stable sludge

concentrations (6–8 g L−1) with large granules (50–80% with diameter >2 mm) and fast settling of biomass

(SVI30/SVI10 of 0.9–1). Immigration from the influent wastewater was a minor factor affecting the microbial

community once the granules had formed, while the seasonal variations in environmental factors were

identified as important. Key guilds of AOB (Nitrosomonas), NOB (mainly Ca. Nitrotoga), PAOs (mainly

Tetrasphaera), and GAOs (mainly Ca. Competibacter) varied considerably in abundance throughout the

study period. After 15 months, stable organic matter, nitrogen, and phosphorus removal were attained with

low effluent concentrations. During the start-up, the BOD7/N ratio, influent flow, and temperature were

important factors influencing the performance of the AGS.

1. Introduction

Aerobic granular sludge (AGS) is a biofilm process without
the need for carrier material that has proved to hold several
advantages in municipal wastewater treatment such as
simultaneous removal of carbon, nitrogen and phosphorus,
fast settling, small footprint, and low energy usage.1,2 For
example, full-scale AGS plants have been reported to have 25–
75% reduced footprints and 20–50% reduced energy usage
compared to similarly loaded conventional activated sludge
(CAS) plants.2,3 Resource recovery from the AGS process is
promising, including energy, biopolymers and struvite.4 AGS
reactors are operated as sequencing batch reactors (SBRs)
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Water impact

The aerobic granular sludge (AGS) technology allows for simultaneous removal of nitrogen, carbon, and phosphorus, as well as fast settling, all in one
reactor, which reduces energy demand and footprint. Little is yet known about AGS in full-scale, and no start-up studies have been made in countries with
low temperatures. This study increases the knowledge about the microbial community assembly in AGS, its start-up and operation at varying temperatures.
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with simultaneous plug-flow upward anaerobic feeding and
effluent withdrawal, followed by an aerobic mixed reaction
phase and settling.5 Today, more than 80 AGS plants treating
mainly municipal wastewater are operated around the world
under the tradename Nereda®.6 Operational results have
been reported from a few of these full-scale reactors, located
in Poland, the Netherlands, and South Africa.3,5,7–9 These
reactors generally show well-functioning removal of organic
matter, nitrogen and phosphorus under their local
conditions with, e.g., large temperature variations.

The start-up of AGS reactors is expected to be slower than
the corresponding CAS processes. The establishment of CAS
with biological phosphorus removal can take just a few
weeks,10 while the start-up of full-scale AGS takes a
considerably longer time.5,11 AGS reactors that are completely
seeded with AGS biomass can achieve biological nutrient
removal within a few weeks. During start-up, the granules
form, which is governed by selective settling and proliferation
of slow-growing microorganisms in the bottom-fed
reactors.12,13 Modelling of AGS has shown that selective
sludge wasting and selective feeding were the dominating
drivers for the granulation rate.11 However, the process is
intricate and the factors affecting granule size and microbial
composition are poorly understood.14–16 A large number of
studies on the microbial community structure and function
in AGS have been conducted in lab-scale reactors receiving
synthetic wastewater.17 The formation of granules during the
start-up of such reactors is generally associated with large
changes in community structure.18–23

It is yet unknown how the microbial communities
assemble during granule formation and steady-state
operation in full-scale reactors. In full-scale, several
important factors differ from the more investigated lab-scale
reactors. The feed composition of real wastewater, in terms
of the particulate and non-diffusible fractions of the organic
matter, influences the structure of the granules since the
microorganisms need to hydrolyse it to readily biodegradable
COD before it can be assimilated, which favours fast-growing
heterotrophic bacteria.9 Layer et al. found that the particulate
organic substrate promotes floc formation, smaller granules,
and slower settling properties.24 Hydrolysis of influent
wastewater might be beneficial for AGS, as it is considered
the rate-limiting step of conversion of substrates and
increases the bioavailability of the organic matter.25

The temperature variation is another such factor. From
studies on activated sludge, it has been shown that seasonal
temperature variation has a major impact on microbial
community dynamics.26,27 The temperature was found to be
one of the main drivers of community assembly in activated
sludge, with the hypothesis that low solids retention time
(SRT) in combination with low temperature may result in a
reduction of slow-growing microbes and therefore contribute
to seasonal shifts in the community.26 Whether this is valid
also for AGS with its biofilm growth mode is unknown.

A third factor typical for full-scale reactors is the
immigration of microorganisms from the influent

wastewater. In activated sludge, it has recently been
demonstrated that the microbial community is strongly
controlled by immigration.28 In full-scale AGS, Ali et al.
showed that the impact of immigration was larger on the
microbial community in the flocs than the granules.29 This
suggests that immigration and species sorting
(environmental and operational factors) affect flocs and
granules to varying extent. Hence, the importance of
immigration may even change in AGS during start-up when
the granules form from activated sludge flocs.

In the municipality of Strömstad in Sweden, an AGS
Nereda® plant was taken into commission at the Österröd
wastewater treatment plant (WWTP) in June 2018. The
location entails large seasonal variations in temperature,
wastewater flow, and loads of organic matter and nutrients.
In this study, we aim to identify patterns in the microbial
community succession underpinning the formation and
maintenance of AGS during the start-up of full-scale reactors.
We furthermore assess the function of the reactors at the
large seasonal variations.

2. Materials and methods
2.1. Description of the plant

The Österröd WWTP, Strömstad, Sweden (58°55′59.1″N 11°11′
48.8″E), was upgraded in 2017–2018 with an AGS plant and
primary settlers. After the upgrade, the existing CAS process
was renovated and extended to be operated in parallel with
the AGS plant. The capacity of the rebuilt WWTP is 30 000
population equivalents (P.E.) during the summer high season
and 15 000 P.E. during the rest of the year. The design flow is
600 m3 h−1 to the AGS and CAS, together. The AGS process,
consisting of two AGS reactors, was designed to treat 60% of
the flow, with the CAS treating the remaining 40%. However,
the AGS plant treated 100% of the flow when the CAS reactor
was renovated (October 2018 to June 2019). The influent
wastewater comes from a combined sewer system resulting
in increased inflow at rain events and sometimes also due to
seawater intrusion. There is also a large increase in the
organic- and nutrient load in the summer due to tourism. At
this location, the period from June to August is considered
summer, September to mid-November is autumn, then
follows winter until mid-March and April–May is the spring.
The targeted effluent concentrations (annual averages) from
the AGS reactors were 8 mg L−1 of BOD7, 10 mg L−1 of total
nitrogen (TN), 1.0 mg L−1 of total phosphorus (TP), and 20
mg L−1 of suspended solids (SS).

The influent wastewater enters inlet screens, an aerated
fat- and sand trap, primary settlers, biological treatment with
AGS (with associated influent and effluent buffer tanks) in
parallel with CAS (including a secondary settler), a
flocculation tank for the effluents of the AGS and CAS
(dosage of poly-aluminium chloride as precipitation
chemical), and a final settler (Fig. 1). A flocculation tank is
located prior to the pre-settlers (Fig. 1). The pre-settlers
consist of three parallel tanks; one feeding only the AGS, one
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feeding both the AGS and the CAS, and one solely used at
peak flows to prevent overflow. The pre-settlers were designed
for COD removal of 30%, based on expected loads, but the
actual COD removal was higher (40–50%). The sludge
treatment consists of storage tanks (partly aerated), a
mechanical sludge thickener, and a sludge screw press. The
reject water is pumped to the water line prior to the primary
settler. Septic sludge is sent to the sludge line.

2.2. The AGS reactors

Each AGS reactor (R1 and R2) has a volume of 758 m3 and a
depth of 7 m. The influent and effluent buffer tanks have
volumes of 340 m3 and 440 m3, respectively, and the buffer
tank for discharged sludge has a volume of 30 m3. The
reactors are equipped with sensors for temperature,
oxidation–reduction potential (ORP), dissolved oxygen (DO),
and nitrate. The reactors also have analysers taking samples
every ten minutes for measurement of ammonium and
phosphate concentrations (Endress Hauser). The water level
is tracked with an ultrasound sensor.

2.3. Sampling of water and sludge

Flow proportional water samples were collected from the
influent and effluent of R1 and R2. The flow proportional
sampling was out of operation in 2019 from April 1st to May
13th for the influent and from April 1st to July 22nd for the
effluent. At those occasions, grab samples were taken. The
sampling of sludge was done at the depths of 1.5 and 5 m
with a Ruttner sampler during the aerated reactor phase. The
samples from the two depths were mixed prior to analysis.

2.4. Influent wastewater characteristics

The composition of the influent wastewater, from July 2018
to September 2019, is shown in Table 1. The concentrations

of organic matter, phosphorus and ammonium were higher
in late spring and summer than in fall, winter, and early
spring (Table 1), which can be explained by summer tourism
and less rain in spring and summer. The concentration of
easily degradable organic matter (BOD7, soluble COD) in the
AGS plant was considered low. To increase it, and thereby
increase the BOD7/N-ratio to the design value (>3),
hydrolysis–fermentation was introduced in the pre-settler
tank by increasing the sludge level from August 31st, 2019
(Table 1).

2.5. Seed sludge and reactor operation

AGS R1 was seeded with activated sludge from a
neighbouring WWTP (Bodalen WWTP in the municipality of
Tanum, average load 3000 P.E.), an SBR plant with compact
and well-settling sludge (average SVI30 of 67 mL g−1 in
January to May 2018). AGS R2 was seeded with granules from
the AGS at the Simpelveld WWTP in the Netherlands (average
load 9000 P.E.).6 Both seeding sludges treated municipal
wastewater with enhanced biological nitrogen- and
phosphorus removal. The seeding was performed in June
2018 to a sludge concentration of 3.4 and 3.6 g L−1 for R1
and R2, respectively. Due to the low sludge concentration in
March 2019 (about 2.5 g L−1) and lack of nitrification, R1 was
reseeded with granules from R2. The temperature was at its
highest (about 20 °C) when the seeding was done, whereafter
the temperature decreased to 6 °C during the following six
months (Fig. 2).

A cycle in the AGS reactors starts with a fixed time for
simultaneous filling of influent wastewater and decanting of
effluent followed by sludge discharge. Then follows a reaction
phase consisting of a main aeration phase and sometimes a
pre-and/or post-denitrification phase. The cycle is terminated
by a settling phase with a fixed time. In the post-

Fig. 1 Simplified process scheme (not in scale) of the Österröd WWTP.
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denitrification phase, aeration in short pulses was applied to
mix the reactor content, since no mixers are installed in
Nereda reactors. With a fixed filling time, the exchange ratio
is dictated by the inflow. Typical exchange ratios were 35–
50% (Table 2). The total cycle time was decided by a model
(Aquasuite® Nereda controller) based on the predicted
inflow. The total cycle time, and as result, the hydraulic
retention time (HRT), were hence, shorter during wet weather
flow than during dry weather flow (Table S1†). The time of
the aerated phase is determined by the control system with
input from the online measurement of ammonium (the
aeration phase ended when 3–3.5 mg L−1 was reached). The
DO concentration was controlled by a set-point, typically set
at a higher value during the colder months (2.5–3 mg L−1)
than during the warmer months (1–2 mg L−1) to maintain
nitrification (Table 2).30

During the first three months, the strategy was to
gradually increase the up-flow velocity during filling and
decanting to promote fast-settling aggregates but avoid
excessive wash out of biomass. This strategy was followed
in R2, but not in R1, where the up-flow velocity had to be
decreased after six months when the biomass concentration
was critically low. After the reseeding in March 2019, the
up-flow velocity could eventually be increased also in R1
(Table 2).

2.6. Reactor loads

The specific loads of BOD7, total Kjeldahl nitrogen (TKN) and
TP were higher in R1 than R2 prior to the reseeding,
whereafter the loads became more similar (Fig. S1†). From
April 2019 onward, the specific loads of TKN and TP
decreased for both reactors, and the load of BOD7 remained
around 0.03 kg (kg VSS−1 d−1). Over the whole study period,
the average specific COD loads were 0.12 and 0.084 kg COD
(kg VSS−1 d−1) for R1 and R2, respectively, and the average
volumetric loads of COD were 0.41 and 0.43 (kg COD m−3

d−1). The mass load (kg d−1) of BOD7 and SS was generallyT
ab

le
1

C
o
m
p
o
si
ti
o
n
o
f
p
re
-s
et
tl
ed

w
as
te
w
at
er

fe
ed

in
g
th
e
A
G
S
re
ac

to
rs
,a

ve
ra
g
e
±
st
an

d
ar
d
d
ev

ia
ti
o
n
(n
),
w
h
er
e
n
is
th
e
n
u
m
b
er

o
f
sa
m
p
le
s

Pe
ri
od

C
on

ce
n
tr
at
io
n
(m

g
L−

1
)

R
at
io

B
O
D
7

C
O
D

So
lu
bl
e
C
O
D

T
P

T
N

T
K
N

N
H

4
+
-N

N
O
3
− -
N

SS
B
O
D
7
/T
K
N

B
O
D
7
/T
P

So
lu
bl
e
C
O
D
/C
O
D

Ju
l–
Se
p
20

18
14

1
±
74

(1
6)

31
2
±
12

7
(3
4)

17
0
±
88

(3
4)

5
±
2
(3
4)

48
±
17

(1
4)

47
±
17

(1
5)

41
±
17

(3
4)

0.
8
±
0.
7
(1
8)

78
±
33

(1
6)

3.
1
±
1.
2
(8
)

28
.7

±
11

.1
(8
)

0.
57

±
0.
12

(2
2)

O
ct
–D

ec
20

18
61

±
20

(2
4)

16
3
±
65

(3
6)

86
±
58

(3
6)

3
±
1
(3
7)

41
±
6
(9
)

31
±
10

(2
3)

24
±
8
(3
9)

2
±
1
(1
5)

69
±
26

(2
4)

2.
3
±
0.
94

(1
2)

16
.4

±
7.
8
(1
4)

0.
54

±
0.
16

(2
3)

Ja
n
–M

ar
20

19
54

±
29

(2
4)

13
1
±
59

(2
4)

64
±
21

(2
4)

3
±
1
(2
4)

0
29

±
12

(2
4)

23
±
10

(2
4)

0
59

±
29

(2
4)

1.
8
±
0.
54

(1
2)

20
.3

±
6.
0
(1
2)

0.
52

±
0.
08

3
(1
2)

A
pr
–J
un

20
19

97
±
34

(2
4)

23
8
±
64

(2
4)

10
7
±
24

(2
4)

5
±
1
(2
4)

49
±
7
(1
2)

48
±
8
(2
4)

40
±
6
(2
4)

38
±
14

(1
8)

78
±
26

(2
4)

2
±
0.
64

(1
2)

19
.6

±
5.
32

(1
2)

0.
46

±
0.
06

3
(1
2)

Ju
l–
Se
p
20

19
12

4
±
44

(1
4)

26
1
±
56

(1
4)

11
7
±
30

(1
4)

5
±
2
(1
4)

53
±
19

(1
4)

52
±
19

(1
4)

41
±
14

(1
4)

0.
1
±
0.
02

(1
4)

78
±
30

(1
4)

2.
5
±
0.
66

(1
4)

27
.0

±
3.
9
(1
4)

0.
45

±
0.
07

1
(1
4)

O
ct

20
19

11
5
±
48

(4
)

23
0
±
10

6
(4
)

86
±
21

(4
)

3
±
1
(4
)

23
±
12

(4
)

23
±
12

(4
)

18
±
9
(4
)

0.
1
±
0
(4
)

99
±
21

(4
)

5.
2
±
0.
49

(4
)

45
.4

±
6.
6
(4
)

0.
42

±
0.
15

(4
)

Fig. 2 Temperature, daily average cycle time and daily average DO
concentration for R1 and R2.
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lower than the design values (Fig. S2, Table S2†), while for
TKN and TP it was often higher (Fig. S2, Table S2†).

2.7. Technical challenges

One main challenge during the start-up was the
disconnection of the CAS plant from October 2018 to July
2019. This resulted in flow- and mass load exceeding the
designed values of the AGS plant. A leaking valve also
resulted in a loss of sludge from R1, probably from the early
start-up until August 21st, 2019. See the ESI† for a summary
of technical start-up experiences.

2.8. Analyses of water and sludge

Analyses of BOD7, COD, ammonium, nitrate, nitrite, TKN,
TN, phosphate and TP were performed on influent and
effluent samples according to standard methods.31 Soluble
COD was determined after filtration through 0.45 μm pore
size filters.

The sludge properties were measured according to
standard methods with analyses of mixed liquor suspended
solids (MLSS), volatile suspended solids (VSS), total solids
(TS), volatile solids (VS) and sludge volume index (SVI) after
10 and 30 minutes.31 The size distribution of the sludge and
granules was determined by sieving one litre of sludge
through a series of sieves with pore sizes of 2, 1.4, 0.6, 0.4
and 0.2 mm. The washed sample remaining on each sieve
was dried at 105 °C. The fraction <0.2 mm was calculated by
subtracting the sum of the sieved samples from the TS. The
sludge samples were examined monthly by light microscopy
(Olympus BX53) with micrographs taken by a digital camera
(Olympus DP11).

2.9. Microbial community analysis

2.9.1. DNA extraction, PCR, amplicon sequencing, and
data analysis. A total of 24 samples of biomass from each
reactor, six grab samples of influent- and 12 samples of

effluent biomass were investigated by amplicon sequencing.
Reactor biomass was collected by centrifugation (3000 × g, 5
min) of 15 mL sludge, while influent and effluent biomass
was collected on sterile membranes (0.2 μm, Sartorius Stedim
Biotech). Sludge pellets and membranes were stored at −20
°C. Prior to DNA extraction, thawed sludge pellets were
homogenised using a BagMixer 100 Minimix (Interscience)
for six minutes. DNA was extracted from 350 μL of
homogenised sludge and membranes using the FastDNA spin
kit for soil (MP Biomedicals).

The V4 region of the 16S rRNA gene was amplified by PCR
using the primers 515′F and 806R, to cover both bacteria and
archaea.32,33 Sequencing was conducted on a MiSeq (2 × 300)
using reagent kit V3 (Illumina) resulting in 89 649 to 688 416
sequence reads per sample. See the ESI† (supplementary
details on amplicon sequencing) for details on DNA
extraction, PCR, purification, quality control and sequencing.
Sequence processing and generation of count tables with
amplicon sequence variants (ASVs) were carried out using
two independent pipelines; DADA2 v.1.16 (ref. 34) and
VSEARCH v.2.13.1.35 A consensus count table of ASVs from
the two pipelines was generated in qdiv.36 The count table
was rarefied to the lowest number of reads (65 984) using
subsampling without replacement. Taxonomy was assigned
with SINTAX37 within VSEARCH using the Silva database
v.132.38 Data visualisation and multivariate statistics were
conducted in qdiv, as well as the packages vegan39 and
phyloseq40 in R (https://www.r-project.org/). Raw sequence
reads are deposited at the NCBI sequence read archives (SRA)
accession PRJNA856974.

2.9.2. Fluorescence in situ hybridisation (FISH) and
confocal microscopy. FISH on cryosections of granules was
carried out as previously described.20 Briefly, granules fixed
in 4% paraformaldehyde (Gram-negative bacteria) or ethanol
(Gram-positive bacteria) were embedded in O.C.T compound
(VWR) and sliced in 20 μm cryosections. FISH was conducted
with FAM-, Cy3- and Cy5-labelled probes (Eurofins Genomics,

Table 2 Operational parameters of the AGS reactors, average ± standard deviation, n is the number of samples

R1
Temp
(°C)

Flow
(m3 d−1)

DO
(mg L−1)

Cycle
time (h) HRT (h)

Upflow
velocity
(m h−1)

Exchange
ratio n

Jul–Sep 2018 17.4 ± 1.1 1190 ± 429 1.7 ± 0.5 6.2 ± 1.0 14.4 ± 5.2 3.1 ± 0.3 0.43 ± 0.04 34
Oct–Dec 2018a 12.8 ± 2.3 1975 ± 459 2.1 ± 0.4 4 ± 0.9 9.6 ± 1.9 3.1 ± 0.4 0.40 ± 0.06 92
Jan–Mar 2019a 8.4 ± 0.9 2069 ± 611 2.9 ± 0.2 2.6 ± 0.9 10.2 ± 2.9 2.3 ± 0.4 0.31 ± 0.06 90
Apr–Jun 2019a 13.9 ± 2.2 1441 ± 247 2.5 ± 0.9 4.7 ± 0.6 12.3 ± 2.2 3.1 ± 0.4 0.38 ± 0.08 88
Jul–Sep 2019 18.4 ± 1.2 1362 ± 320 1.5 ± 0.3 5.6 ± 0.3 15.2 ± 4.3 3.4 ± 0.0 0.37 ± 0.07 92
Oct 2019 14.2 ± 1.0 1389 ± 542 1.7 ± 0.4 5.7 ± 0.8 13.7 ± 4.9 3.4 ± 0.0 0.43 ± 0.07 30

R2

Jul–Sep 2018 17.4 ± 1.1 1189 ± 448 1.5 ± 0.7 6.2 ± 1.1 14.9 ± 8.2 3.1 ± 0.6 0.43 ± 0.04 34
Oct–Dec 2018a 12.8 ± 2.3 2144 ± 664 2.0 ± 0.4 3.9 ± 0.8 9.3 ± 2.3 3.4 ± 0.0 0.42 ± 0.08 92
Jan–Mar 2019a 8.4 ± 0.9 2595 ± 959 2.6 ± 0.6 3.1 ± 0.9 9.1 ± 3.7 3.4 ± 0.2 0.38 ± 0.09 90
Apr–Jun 2019a 13.9 ± 2.2 1521 ± 287 2.1 ± 0.6 4.6 ± 0.7 12.5 ± 3.1 3.4 ± 0.2 0.38 ± 0.10 88
Jul–Sep 2019 18.4 ± 1.2 1333 ± 313 1.5 ± 0.3 5.6 ± 1.3 15.1 ± 3.7 3.4 ± 0.0 0.37 ± 0.08 92
Oct 2019 14.2 ± 1.0 1500 ± 575 1.9 ± 0.8 5.7 ± 1.7 13.2 ± 4.5 3.4 ± 0.1 0.43 ± 0.07 30

a Period when the CAS was out of operation.
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Germany) (Table S3†) and SYTO40 counterstaining
(ThermoFisher). DAPI (ThermoFisher) was used to
simultaneously target poly-P granules, with emissions above
530 nm targeting poly-P.41 Slides were mounted with Prolong
Glass Antifade Mountant (ThermoFisher). Confocal
microscopy was carried out using a Zeiss LSM700 (Carl Zeiss,
Germany) with a 40×/1.3 apochromatic objective using 405,
488, 555 and 639 nm laser lines in frame mode with
averaging = 4 and pinhole size equivalent to 1 AU at 639 nm.
Large pictures were acquired with the tile function of the
ZEN software and were reconstructed with Fiji42 using the
Grid/Collection Stitching plugin.43

3. Results
3.1. Sludge characteristics

In R1, which was seeded with activated sludge, small and
irregularly shaped granules with finger-like outgrowths were
observed already in August 2018 and remained like that
during autumn and winter, whereas in R2, seeded with
granular sludge, large, compact and mostly spherical
granules were observed throughout the start-up period (Fig.
S3†). The sludge volume index (SVI30) remained higher for R1
(around 70–150 mL g−1) than R2 (around 50–80 mL g−1)
during the start-up (Fig. 3B). The sludge concentration in R2
increased to around 8 g L−1 during the first five months of
operation whereas, in R1, the sludge concentration remained

at 2–3 g L−1 (Fig. 3A). Reseeding with granular sludge from
R2 (well-mixed reactor content, 8 g L−1) to R1 was carried out
in March 2019 to improve sludge characteristics and reactor
performance. This resulted in an increase in the sludge
concentration from 2.5 g L−1 to 4 g L−1 in R1, whereas it
decreased in R2 from around 8 to 6 g L−1 (Fig. 3A). From
April 2019 both reactors had stable values of SVI30
(approximately 50 mL g−1) and the ratio between SVI30 and
SVI10 was generally close to 1, indicating quick settling of
well-granulated sludge (Fig. S4†).

The biomass size distribution developed differently in R1
and R2 (Fig. 3D and E). In R2, the biomass aggregates
gradually increased in size, with granules >2 mm dominating
after eight months of operation. Also in R1, the biomass
aggregates increased in size during the first months, but the
process was slow and larger granules (>1.4 mm) were few
until after reseeding. From May 2019 onward, granules
exceeding 2 mm dominated also in R1. The percentage of the
biomass consisting of flocs (<0.2 mm) fluctuated for both
reactors and was 40 ± 20% and 21 ± 17% for R1 and R2,
respectively. In R1, the floc fraction decreased to the level in
R2 after the reseeding.

The concentration of suspended solids in the effluent was
generally below 20 mg L−1 (Fig. 3C). The suspended solids in
the effluent represent the fraction of the biomass with a
lower settling velocity than the feeding up-flow velocity of
2.3–3.4 m h−1 (Table 2).

Fig. 3 A) The concentration of MLSS and B) SVI30 for R1 and R2. The dashed line marks the reseeding of R1. C) The concentration of suspended
solids in the effluent, horizontal dashed line marks the effluent limit of 20 mg SS per L. The size distribution of the biomass (TS) in R1 (D) and R2 (E).
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3.2. Microbial community diversity and succession

The microbial community of the biomass in the reactors
(both floccular and granular sludge), the pre-settled influent
and the effluent of the AGS was investigated by amplicon
sequencing, covering the study period of 490 days. Diversity
was measured as Hill numbers with diversity order q.44 At q =
0, all amplicon sequence variants (ASVs) are given equal
weight irrespective of their relative abundances and the alpha
diversity is identical to the richness, i.e., the number of ASVs
detected in a sample. At q = 1, the relative abundances of
ASVs are taken into account, and the diversity can be
interpreted as the number of “common” ASVs. The Hill
number framework was also used to measure dissimilarity
(qd) between communities.45

The diversity within samples (alpha diversity) was similar
in both reactors with an observed richness (q = 0) in the
order of 1000 ASVs (Fig. 4A). Alpha diversity varied more
pronouncedly at q = 0 than q = 1 with a slight increase in
diversity at the end of the study period (q = 0). Furthermore,
the microbial communities in the reactors were more
diverse than the influent (higher community richness) ( p <

0.05) and effluent ( p < 0.05) communities (Fig. S5†) for
both q = 1 and q = 0, except for R1 compared to its effluent
(q = 0, p = 0.06).

The microbial community composition was dynamic over
time. The rate of change of the microbial communities,
calculated as dissimilarity (q = 1) divided by the time elapsed
between consecutive samples, decreased notably during the
first months of operation, and R2 reached a stable rate of
change more quickly than R1. Thereafter, the microbial
communities in the two reactors changed at the same rate
(Fig. S6†). With q = 0, similar but less clear patterns were
observed (Fig. S6†).

The microbial communities in the two reactors clearly
separated (x-axis) and changed over time (y-axis) as can be
seen from the principal coordinate analysis (q = 1, Fig. 4B).
R1 slightly converged with R2 already before the reseeding,
and after the reseeding, the two reactors became highly
similar.

The periodicity of the microbial community composition
was assessed as dissimilarity (q = 1) as a function of the time
gap between samples in R2, averaging over ten values in a
moving window. The average dissimilarity increased up to a

Fig. 4 A) Alpha diversity of the microbial communities in the biomass over time. The dashed line marks the reseeding. B) PCoA ordination (q = 1)
of the biomass microbial communities in R1 and R2. The star marks the reseeding, x-axis PC1 (21.3%) and y-axis PC2 (17.2%). C) Dissimilarity (q = 1)
as a function of the time gap between biomass microbial communities in R2. Each point represents a moving window average of 10 samples, error
bars show the standard deviation. D) Boxplot of pairwise dissimilarities (q = 1). From left to right: dissimilarities between R1 versus R2 pre reseeding,
R1 versus R2 post reseeding, reactors (R1 and R2) versus influent, reactors (R1 and R2) versus effluent, and influent versus effluent. In the boxplot,
centre line: median, box limits: upper and lower quartiles, whiskers: minimum and maximum.
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time gap of about 200 days and decreased again with a longer
time gap until a new minimum was reached after about 350
days (Fig. 4C). This indicates that the communities were
more similar after 350 days than after 200 days.

Pairwise dissimilarities (q = 1) between sample types
highlighted the similar reactor community composition after
reseeding (Fig. 4D). A somewhat lower similarity was
observed with q = 0 (Fig. S7†), indicating that rare taxa
contributed to the dissimilarity between the reactors.
Compared with the microbial community in the influent, the
reactor biomass was highly dissimilar (Fig. 4D). It was also
evident that the effluent microbiome differed from the
reactor biomass, although to a lesser extent (Fig. 4D).

The relative abundances of the main phylogenetic classes
and the 20 most abundant genera in R1 and R2 are shown in
Fig. S8 and S9.† No dramatic shifts were observed at the class
level over time and between the reactors, while considerable
dynamics were observed at the genus level. It was for
instance demonstrated how some community members were
washed out from the reactors quickly after start-up (e.g., ASV5
and ASV56 within Bacteroidota and Chloroflexi, respectively)

and how reseeding of R1 altered the abundance of
Tetrasphaera and Ca. Competibacter (Fig. S8†) as well as
Trichococcus and Ca. Microthrix (Fig. S10†).

Within the functional groups of putative polyphosphate-
accumulating organisms (PAOs), glycogen-accumulating
organisms (GAOs), ammonia-oxidizing bacteria (AOB), and
nitrite-oxidizing bacteria (NOB), each genus harboured
several ASVs. These ASVs had dynamic relative abundances
over time in the reactor microbial communities (Fig. 5). Some
of the ASVs showed similar dynamics within the same genus,
for example within Ca. Nitrotoga and Tetrasphaera. The
relative abundance of all ASVs within the functional groups
of putative PAOs, GAOs, AOB and NOB also varied over time
and between reactors (Fig. S11†). For instance, putative PAOs
(i.e., Tetrasphaera, Dechloromonas, Ca. Accumulibacter) and
GAOs (i.e., Ca. Competibacter, Propionivibrio) were especially
low in R1 before the reseeding. As a result of the limited
granulation and slow settling in R1 (Fig. 3B and D), the
biomass would not be primarily located at the reactor bottom
during anaerobic feeding where the exposure to easily
available organic matter would be the highest, which likely

Fig. 5 Dynamics within genera (different ASVs of the same genus) in relative abundance over time in R1 and R2.
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prevented the growth of PAOs and GAOs. The highest relative
abundance of putative PAOs in both reactors was found in
the spring and summer of 2019. Although the functional
groups varied in abundance over the year, there was no clear
correlation with water temperature for any of the groups (Fig.
S12 and S13†).

3.3. Localisation of functional groups in the granules

The localisation of different microbial groups in randomly
selected granules was evaluated by FISH on cryosections of
entire granules. AOB within Nitrosomonas and NOB within
Ca. Nitrotoga tended to be located close to the surface with
some colonies detected deeper inside the granule (Fig. S14A
and B†). Filamentous bacteria within Trichococcus were
detected in R1 (December 2018), throughout the entire small
granule (Fig. S14C and D†). Likewise, putative PAOs within
Tetrasphaera and Ca. Accumulibacter (Fig. S15†) were
detected in the whole section of a mature granule (R2),
whereas GAOs within Ca. Competibacter were mainly located
in the inner granule parts. Of the PAOs, a positive signal for
poly-P storage was observed for Tetrasphaera (Fig. S15E†). In
addition, the innermost core of many of the larger granules
had voids empty of cells, exemplified in Fig. S15C.†

3.4. Process performance at various operational conditions

The concentration profiles of ammonium, nitrate, phosphate
and DO in R1 (October 2019) represent reactor performance
when effluent compliances were met (Fig. 6A). First after that
the aeration has started and the reactor content becomes
mixed, will the concentration peaks appear in the online
data. The concentrations of ammonium and phosphate were
decreasing during the main aeration, while the concentration
of nitrate increased as a result of the nitrification. Nitrate
was partly removed in the aeration phase by simultaneous
nitrification–denitrification (SND). In the following phase
with pulse aeration, the nitrate decreased via denitrification.
In this cycle, the phosphorus release was comparably small,
and the aeration time was sufficient to reach close to 0 mg

PO4
3−-P per L (Fig. 6B). However, in previous periods

(summer 2019), suboptimal removal was sometimes observed
when the rates of phosphorus uptake slowed down before the
end of the aeration phase and stopped at phosphate
concentrations similar to in the influent (Fig. S16†). A large
fraction of the soluble COD was taken up at the beginning of
the cycle, as estimated by the concentration in the influent,
samples taken five minutes into the aeration phase, and the
effluent (Fig. S17†).

Average effluent concentrations from the AGS plant are
summarized in Table S4.† The effluent BOD7 was mainly
particle-bound with fluctuating concentrations at an average
of <8 mg L−1 (Fig. 7A). Total COD was removed to an average
effluent concentration of 50.1 ± 21.1 mg L−1 (Table S4†). The
nitrification worked relatively well when the CAS was in
operation, but large fluctuations occurred when it was not
and the AGS plant received the entire incoming flow causing
short cycle times (Fig. 7B). The effluent concentrations of
phosphate and TP varied considerably and were often high

Fig. 6 A) Cycle concentrations of ammonium, phosphate (online analysers), nitrate and DO (online sensors) together with feed flow in R1, 13th of
October 2019. B) Insert showing phosphate and DO concentrations at higher resolution.

Fig. 7 Effluent concentration from R1 and R2. A) BOD7, B) NH4
+-N, C)

PO4
3−-P, and D) NO3

−-N. The shaded box represents the time when
the CAS was taken out of operation. The dashed blue line marks the
beginning of hydrolysis–fermentation in the pre-settler.
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until October 2019 when phosphate concentrations were
stable at around 0.03 mg P per L (Fig. 7C and S18†).
Furthermore, incomplete denitrification resulted in periods
with high nitrate concentrations in the effluent until October
2019 when effluent nitrate concentrations were stable below
5 mg N per L (Fig. 7D).

The specific nitrification rates were low for both reactors
at the end of January and February 2019 and then increased
during spring with a peak in the summer (Fig. S19†). R1 had
higher specific nitrification rates than R2 at the beginning of
the study; during this time the lower MLSS concentration in
R1 was not limiting the performance (Fig. S19†). Over the
entire study period, the applied loads of ammonium matched
the conversion rates fairly well, except from November 2018
to April 2019 when the CAS was out of operation and the
applied loads (above design capacity) exceeded the
conversion rates (Fig. S20†). The nitrification rates in both
reactors were the highest in the warmer months of the
second summer (July and August 2019, Fig. S21†). The
corresponding post-denitrification rates also peaked in this
period, especially in R1 (Fig. S21†).

4. Discussion

The formation and maintenance of AGS in two full-scale
reactors during seasonal fluctuations of nutrient
concentrations, flow and temperature were investigated. The
reactors were started up with different seeding sludges and
the factors that shape the granules in terms of microbial
community assembly, spatial organisation and functional
performance were assessed and connected to treatment
performance.

4.1. Granulation

R1 was seeded with activated sludge and R2 with aerobic
granules, both types of inocula were taken from well-
performing plants with biological removal of organic
material, nitrogen, and phosphorus. In R1, granulation was
slow and did not result in biomass with large and fast-
settling granules, while granulation was maintained in R2
with a gradual increase in granule size (Fig. 3). R1 was
reseeded with granules from R2, and the MLSS
concentrations increased to similar concentrations as in R2
after a few weeks. At the same time, the SVI30 decreased to
around 50 g mL−1 and the fraction of larger granules (>1.4
mm) increased. In R2, the granule/sludge bed settled below
the sludge discharge outtake, creating a selection for dense
granules early on. Although several environmental factors
influence the granulation process,46,47 the selective removal
of the floccular fraction is key to granulation.48 Since R1
contained large fractions of floccular sludge and small
granules prior to reseeding, the sludge discharge resulted in
incomplete removal of the floccular fraction as well as the
removal of small granules, which occurred frequently (every
cycle) due to the short cycle times. This in combination with
the low sludge concentration and a leaking valve for sludge

discharge resulted in a low SRT, which prevented growth of
slow-growing microorganisms needed for the granulation.12

The recurrent removal of small granules formed in R1
through the leaking valve, probably also contributed to the
lack of increase in granule size. Furthermore, the lower up-
flow velocity during the simultaneous filling and decanting
in R1 (Table 2) likely allowed for more flocs to stay in the
reactor. In addition, the low temperatures during winter
slowed down the microbial growth rate and thereby worsened
the conditions for granulation. Despite the troublesome start-
up of R1, we believe that start-up of AGS from activated
sludge would be possible under conditions similar to those
at the Österröd WWTP, with careful operation using the
experience of documented start-ups, like this one. Both
surplus granular sludge and floccular activated sludge have
been applied as seeding biomass in full-scale and pilot-scale
studies applying real wastewater,5,7,49 and lab-scale studies
have shown that granules can form even at temperatures as
low as 7 °C.50 One important aspect that characterises the
Österröd start-up and contributed to the problems with
granulation from activated sludge (R1) was the lack of
flexibility. When the CAS was out of operation, there was no
possibility to adjust the flow, and there was also very little
flexibility in the operation of the sludge discharge. When
seeded with surplus sludge (almost without granules) from
an existing AGS plant, the biomass concentration can reach
8–10 g L−1 after approximately nine months, but after a much
shorter time (ca. three months) the flow- and treatment
capacity can be reached.5 At the Österröd AGS plant, the
biomass concentration stabilized at 6–8 g L−1 (Fig. 3A).

Granules with irregular and sometimes filamentous
outgrowths were frequent in both R1 and R2 (Fig. S3†). This
granule morphology can be caused by high concentrations of
particulate organic matter and may affect the settling
properties.24,51 Towards the end of the study period, most of
the granules were large (>2 mm in diameter, Fig. 3D and E),
but the reactors also contained fractions of floccular biomass
(around 20%). Floccular biomass can originate from eroded
granular fragments but also from suspended growth.52,53

Probably, the complex organic matter in the influent was not
entirely hydrolysed and consumed in the anaerobic phase,
but also supported the growth of heterotrophic bacteria in
the floccular and granular sludge during the subsequent
aerobic phase. Several genera of heterotrophic bacteria were
indeed detected in the biomass samples. In R1, filamentous
Trichococcus (fermentative and able to denitrify) and Ca.
Microthrix (consume long-chain fatty acids) were highly
abundant with peaks during the winter and spring.
Terrimonas, which is an aerobic heterotroph, was also
abundant in both reactors throughout the study period.54

The location of Trichococcus, evenly distributed in a small
granule from R1, also suggests that organic carbon was
available in the inner parts of the granules (Fig. S14C and
D†). It was furthermore observed that in R1, Trichococcus and
Ca. Microthrix decreased in abundance after reseeding with a
concurrent increase in abundance of PAOs and GAOs (Fig.
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S10†), improved SVI and formation of large granules (Fig. 3),
supporting the importance of guilds capable of anaerobic
storage of COD for the granulation.12 In particular, PAOs will
contribute to granule formation due to their mode of growth
that forms dense, compact and fast-settling aggregates.14 It
has also previously been observed that the abundances of
functional groups responsible for nitrogen and phosphorus
removal were positively correlated with an increase in
microbial aggregate size in full-scale AGS.29

4.2. Community succession and diversity

4.2.1. Alpha diversity was similar between the reactors and
over time. Alpha diversity was similar in R1 and R2 with
limited changes over time (Fig. 4A) despite the considerable
differences in granulation with small sludge-like aggregates
in R1 and considerably large granules in R2 in the first phase
of the study period. Microbial biofilms, such as granules, are
generally assumed to harbour highly diverse communities
due to the many niches available.55 However, activated sludge
communities are also highly diverse,56 which may explain the
lack of differences in alpha diversity over time and between
the reactors as the granules formed. This also supports
previous findings of comparable richness between AGS and
activated sludge communities.57

4.2.2. Mass immigration had limited importance for the
AGS community composition. The influent microbial
community had lower alpha diversity than the reactor
community (Fig. 4A and S5†), which could be explained by
the larger variety of microhabitats in the reactor biomass.

The microbial communities in the reactors were highly
different in composition from the communities in the
influent wastewater (Fig. 4D). This suggests that mass flow
immigration was not a key factor in shaping the microbial
community in the reactors. Instead, the reactor communities
were likely more influenced by environmental and
operational factors. In AGS, species sorting, as opposed to
immigration, seems to be the main controlling mechanism
for the microbial community assembly.29 This is different to
activated sludge, where mass-immigration has been observed
to be a major determinant for the assembly of microbial
communities.28 Likely, the biofilm growth mode and long
SRT for the large fraction of granules lead to species sorting
as the dominant mechanism shaping the microbial
community in AGS. The SRT in full-scale AGS varies greatly
depending on biomass configuration, ranging from 6.2 ± 2.2
days in the floccular sludge to 142 ± 14.9 days for the large
granules (>1.0 mm).29 Hence, one calculated value of average
SRT would not sufficiently describe a full-scale AGS reactor.

4.2.3. The AGS community composition was dynamic over
time. The microbial community composition changed over
time in both reactors with a higher rate in the early phases,
but with continuous changes throughout the study period
(Fig. 4B and S6†). Interestingly, the rate of change was
similar in R1 and R2, both before and after the reseeding
(Fig. S8†), suggesting that the seed of AGS and activated

sludge were adapting to the local environment at the same
rate. When R1 was reseeded with biomass from R2, the
communities of the two reactors converged (Fig. 4B) with
only minor dissimilarities among the reactors in the later
stages of the study period (Fig. 4D).

The dissimilarity as a function of time gap between
samples in R2 (not subjected to reseeding) reached a
maximum between samples taken around half a year apart, a
local minimum between samples taken one year apart, and
thereafter increased at an even longer time gap (Fig. 4C). This
indicates seasonal periodicity of the AGS communities, even
though a part of the dynamics over time was permanent as
the microbial community composition diverged from the
seed (Fig. 4B). Seasonal factors at the Österröd AGS plant
include temperature, a summer tourist season with increased
loads of nutrients, rainy periods with high flows in autumn
and winter, and sometimes snowmelt in early spring
resulting in higher flows and temperature drops. Nutrient
concentrations and temperature have been found to play key
roles in the microbial community assembly of AGS,23,58 and
were likely involved in the observed seasonal pattern.
Seasonal variability has also been identified as an important
factor shaping activated sludge communities.26,27,59 Seasonal
patterns may even affect the flocs and granules in a full-scale
AGS plant at varying extent. The lower SRT of flocs than
granules possibly make the floccular communities more
susceptible to the seasonal variability in environmental
factors. Hence, for a comprehensive understanding of the
impact of seasonality on the AGS microbial community,
granular and floccular biomass would need to be investigated
separately over an even longer period.

4.3. Process performance and microbial community
dynamics

4.3.1. Suspended solids in the effluent were low. The
suspended solid concentration in the effluent from the
Österröd AGS reactors was low, on average 10.6 (±5.3) mg L−1.
Effluent suspended solids concentrations from full-scale AGS
plants range from 5 to 20 mg L−1.60 Mitigation methods to
decrease effluent suspended solids from the AGS process
include nitrogen stripping and scum baffles to decrease the
rising of lighter biomass.61 Such measures were implemented
at the Österröd AGS plant and likely contributed to the
comparably low effluent suspended solids concentrations.

The microbial community in the effluent was different
from the reactor biomass, but even more dissimilar to the
influent community (Fig. 4D). The suspended solids in the
effluent probably originated from the shearing of the outer
layers of the granules and flocs to a large extent, resulting in
an effluent composition reflecting the surface composition of
granules,52 although growth in suspension likely also
contributed to the SS.

4.3.2. Organic matter removal was efficient. The effluent
BOD7 concentrations were low compared to other full-scale
AGS plants, on average 6.5 (±2.9) mg L−1 (Fig. 7A). For
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example, effluent concentrations of BOD5 were around 10–
20 mg L−1 at two other AGS plants.5,8 One possible
explanation for the comparably low BOD7 values here may
have been the pre-settling, which was not implemented at
the plants in the other studies. The soluble COD was
mainly removed at the beginning of the cycle, which
supports the findings of abundant PAO- and GAO
communities in the reactors, as they are storing carbon
anaerobically (the feeding phase of the cycle). Since little
soluble COD was removed in the aeration phase, the
denitrification was to a large extent dependent on internally
stored organic carbon by denitrifying PAOs and GAOs and
on endogenous carbon use. The genera of PAOs
(Tetrasphaera, Ca. Accumulibacter and Dechloromonas) and
GAOs (Ca. Competibacter) detected in the reactors indeed
contains several clades capable of denitrification.62–65

4.3.3. Establishment of nitrogen removal was challenging.
Both reactors performed nitrification from the start, which
shows that both seeding sludges had active nitrifying
communities. Nitrification declined in the period from
November 2018 to April/May 2019 (Fig. 7B), which coincides
with the disconnection of the CAS and a particularly low
abundance of AOB (Nitrosomonas) in R1 (Fig. S11†). However,
the relative abundances of AOB were low throughout the
study period in both reactors. Among NOB, Ca. Nitrotoga was
mainly detected with smaller populations of Nitrospira,
declining from November onward (Fig. 5). The detected
Nitrospira may be complete ammonia oxidisers (Comammox),
and hence compete with the AOB.66 Ca. Nitrotoga is well-
adapted to low temperatures and has previously been
detected in many temperate- and cold-water WWTPs.67,68 The
temperature preferences of Ca. Nitrotoga may have
contributed to its dynamics over time, with peaks in the
winter periods (Fig. 5). The low temperatures, very short cycle
times and high nutrient loads (over design capacity) in winter
and spring (Fig. 2 and S2†) likely decreased the activity of
AOB and NOB and caused elevated effluent ammonium
concentrations. Furthermore, the relative abundance of
filamentous heterotrophic bacteria (Ca. Microthrix and
Trichococcus) increased in R1 in the winter (Fig. S10†). They
probably competed for space and dissolved oxygen with the
AOB and NOB, as indicated by the localization of Trichococcus
at the granule surface, as well as in its interior (Fig. S14C†),
and may thereby have contributed to the limited nitrification.
When the temperature exceeded 13 °C, from May onward,
the cycle times were longer (Fig. 2), and the influent nitrogen
concentration increased (Table 1). This provided better
conditions for the AOB and NOB, and nitrification increased
with effluent concentrations below 5 mg NH4

+-N per L.
The abundance and activity of nitrifiers were not clearly

correlated in the two reactors (data not shown) and
abundances were often low (Fig. 5). Efficient nitrification
despite low abundances of AOB and NOB has previously been
observed in AGS as well as activated sludge.20,59 Furthermore,
actively growing AOB and NOB populations within
Nitrosomonas, Ca. Nitrotoga and Nitrobacter have been

observed during seasonal nitrification failure, presumably
explained by metabolic flexibility.59

The reactors performed denitrification with an average
nitrate effluent concentration of 8.8 ± 7.6 mg L−1 from the
AGS plant (Table S3†). Denitrification was suboptimal in the
spring of 2019 with a distinct peak in effluent nitrate
concentrations from both reactors. From online
measurements within a cycle (see Fig. 6 for an example) it
was clear that nitrate accumulated as a result of nitrification
in the aerated reaction phase. Some nitrate was reduced via
SND in the aeration phase, possibly by denitrifying PAOs and
GAOs using stored organic carbon, since the concentration
peak of nitrate was consistently lower than the peak of
ammonium. But this assessment is not straightforward. The
actual ammonium concentrations may have been
underestimated by the online analysers due to ammonium
adsorption to the biomass,69 which would lead an
underestimation of the SND. On the other hand, some
ammonium was also consumed by assimilation. Within the
cycles, complete reduction of nitrate was delayed until the
oxygen level dropped, suggesting limited SND. This supports
a recent comprehensive modelling study of AGS systems
treating municipal wastewater, showing that SND is limited
by the anoxic volumes within the granules and the
availability of electron donors,70 probably due to insufficient
concentrations of volatile fatty acids (VFA) in the influent. A
low concentration of VFA would result in a small penetration
depth and thus that only a minor fraction of the microbial
community will be exposed, which would limit the
denitrification capacity. Higher denitrification rates were
furthermore not necessarily correlated with lower effluent
concentrations (Fig. S21 and S22†), as high rates often
coincided with short cycle times. The effluent concentration
of nitrate decreased drastically from August 2019 (Fig. 7D). At
that time, the nitrogen load to the AGS decreased due to the
commission of the CAS reactor (Fig. S2†), and the cycle times
increased (Table 2), resulting in more time for denitrification
after the aeration phase. Furthermore, primary sludge
hydrolysis started at the WWTP at the end of August 2019 by
increasing the sludge level in the primary settlers. This
correlated with increased BOD/N-ratio (Table 1) and
presumably also increased bioavailability of the organic
matter, even though no substantial difference in
concentrations of dissolved COD could be detected.
Interestingly, the abundance of Rhodoferax increased
remarkably in both reactors in this period (Fig. S8†), possibly
reflecting a preference for easily biodegradable organic
matter. Rhodoferax has previously been characterised as a
core denitrifier in activated sludge capable of acetate
utilisation under anoxic conditions.71

4.3.4. PAOs were the most abundant guild. The microbial
community harboured many PAOs, with Tetrasphaera being
the most abundant taxa over the entire period (Fig. 5).
Tetrasphaera has been observed as the principal PAO in
several WWTPs treating municipal wastewater.72 It is
fermentative and thereby able to use a broad range of
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substrates, besides VFA, and can grow anaerobically.73 The
abundance of Tetrasphaera likely reflects the influent
composition, where the concentrations of VFA were low
(around 20 mg L−1, data not shown). Besides Tetrasphaera,
PAOs within Ca. Accumulibacter and Dechloromonas were
present in both reactors. GAOs within Ca. Competibacter and
Propionivibrio were also detected in the reactors at varying
abundances (Fig. 5). Interestingly, the detected genera of
PAOs and GAOs were the same as the ones found at the AGS
at Garmerwolde WWTP in the Netherlands25 indicating high
similarity among these guilds across AGS plants.

The fluctuating phosphate concentration in the effluent
from both reactors indicated limited phosphorus uptake
during the first year (Fig. 7C). This was likely caused by a lack
of organic carbon that could diffuse into the granule, where
the PAOs were located at all granule depths (Fig. S15†).
Online measurements within the AGS cycles showed that the
phosphorus uptake rate decreased well before the aeration
phase finished, despite considerable phosphorus
concentrations in the water (Fig. S16†), which suggests a lack
of internally stored organic carbon in the PAOs. GAOs
competing for bioavailable carbon during anaerobic feeding
could possibly have contributed to the limited phosphate
uptake by the PAOs. However, this is questionable given the
limited proof of detrimental effects of GAOs on phosphorus
removal in full-scale WWTPs.73 The improved phosphorus
removal in both reactors in autumn 2019 (Fig. 7C) could be
linked to the increase in BOD/P-ratio and presumable
increase of easily bioavailable substrate after the introduction
of a hydrolysation in the primary settler. At the same time,
the abundance of Ca. Accumulibacter (PAO) and
Propionivibrio (GAO) increased (Fig. 5). In this period, the
effluent concentration of phosphate was 0.03 ± 0.01 mg L−1

(October 2019, n = 4), which is in the same range as other
full-scale AGS plants.5,8

4.4. Method considerations

In this study, amplicon sequencing was used as the main
method to investigate the microbial community structure
over time and between sample types (reactors, influent and
effluent). The feasibility of analysing large datasets
containing millions of sequences is the main merit of the
method as this enables in-depth diversity measurements and
thorough statistical analysis.33 However, all microbial
community analysis methods suffer from biases and
limitations.74 Although amplicon sequencing is expected to
approximate microbial species composition and relative
abundances well,75 the relative abundance of some taxa was
likely underestimated at the expense of others. For example,
the abundance of Ca. Accumulibacter may be
underestimated.74 However, the distribution patterns of the
taxa over time and between sample types, for which amplicon
sequencing is widely used in water and wastewater surveys,76

were likely captured at higher precision.

5. Conclusions

Granulation and community succession were studied in two
full-scale aerobic granular sludge reactors for more than 1
year. The microbial community composition was dynamic
over time, especially in the first months of the start-up.
Seasonal variations in environmental conditions and reactor
operation were the main drivers shaping the communities,
while the immigration of microorganisms from the influent
wastewater had less importance. The key guilds for nutrient
removal were similar in composition to those in other full-
scale AGS plants with high abundances of PAOs and GAOs.

Seeding sludge and start-up conditions had large
influences on the granulation and reactor performance. Non-
selective and excessive sludge withdrawal likely hindered the
granulation to proceed in R1, and the PAOs and GAOs
probably had a positive impact on the granulation in R1 after
reseeding of biomass from R2.

The reactor performances were sensitive to short cycle
times and high nutrient loads (when the CAS was out of
operation), low temperatures, and low BOD/N- and BOD/P-
ratios. In this full-scale operation, these factors often
coincided, which complicated the cause-and-effect
evaluation. Nevertheless, at the end of the study period, the
reactors had excellent effluent concentrations of suspended
solids, organic matter, nitrogen and phosphorus, when the
operational- and environmental conditions were tuned in.
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