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Abstract
In order to reduce the cost of microalgae harvesting, biofilm algal cultivations have received attention as a potential platform for
algal biomass production and wastewater treatment. Two 50-L ponds containing vertically oriented geotextiles, cotton textiles,
and polyethylene sheets were fed secondary effluent to examine the growth of algal biofilms. The removal of total phosphorus,
PO4

3−-P and NO3
−-N ranged from 52 to 97%, 59 to 93%, and 0 to 99%, respectively. The highest biomass productivity was 1.4

and 0.5 g m−2 day−1, and the lipid content of the attached biomass was quite low, 0.36 and 0.48%, in the cotton textile and
polyethylene-baffled pond, respectively. The lipid content of the suspended biomass of the cotton textile and polyethylene pond
was very low and similar (0.5%), but it increased to 13.8 and 3.4%, respectively, after a starvation period of 13 days.
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Introduction

The application of microalgae in wastewater treatment has
been extensively studied in natural systems (Oron et al.
1979; Buhr and Miller 1983; Santiago et al. 2013). The ma-
jority of natural wastewater treatment systems consists of
suspended algal biomass and waste stabilization ponds, which
are used worldwide as an effective and low-cost technology
(Babu et al. 2010; Craggs et al. 2015).Wastewater treatment is
based on the symbiotic action of microalgae and bacteria
(Schumacher and Sekoulov 2002; Aravantinou et al. 2017).
Microalgae consume carbon dioxide, as carbon source, nutri-
ents and light as energy source, to produce oxygen that is
consumed by the bacteria for the aerobic heterotrophic degra-
dation of organic matter (Boelee et al. 2014a). The main dis-
advantages of these systems include the escape of microalgae
in the effluent and the cost demand for algal cells harvesting
(Davis et al. 2011; Gross et al. 2015; Vergini et al. 2016;Wang
et al. 2018). It is estimated that 60 to 90% of the biological
oxygen demand in the effluent of a wastewater pond is attrib-
uted to microalgae (Schumacher and Sekoulov 2002), while

the biomass harvesting cost alone accounts for 21% of the
total capital cost of an open pond cultivation system (Davis
et al. 2011).

As an alternative to suspended culture systems, algal bio-
film cultures have drawn the interest in recent years. The bio-
mass produced is much more concentrated and harvesting and
dewatering cost could be significantly reduced (Schnurr and
Allen 2015; Wang et al. 2018). The growth of algal biofilms is
affected by several factors such as supporting material, light
intensity, temperature, nutrients, substratum, extracellular
polymeric substances, and species interactions (Kesaano and
Sims 2014; Schnurr and Allen 2015).

Depending on the movement of the supporting material,
two main types have been reported in the literature, the rotat-
ing and the stationary algal biofilms (Gross et al. 2015). In
rotating biofilms, the supporting material is partially sub-
merged in a pond and brings the biofilm in contact with the
air and liquid medium. The algal biomass is harvested by
scraping the supporting material (Blanken et al. 2014; Gross
and Wen 2014). In stationary reactors, the biofilm grows
on horizontally, vertically, or inclined placed flat surfaces,
and a thin layer of liquid flows over the biofilm (Wilkie and
Mulbry 2002; Boelee et al. 2011; Naumann et al. 2013; Shi
et al. 2014; Sukačová et al. 2015). Another option is to sub-
merge the supporting material vertically in a pond to promote
biofilm growth (Liu et al. 2013; Genin et al. 2014). The ver-
tically oriented support drastically reduces the land required,
when compared to the horizontally oriented material.
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Furthermore, higher light penetration is expected in ponds
with vertical supporting material, due to the significant chance
of the light to strike on the biofilm surface (Gross et al. 2015).

A few studies have been carried out to investigate the nu-
trient removal and biomass productivity performance of algal
biofilms in wastewater treatment. Christenson and Sims
(2012) designed a rotating cylindrical drum for the tertiary
treatment of wastewater and tested different growth substrata
on cord or sheet arrangement to study the biofilm formation.
The most effective substratum appeared to be the cotton cord.
Fica and Sims (2016) used rotating cylinders with cotton rope,
partially submerged in dairy wastewater, in order to determine
the effect of temperature and organic carbon concentration on
biofilm biomass productivity and nutrient uptake. Shi et al.
(2014) applied a twin-layer photobioreactor for N and P re-
moval from primary- and secondary-treated municipal waste-
water by immobilized microalgae. Genin et al. (2014) de-
signed a parallel plate air lift reactor to examine the growth
kinetics of mixed culture algal biofilms grown on various
materials (acrylic, glass, polycarbonate, polystyrene, and cel-
lulose acetate). Boelee et al. (2014b) examined the effect of
harvesting on biomass production and nutrient removal in
phototrophic biofilm reactors. A vertical and a horizontal re-
actor were employed, which treated synthetic wastewater. In
the vertical reactor, the biofilm was grown on a polyethylene-
based woven geotextile, which was placed on the top of a
nonwoven geotextile, and both layers were fixed to a
polypropylene support plate. Su et al. (2016) investigated
the effect of the wall-attached biofilm for nutrient removal in
an open photobioreactor during long-term operation and re-
ported that the reactor wall-attached biofilm supported high
phosphorus and nitrogen removal.

The scope of this study was to investigate the further re-
moval of nutrients from secondary-treated wastewater in
laboratory-scale open ponds as well as the attachment of algal
biomass on different supporting surfaces. The ponds
contained vertically oriented geotextiles, cotton textiles, and
polyethylene sheets to facilitate the development of algal bio-
film. The behavior of the ponds, in batch or continuous flow
experiments, and the lipid content of the suspended and at-
tached biomass was evaluated.

Materials and methods

Experimental system

Two 50-L (80 × 24 × 30 cm, L×W×H) open ponds made of
glass were employed, using the arrangement shown in Fig. 1.
Four baffles were vertically placed in each open pond to fa-
cilitate the development of algal biofilm. Cotton and polyeth-
ylene (PE) sheets were selected as supporting materials and
were attached on four plexiglass baffles placed along the
pond. In another configuration, four nonwoven (67 × 15 cm,
L×H) geotextile sheets (code 250CNW, Thrace Plastics Co
S.A., Greece) were vertically immersed in a same open 50-L
pond, which was operated in batch mode.

Illumination was continuously provided by two 36-W fluo-
rescents lamps (cool daylight) placed above each pond’s sur-
face. The photosynthetic irradiance was measured by a light
meter (Lightscout, Quantum Light Meters) 5 cm above the
liquid surface of the ponds. The ponds were placed in a con-
stant temperature room. A variable speed peristaltic pump
(Masterflex, Cole Pamer Instrument, Co., USA) activated by
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Fig. 1 Experimental arrangement
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a timer for appropriate periods was used to feed the units. Air
supply, when necessary, was provided by air pumps to im-
prove CO2 mass transfer in the pond.

Ponds start-up and operating conditions

Microalgal polyculture, cultivated in dilute primary settled
wastewater, was used to inoculate the pond with geotextiles.
The pond was fed with secondary effluent from the wastewa-
ter treatment plant (WWTP) of the University of Patras. A
batch experiment was conducted, which lasted for 56 days,
and the operating conditions of the pond are presented in
Table 1. Samples were taken from the pond after careful
mixing of the liquid content. At the end of the operation peri-
od, the geotextiles were removed and dried in an oven at 60 °C
for at least 24 h. Then, to determine the total suspended bio-
mass, samples were taken from the liquid content of the pond,
after careful mixing. Τhe attached biomass was harvested
from the surface of the geotextiles with a spatula to determine
the dry weight and lipid content. The pond was operated at
room temperature (20.5 ± 0.5° C). The photosynthetic irradi-
ance was 120 μmol photons m−2 s−1. A continuous supply of
air was provided by three air pumps (each of 3.2 L min−1).

The cotton and PE baffled ponds were inoculated with
Chlorococcum sp. preculture, instead of using an algal
polyculture. This procedure was chosen in order to have more
controlled conditions at the start-up of the ponds.
Chlorococcum sp. SAG 22.83 was obtained from the
SAG Culture Collection of the University of Göttingen.
The preculture was cultivated in a 2-L Erlenmeyer flask with
1
�
3 N BG-11 (BG-11 enriched with one third times the ni-

trates), according to Aravantinou et al. (2015), at 26° C, before
being used for the inoculation of the reactors. Secondary-
treated wastewater from the WWTP of the University of
Patras was used to feed the ponds. The secondary effluent
COD, TSS, NH4

+-N, NO3
−-N, and total-P concentration dur-

ing the entire period of operation (geotextile, cotton, and PE
ponds) was 10.7 ± 7.8, 3.5 ± 2.1, 0, 14.6 ± 5.6, and 3.2 ±
0.6 mg L−1. To avoid the presence of zooplankton, wastewater

was filtered through cheesecloth. The ponds were filled with a
mixture of tap water, wastewater and 250 mL of
Chlorococcum preculture at a final volume of 48 L
(Table 2). During the first 5 days of operation, the ponds were
operated in batch mode and samples were taken from the
liquid medium of the ponds after careful mixing. Thereafter,
the two ponds were fed by a peristaltic pump at hydraulic
retention times (HRT) from 12 to 48 days (Table 2).
Samples were taken from the effluent of the ponds by a siphon
arrangement. The growth of microalgae occurred in two
phases. The residual colonies on the supportingmaterials were
used as the inoculum for the second growth phase. At the end
of the first and the second phase, the liquid of the ponds was
removed using a siphon, and the suspended biomass was mea-
sured. After the draining of the ponds, the attached biomass
was harvested from the surface of the supporting materials
with a spatula. The photosynthetic irradiance was 85 μmol
photons m−2 s−1. The experiments were conducted under
room temperature of 24 ± 3° C. During the first period, air
was continuously supplied by three air pumps, while during
the second growth phase air was not supplied.

Analytical methods

Total suspended solids (TSS) were measured by a gravimetric
method (APHA et al. 2012). Chemical oxygen demand
(COD) was measured by the open reflux method (the alternate
low COD procedure was used when appropriate) according to
standard methods (APHA et al. 2012). The soluble fraction of
COD (SCOD) was determined by passing the sample through
a 0.45 μm membrane filter. Total phosphorus (total-P) was
determined using the persulfate method and ascorbic acid col-
orimetric technique (APHA et al. 2012). Ammonia nitrogen
(NH4-N) was determined by the titrimetric method after a
preliminary distillation step and total Kjeldahl nitrogen
(TKN) was measured using the macro-Kjeldahl procedure
(APHA et al. 2012). Other nutrients (nitrates, phosphates)
were determined by ion chromatography (DX-500, Dionex
Corporation, USA). The lipid content of the dry algal biomass

Table 1 Batch operation of the
pond with vertically oriented
geotextiles

Day of operation
(day)

Wastewater
added (L)

Pond
volume (L)

Day of operation
(day)

Wastewater
added (L)

Pond
volume (L)

0 15.8 33.1+ 42 4.5 34.8

13 5 33.1 45 4 34.8

20 4 33.9 48 4 34.8

26 5 34.9 51 3 34.8

33 2 32.8 54 3 34.8

36 5.5 35.9 56 – 34.8

39 1 33.8

+ 15.8 L wastewater, 15.8 L water, and 1.5 L microalgal polyculture
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was measured by the modified method of Folch et al. (1957),
and details can be found in Aravantinou et al. (2013).

Algal biofilm was periodically sampled and observed by
scanning electron microscopy (SEM) (microscope JEOL
6300, JEOL Ltd.). For each sample, at least three fields were
observed at different magnifications (× 2500 to × 14000).
Algal biofilms were also observed by an optical microscope
at × 100, × 400, and × 1000 magnification.

Results and discussion

Pond with vertically oriented geotextiles

In the pond with vertically oriented geotextiles, low TSS and
COD values were observed during the entire operation period
in the influent and the liquid medium of the pond (Table 3).
During the first days of the experiment, microalgae were at-
tached on the geotextiles and growth started. As a conse-
quence, there was not much suspended biomass in the liquid
medium. The concentration of TSS in the influent and the
liquid medium of the pond ranged from 6 to 7 mg L−1 and 5

to 19 mg L−1, respectively and the corresponding COD values
ranged from 0 to 20 mg L−1 and 0 to 46 mg L−1 (Fig. 2a). The
COD values in the influent were expected to be low as the
substrate was secondary effluent. The observation of the algal
growth was quite difficult because of the black color of the
supporting material. When the concentration of the attached
biomass became higher, microalgae were more easily ob-
served by the naked eye.

The total-P concentration in the effluent was below
1.0 mg L−1 (Fig. 3a) and its removal ranged from 52.2 to
91.1% and. The removal of PO4

3−-P exceeded 84% over the
operation period and the PO4

3−-P concentration in the effluent
remained below the detection limit of 0.5 mg L−1. Nitrate
nitrogen concentration in the effluent of the pond ranged from
9 to 17 mg NO3

−-N L−1 (Fig. 4a). TKN and NO3
−-N removal

was up to 90 and 48%, respectively. Su et al. (2016) reported
total nitrogen and PO4

3−-P removal efficiencies of 43 and
98%, respectively, in an open photobioreactor (stainless steel
pot) with wall attached microalgal biofilm. In another study,
Boelee et al. (2014b) achieved low PO4

3− concentration in the
effluent of a vertical phototrophic biofilm reactor (below
0.15 mg P L−1) and the NO3

−-N concentration in the effluent
was generally below 2.2 mg L−1.

The overall attached and suspended algal productivity was
based on the measurement of biomass at the last day of the
experiment. The harvested attached biomass was 74% of the
total biomass (attached and suspended) produced in the pond
(Table 4), corresponding to a ratio of about 3 to 1 (attached to
suspended biomass). A higher percentage would be observed
if the biomass between the pores of the geotextiles could be
taken into account. The harvested attached biomass from the
surface of the geotextiles corresponded to an algal biofilm
productivity of 0.16 g m−2 day−1 (Table 4). The attached bio-
mass footprint area productivity of the reactor was also calcu-
lated and was 0.65 g m−2 day−1. Higher biomass productivity
on woven geotextile (7 g m−2 day−1) was observed by Boelee
et al. (2014b), where harvesting occurred every 2, 4, or 7 days
and the first harvests were not taken into consideration. In that

Table 2 Operation conditions of
ponds with vertically positioned
cotton textile and polyethylene
sheets

Day of operation Operation mode Flow rate (L day−1) HRT (day)

Growth phase 1

0 Batch Mixture of tap water
and wastewater+

–

3 Batch 3 –

6 to 11 Continuous 1 48

11 to 30 Continuous 2 24

Intermediate phase

30 to 81 No feeding – –

Growth phase 2

81 to 100 Continuous 4 12

+ 5 L wastewater, 42.75 L water, and 0.25 L preculture Chlorococcum sp.

Table 3 Range of TSS and COD in the influent and effluent of the algal
ponds

Pond with supporting material Influent Effluent

COD TSS COD TSS
(mg L−1)

250CNW 5 ± 7 3 ± 2.03 15 ± 12 6 ± 5

1st phase

Cotton 13 ± 5 5 ± 2 20 ± 8 3 ± 3

Polyethylene 13 ± 5 5 ± 2 19 ± 10 4 ± 3

2nd phase

Cotton 16 ± 7 2 ± 1 32 ± 10 12 ± 5

Polyethylene 16 ± 7 2 ± 1 38 ± 15 14 ± 14
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study, the biofilm was grown on a polyethylene-based woven
geotextile, which was placed on the top of a nonwoven
geotextile, and both layers were fixed to a polypropylene sup-
port plate. In the present study, the sheets are separate, and this
configuration (baffled ponds) provides the potential of in-
creasing the attached biomass footprint area productivity, if
more sheets are placed in the ponds. The lipid content of the
harvested biomass was 1%, lower than that of the suspended
biomass (6%). This difference may be due to higher bacterial
content of the attached biomass.

Ponds with cotton textile and polyethylene sheet
baffles

The growth of microalgae occurred in two phases, at the end
of which the ponds were emptied and the attached biomass
was harvested with a spatula to determine the dry weight and
lipid content. During the first growth phase, low total
suspended solids (TSS) and COD values were observed
(Table 3), and microalgae did not show significant growth.
The concentration of TSS in the influent and the liquid medi-
um of both ponds ranged from 2 to 8 mg L−1 and 0 to
11 mg L−1, respectively (Fig. 2b). The COD values of the
influent ranged from 6 to 20 mg L−1, while in the effluent they
ranged from 4 to 31 mg L−1 and 2 to 31 mg L−1 in the cotton
textile and polyethylene sheet pond, respectively. Although
Chlorococcum sp. was used to inoculate ponds, at the 18th
day of operation, except for Chlorococcum sp., other
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microalgal species were also observed in the attached biomass
including diatoms and multicellular species.

After the first growth phase, and due to the fact that
microalgae did not show significant growth, the ponds were
left without wastewater feed, but with water supply, for
51 days. Then, the ponds were emptied and the liquid of the
two ponds was mixed in order to achieve the same initial
conditions for the next growth phase. The attached biomass

was harvested and the ponds were refilled with the mixed
medium for the beginning of the second growth phase.

At the second growth phase, higher algal growth rates were
observed in both ponds (Table 3). In the cotton textile pond,
TSS (Fig. 2c) and COD values of the effluent showed increas-
ing trend during the entire operation period, with maximum
values of 16 and 46 mg L−1, respectively. The corresponding
values of the influent remained in lower and quite constant
levels (1 to 4 mg L−1 for TSS and 8 to 25 mg L−1 for COD). In
the polyethylene sheet pond, microalgae grew more intensely
until the 12th day. At that day, the concentration of TSS and
COD in the effluent was 38 and 62mg L−1, respectively. In the
following days of operation, zooplankton was observed in the
pond. As a consequence, the concentration of the biomass in
the liquid medium of the pond decreased rapidly. More spe-
cifically, the TSS and COD values decreased to 4 and
27 mg L−1 (very close to their initial levels), respectively.
Zooplankton was also observed in the cotton textile pond,
but at quite lower level, so the concentration of the biomass
was less influenced.

Total-P concentration during the first growth phase was at
about 0.1 mg L−1 in both ponds up to the 15th day of operation
and thereafter increased up to 0.8 and 0.6 mg L−1 for cotton
and PE ponds, respectively (Fig. 3b). During the second
growth phase, total-P concentration exhibited similar behavior
and ranged from 0.1 to 0.5 mg L−1 in both ponds (Fig. 3c). In
the first growth phase, the average PO4

3−-P removal in both
ponds was 81.5 ± 10%. The average removal of total phospho-
rus was 88.7 ± 10.5 and 89.7 ± 7.9% in the cotton textile and
polyethylene sheet pond, respectively. Nitrate nitrogen con-
centration during the first growth phase was lower in the ef-
fluent of the PE pond, compared to the cotton pond, and was
similar in both ponds during the second growth phase
(Fig. 4b). The removal of TKN ranged from 0 to 100% and
66.7 to 100% and the NO3

−-N removal ranged from 53.8 to
78.8% and 50.8 to 77.2% in the cotton textile and polyethyl-
ene sheet pond, respectively.

During the second growth phase, the average total phosphorus
removal was 94.5 ± 2.2 and 91.6 ± 4.8% in the cotton textile and
PE sheet pond, respectively, and the average removal rate was
0.26 ± 0.06 and 0.25 ± 0.06 g m−2 day−1. In the cotton textile
pond, the average PO4

3−-P removal was 92.5 ± 0.8% and the
average removal rate was 0.17 ± 0.016 g m−2 day−1, while in
the PE sheet pond, the average removal and removal rate of
PO4

3−-Pwere 92.1 ± 1.4% and 0.17 ± 0.016 gm−2 day−1, respec-
tively. TKN removal ranged from33.3 to 80%and 33.3 to 77.8%
in the cotton textile and PE sheet pond, respectively, and the
corresponding NO3

−-N removal ranged from 15.7 to 99.3%
and 10.2 to 99.3%. Phosphorus was removed via algal assimila-
tion and precipitation at periods with high pH values (> 8.5). Due
to the absence of ammonium in the nitrified secondary effluent,
nitrates were the main source for algal growth. High PO4

3−-P
removal (86%) from secondary effluent was also observed by
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Gao et al. (2015) in a lab-scale biofilm membrane
photobioreactor where flexible fiber bundles were used as solid
carriers, and the removal rate of PO4

3−-P was 0.35 g m−2 day−1.
In another study, Shi et al. (2014) reported 73% PO4

3−-P remov-
al, corresponding to an average daily uptake rate of
0.45 g m−2 day−1, and also 83% of the nitrate was removed from
secondary settled wastewater. Wei et al. (2008) studied nutrient
removal from simulated wastewater by an algal biofilm reactor,
and total phosphorus and nitrogen removal reached 98 and 87%,
respectively.

The biomass productivity of the two ponds at the first
growth phase was quite low and thus a comparison between
the supporting materials was not possible (Table 4). The at-
tached biomass productivity was 0.031 and 0.096 g m−2 day−1

and the lipid content of the harvested biomass was 0.23 and
1.44% for the cotton textile and polyethylene sheet, respec-
tively. In the second growth phase, higher attached biomass
productivity of 1.4 g m−2 day−1 was observed with the cotton
textile pond. The polyethylene sheet followed with biomass
productivity of 0.5 g m−2 day−1. The reactors footprint area
productivity was 2.7 and 1.0 g m−2 day−1 for the cotton textile
and polyethylene sheet pond, respectively. These results indi-
cated that the cotton textile was more suitable to support algal
biofilm growth. In a comparison of the two supporting mate-
rials, higher percentage of the total biomass of the pond was
attached on the cotton textile (Table 4) and, as a result, the
harvested biomass from the cotton textile was about three
times higher than the harvested biomass from the polyethyl-
ene sheet. Shi et al. (2014) reported biomass growth rates of
1.2 g m−2 day−1 and footprint biomass productivity of
6.3 g m−2 day−1 with a twin-layer photobioreactor treating
primary and secondary municipal wastewater effluent.
Zamalloa et al. (2013) reported footprint biomass productivity
of 2.5 g m−2 day−1 in a roof-installed parallel plate microalgal
biofilm reactor treating domestic wastewater. The lipid con-
tent of the harvested biomass was 0.36 and 0.48%, in the

cotton textile and polyethylene baffled pond, respectively.
The lipid content of the suspended biomass of the two ponds
was similar (~ 0.5%), but it increased to 13.8 and 3.4% in the
cotton textile and polyethylene pond, respectively, after no
feeding for 13 days. In literature, algal biofilms have produced
significantly lower lipid concentrations than algae grown
planktonically (Schnurr and Allen 2015). Shayan et al.
(2016) reported lipid accumulation of 20% on a rotating algal
biofilm reactor for wastewater nutrient removal, and Gross
et al. 2013, reported lipid content of 7.7% in a rotating algal
biofilm reactor operating with Bold’s Basal medium.

The addition of solid surfaces or carriers into the liquid of
an algal pond positively affects the algal biomass productivity
and nutrient removal. Liu et al. (2013) reported that the algal
productivity in a vertical supported material pond was 4 to 7
times higher compared to open ponds. Tao et al. (2017) re-
ported that the addition of solid carriers suspended in the cul-
ture media resulted in higher volumetric algal biomass and
lipids productivity by 51 and 73%, respectively, compared to
conventional photobioreactors. Furthermore, they observed
improved nutrient removal in the biofilm photobioreactors
due to the higher algal biomass productivity. The improved
photosynthetic activity of attached algal cultures may be due
to the improved light availability compared to conventional
ponds (Liu et al. 2013). However, the configuration of at-
tached surfaces in the pond has a significant role on the dissi-
pation of light on solid surfaces and the optimum liquid depth
should be further investigated in combination with the pond
geometry, and the distance between the baffles.

Conclusions

The attached biomass productivity was higher in the cotton
textile pond, compared to the polyethylene sheet pond, indi-
cating that the cotton textile was more suitable to support the

Table 4 Biomass and lipid productivity in the ponds at the end of the operation period

Pond with supporting material Biomass

Mass Productivity Lipid content

Suspended Attached Total Attached Surface Footprint Suspended Attached
(g) (%) (g m−2 day−1) (%)

CNW 2.58 7.19 9.77 73.6 0.16 0.65 6 1.0

1st phase

Cotton 0.4 0.36 0.76 47.4 0.031 0.061 – 0.2

Polyethylene 0.54 1.14 1.68 67.9 0.096 0.193 – 1.4

2nd phase

Cotton 5.46 10.07 15.53 64.8 1.38 2.7 0.4 (13.8+) 0.4

Polyethylene 7.97 3.66 11.63 31.5 0.49 0.98 0.6 (3.4+) 0.5

+ The value in parenthesis is after a 13-day non-feeding period

J Appl Phycol (2019) 31:1765–1772 1771



algal biofilm growth. The lipid content of the harvested and
suspended biomass was similar in the two ponds and the lipid
content of the suspended biomass of both ponds increased to
13.8% in the cotton textile pond after a 13-day non-feeding
period. The biomass productivity on the geotextiles was low-
er, but in terms of footprint productivity, this difference was
proportionately decreased. The removal of PO4

3−-P and total-
P exceeded 50% in all the ponds.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.
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