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Abstract: Climate change and human actions will exacerbate eutrophication cases in inland waters. 
By external or internal inputs, there will be an increase in nutrient concentrations in those systems 
worldwide. Those nutrients will bring faster trophic changes to inland waters and possible health 
and recreational advisories. A novel approach using a floating filtration system, a silt curtain, and 
geotextiles (woven and non-woven) is under investigation. This method has been applied as an in-
situ pilot experiment deployed at Lake Caron, a shallow eutrophic lake in Quebec, for two summers. 
Turbidity, total suspended solids (TSS), total phosphorus (TP), blue-green-algae-phycocyanin 
(BGA-PC) and chlorophyll-a showed statistically significant average removal efficiencies of 53%, 
22%, 49%, 57% and 56%, respectively, in the first year and 17%, 36%, 18%, 34% and 32% in the sec-
ond. Statistical correlations were found with TSS, turbidity and variables that could represent par-
ticles (TP, turbidity, chlorophyll-a). Employing this in situ management method could be a promis-
ing remediation for not only shallow lakes (average depth <2 m) but also for ponds, rivers, coastal 
regions, bays and other water types, to enable cleaner water for future generations. 

Keywords: eutrophication; total phosphorus; algae; cyanobacteria; suspended solids;  
woven geotextile; lake water; remediation; surface water 
 

1. Introduction 
Pressure on inland waters, more precisely on lakes, is expected to be increasing soon 

due to human actions and new climate change scenarios [1–3]. Issues triggered by those 
new variables or mechanisms will age lakes more quickly and will bring potential recre-
ational and drinking advisories due to high phytoplankton productivity (i.e., cyanobacte-
ria and algae) along with harmful toxin production [4,5]. Additionally, in some cases, lake 
anoxia, lake volume reduction [6] and lake browning will occur [7–9]. 

Actual driving forces for this succession and eutrophication are expected to be exac-
erbated by extreme weather events [10–12]. In other words, not only events such as 
storms, record-breaking rainfall events, heat waves, prolonged droughts, tropical cy-
clones and hydrological manipulation of waterbodies but also land-use changes, defor-
estation and fertilizer (over)use will probably produce more eutrophic waters than before.  

Those processes will increase organic matter input from point and non-point sources 
within inland waters by catchments (e.g., watershed runoff after increased precipitation) 
[13–15] and increased internal nutrient lake release due to lake warming [2,3], physical 
mixing of the water column and sediment resuspension. Higher organic matter presence 
due to degradation [16,17], and increased input by human activities (e.g., sewage dis-
charge and fertilizer/detergent use) will be observed as well [1].  
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In the rising nutrient pool mentioned within lake ecosystems, phosphorus is often 
the limiting nutrient related to trophic level changes and a determinant factor for eutroph-
ication [18,19] while nitrogen may be retained or lost to the atmosphere in gaseous forms 
by denitrification (e.g., N2, NH3, N2O) in shallow lake systems, due to higher sediment 
area to water volume ratios [20,21].  

Furthermore, the phosphorus form found in the lake water column is crucial. While 
phosphorus from catchments is partly in the particulate form that possibly settles in the 
water column and is only used by phytoplankton if released [16,22], internal loads in lakes 
are predominantly in the dissolved form directly and bioavailable for algal/cyanobacteria 
growth [23]. As a result, it is compulsory to propose removal methods for external and 
internal phosphorus loads exacerbated in lakes due to climate change and human actions, 
a challenge to be achieved by nations in 2030 as described in SDG 6 (Sustainable Develop-
ment Goals) (i.e., clean water and sanitation) of the UN (United Nations) agenda. 

Numerous remediation methodologies are used such as hypolimnetic aeration 
[24,25], sediment dredging [26] lanthanum-modified bentonite addition [27,28], cement 
addition [29], and aluminum addition [30,31]. These remediation approaches can ad-
versely affect the lake biota in the water column and in some cases are very costly [32]. It 
can also reduce the lake volume, in the case of additives or sorbents and should not be the 
first go-to option for an in-situ remedial.  

Consequently, in-lake non-invasive and sustainable remediation techniques need to 
be investigated and proposed. These in-situ methods should be effective in reducing those 
nutrients, if possible, for the entire recreational season, be environmentally safe, relatively 
easy to apply and should not be too expensive [33]. With this understanding, geotextiles 
have been employed as membranes for inland water remediation for particulate nutrient 
and suspended solids attenuation by filtration [34–36], indicating their strong potential as 
a flexible, potentially economical, and effective environmental remediation that can be 
implemented at shallow lakes and other surface waters.  

To this date, there are no similar in-situ treatments being proposed for the remedia-
tion of lake water. This in-situ pilot experiment was evaluated for remediating the surface 
water quality of the study’s shallow eutrophic lake, Lake Caron. It uses custom-made wo-
ven and non-woven geotextiles as filter media in an active floating filtration unit directly 
deployed inside a turbidity curtain enclosed area. By removing suspended solids, it is 
hypothesized that an indirect reduction in nutrient availability can be achieved. Conse-
quently, this decreases the eutrophication likelihood and suppresses algal/cyanobacteria 
blooms in an environmentally safe way. Thus, the main objectives of this study are to 
evaluate the performance of the systems for improvement of lake water quality, over the 
two summers’ deployment (i.e., summer 2019 and summer 2020). The first was a 69-day 
experiment deployment and the second of 76-days. Additionally, a better understanding 
and potential applicability and challenges for inland water eco remediation was obtained 
for this method. 

2. Materials and Methods 
2.1. Study Area 

The present study focused on improving a portion of the Lake Caron water quality 
(45°50′28″ N; 74°08′50″ W) over two consecutive summers, a shallow eutrophic lake lo-
cated in the Sainte-Anne des-Lacs municipality in Québec situated around 75 km north 
from downtown Montréal in the Laurentian Mountains. The lake is located in the Lac 
Ouimet watershed mainly occupied by trees and a few residents [37], represented in a 
graphic map in Figure 1 with sampling stations and households. In Figure 1, station D 
specifies the experiment deployment location (with inset map on right), and Station S is 
related to the sampling location similar to the Quebec Réseau de Surveillance Volontaire des 
Lacs (RSVL) provincial location to follow lake water quality. In the project, field sampling 
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was performed throughout the entire lake at the six selected stations: St. S, St. 1, St. 4, St. 
7, St.8 and St. 9 over the summers of 2019 and 2020. 

 
Figure 1. Regional map (a) and inset of the Lake Caron map with sampling stations (b) with an inset 
of the experiment approximate locations (c). 

Lake Caron has maximum, minimum and average depths of 2.6, 0.5 and 1.4 m, re-
spectively, and approximate surface area and water volume of 35,300 m2 and 48,400 m3 
[38]. The average annual temperature of Sainte-Anne des-Lacs is 2.6 °C (−20–24 °C), and 
the average annual precipitation is 1039.2 mm. 

Phosphorus loadings in the lake could be linked to possible septic tank discharges 
and plant decomposition in the water related to external loads. In the past, the lake was 
enlarged by tree cutting and subsequently the decomposing stumps. In addition, phos-
phorus sediment release and algal decease/decomposition could be associated with inter-
nal loads. Sediment P concentration varied between 866 and 1298 mg/kg in this lake, and 
relatively high P concentrations are found in the sediments from St. 4 and St. 8 [34]. These 
are possible recurring reasons causing for algal/cyanobacteria biomass growth, every 
summer since 2008, which has placed this lake on a swimming advisory. Together with 
the MELCC (Ministère de l’Environnement et de la Lutte Contre les Changements Climatiques) 
2018 report [39], under the Quebec Réseau de Surveillance Volontaire des Lacs (RSVL) adop-
tion of measures to limit nutrient inputs for avoiding further degradation and loss of use 
is recommended. 

2.2. In Situ Floating Geotextile Filtration Setup 
The floating filtration equipment used in this experiment was made of Plexiglas. Ma-

terial and type of unit have been selected to offer easy follow-up of geotextile clogging 
rate and filter media modifications. The open square filtration unit had the following di-
mensions of 30.5 × 30.5 × 20 cm (W × L × H) coupled with a base galvanized copper grid 
to support the filters; Figure 2 shows the unit with details. Additionally, a Plexiglass wall 
of 20 cm in height fixed by clamps was introduced for avoiding filter layer movement 
when the experiment is being deployed. No modifications to the filtration unit were com-
plete throughout the two-summer experiment. 

The whole unit was tied up and floated with the support of an inflated synthetic 
rubber tube. Figure 3 gives a representation of the in-situ deployment. Additionally, for 
water recirculation on the filters, two submersible water pumps (DC 12 V, 4.8 W) with 
flow rates of 240 L/h were used for pumping. The nearest outlet present provided the 
electrical supply. Additionally, a plastic prefilter was used to guarantee larger debris re-
moval, if presented in the water as well as to guarantee that the pumped water was uni-
formly distributed in the geotextile. All treated water was returned to the enclosed area 
and the filtration unit was able to move freely inside the contained water during the ex-
periment duration. 
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Figure 2. Floating filtration unit components. 

 
Figure 3. Schematic 3D view of the experiment enclosed areas. The control area is on the left and 
the filter is on the right. 

In summer 2019, the two enclosed circular areas inside the lake, contained with float-
ing turbidity curtains (14.6 m × 1.2 m) (L × W), which had approximately a diameter of 
1.54 m each. In summer 2020, this diameter was increased to 2.60 m (Figure 4). If a cylin-
drical volume is considered (height of 1 m), the water volume to be remediated was ap-
proximately 7.45 m3 and 21.23 m3 for the first and second years, respectively. In both sum-
mers, one enclosed area was used to deploy the filtration unit and the other as a control. 
The location inside the lake was similar for both years, to have comparable results (repre-
sented by St. D in Figure 1). As shown in Figure 4, the location was chosen due to the 
possible harmful plankton accumulation in this area and easy access for sampling and 
maintenance. 



Water 2023, 15, 441 5 of 20 
 

 

 
Figure 4. In-situ deployment for the control enclosed area in the two-summer experiment. 

2.3. Filter Media 
In this filtration experiment, a combination of non-woven and woven geotextiles was 

used in the 2019 summer (TE-GTT170, TE-GMW35 and CM) and only custom-made wo-
ven geotextiles were employed in the 2020 summer (TE-GMW70, TE-GMW35). They were 
developed and received from Titan Environmental Containment Ltd., Ile des Chênes, MB, 
Canada. In Table 1, the geotextile physical characteristics are presented (based on the 
datasheets obtained from the company). 

Table 1. Non-woven, woven geotextiles and mesh characteristics used in this study. 

Filters Material AOS b (µm) 
Flow Rate 
(L/m2/min) 

Permittivity 
(s−1)  

Mass Unit 
(g/m2) 

Commercial  
Mesh (CM) 

PP a 900–450  1.62 1.80 

TE-GMW70 PP a 658 2973 0.98 180 
TE-GMW35 PP a 425 2039 0.70  
TE-GTT170 PP a 350 4800  350 

Notes: a PP: Polypropylene; b AOS: Apparent Opening Size. 

The TE-GTT170 is a nonwoven, white geotextile filter made of 100% virgin, UV-re-
sistant, and thermally bonded polypropylene (PP) fibers with a 350 µm apparent opening 
size (AOS). The TE-GMW70 is a black woven geotextile, a multifilament, high-tenacity 
polypropylene fabric with UV resistance and AOS of 658 µm. The TE-GMW35 is a gray 
woven geotextile from the same material with an AOS of 425 µm. Those geotextiles were 
highly flexible and excellent for use as a filter. Lastly, the CM composed of PP was only 
employed in the 2019 summer experiment as a layer for removing larger suspended ma-
terials that can affect the geotextile filtration performance. 

Precut 30 cm square layers were combined for experiments and placed on the floating 
filtration unit. For the 2019 summer, the filter selection and combination were based on 
the previous on-site experiment during 2017–2018 and the particle size distribution in the 
contained filter area. Experiments in 2017–2018 [34] were based on employing a filtration 
unit to filter around 300 L in batch experiments (i.e., beside the lake) and only using the 
larger AOS sizes used in this experiment, to determine which ones had better attenuation 
of suspended solids of lake water. The combination proposed was one layer of the CM, 
and 4–5 layers of TE-GMW35 with the addition of one TE-GTT170 when needed. In con-
trast, the defined combination in the second year was always 1–3 layers of the TE-GMW70, 
and 5–6 layers of TE-GMW35, with the number of layers defined based on the first-year 
study results and following the particle size in the enclosed filtration area. In the second 
year, the TE-GMW70 was used in the plastic tray as a prefiltration layer instead of CM. 
Clogged layers were entirely changed every week or when clogged, whichever occurred 
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first. Additionally, these filter combinations from six to nine layers were used throughout 
the entire experiment. Figure 5 presents the woven geotextiles before the filtration process 
as well as a scheme of the combination used for each year (Figure 5f). 

 

 

 
Figure 5. Geotextiles and mesh used in the experiment: (a) woven geotextile TE-GMW35—AOS: 425 
µm (b) CM and (c) non-woven geotextile TE-GTT170—AOS: 350 µm before the filtration process (b) 
woven geotextiles used in the deployment: (d) TE-GMW70—AOS: 700 µm and (e) TE-GMW35—
AOS: 425 µm before the filtration process (f) Scheme representing the number and order of geotex-
tile layers used in the deployments. 

2.4. Field Sampling and Experiment Sampling 
Field sampling was performed throughout the entire lake at the six selected stations, 

presented in Figure 1 (St. S, St. 1, St. 4, St. 7, St. 8 and St. 9) over the 2019 and 2020 sum-
mer/fall to access the water quality of this shallow eutrophic lake water. In addition, dur-
ing the filtration experiment deployment, over two consecutive summers, water samples 
were collected from each contained area every 2–3 days. Water samples in this project 
were collected in 50 mL sterilized polypropylene test tubes (chemical analysis) and previ-
ously cleaned 1 L high-density polyethylene (HDPE) amber bottles (physical analysis). 
Both were stored at 4 °C in the dark before any physical-chemical analysis and they were 
performed within 48 h. 

2.5. Water Quality Analysis 
Water samples were analyzed for the following parameters in both summer deploy-

ments: particle size analysis (PSA), total suspended solids (TSS), total phosphorus (TP), 
total nitrogen (TN), chemical oxygen demand (COD), pH, dissolved oxygen (DO), tem-
perature (Temp.), turbidity, chlorophyll a (Chl. a) and blue-green algae-phycocyanin 
(BGA-PC).  

Test kits from Hach Chemicals were used for accessing TP (Method 10209—SM 4500-
PE—Ascorbic Acid Method), TN (TNT 826, Method 10208, persulfate digestion) and COD 
(TNT 820, Method 10221, reactor digestion method). For those parameters analyses water 
samples were first acid digested with its proper detailed method on a Hach DRB 200 

(a) (b) (c) 

(d) (e) (d) 

(f) 
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heating block and after cooling down measured in a Hach DR 2800 UV–Vis spectropho-
tometer.  

For measurements of pH, dissolved oxygen (DO), temperature (Temp.), turbidity, 
total dissolved solids (TDS), chlorophyll-a (Chl. a) and blue-green algae-phycocyanin 
(BGA-PC) during the whole experiment two YSI-EXO2™ multiparameter probes were de-
ployed in each contained area for hourly measurements. Probes were checked every week 
for data backup, battery life, and sensor performance and calibration.  

To evaluate the concentration of the suspended particles in the lake water, APHA 
2540 D method was used. Additionally, the particle size analysis (PSA) was measured 
using a laser diffraction particle analyzer (LA-960 Horiba laser particle size analyzer) for 
lake water samples. 

2.6. Data Analysis 
All study variables were analyzed for descriptive statistics including means, medi-

ans, variances, maxima, minima, standard deviations, standard errors and confidence in-
tervals. After, verifying the existence of any outliers each variable was subsequently as-
sessed. Data are represented as the means ± confidence interval in the text.  

To corroborate if there were statistically significant differences between water quality 
variables with the filter presence and absence in the lake-enclosed areas, the parametric 
test Student’s mean t-test (p < 0.05) was used for normally distributed variables and the 
equivalent paired nonparametric test: Wilcoxon matched-pairs signed-ranks test (p < 0.05) 
for not normally distributed variables. While the Student’s t-test has the null hypothesis: 
water quality variable means with the presence and absence of the filter are statistically 
equal to the Wilcoxon matched-pairs signed-ranks test (p < 0.05). It has a null hypothesis 
if the water quality variable medians with the presence and absence of the filter are equal.  

In the first year as requirements for the T-student parametric test were violated (nor-
mality by the Shapiro-Wilk test (p < 0.05) and homoscedasticity by Levene’s test (p < 0.05)), 
for the following water quality variables: PSA (i.e., D10, D50, D90), TP, TN, TSS, pH, DO, 
Temp., turbidity, Chl. a, BGA-PC from day 0 until day 69 in the enclosure experiment, on 
those the equivalent paired nonparametric test, Wilcoxon matched-pairs signed-ranks 
test, were employed. In contrast, the T-student parametric test was applied for the variable 
COD, which had normality and homoscedasticity. 

In the second year as requirements for the T-student parametric test were violated, 
for the following water quality variables: PSA (i.e., D10, D50, D90), TP, TN, TSS, pH, DO, 
temperature, turbidity, Chl.a, BGA-PC, COD from day 0 until day 76 in the enclosure ex-
periment, on those the equivalent paired nonparametric test, Wilcoxon matched-pairs 
signed-ranks test, were employed. 

Lastly, for the relationship verification between study variables, a correlation analy-
sis was performed using Spearman’s non-parametric test (p < 0.05). For this specific data 
representation, a heat map was used. 

3. Results 
3.1. Lake Caron Overall Water Quality over Two Summers 

Lake Caron is a mesoeutrophic lake in the middle range for phosophorus levels (20–30 
µg/L) following MELCC’s (2018) report [39] going towards the high range (i.e., eutrophic clas-
sification) in the near future. The phosphorus concentration in this lake is around 26 ± 1.6 µg/L 
in the first year and 28.8 ± 2.2 µg/L in the second. The maximum peak was 33 µg/L in this lake 
water. No strong variation was observed between stations analysed for both years and overall 
results of the two consecutive summer samplings are presented in Table 2. 
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Table 2. Lake Caron water quality during the two summers deployments. 

Parameters Summer 2019 a Summer 2020 b  
TP (µg/L) 26.0 ± 1.6 28.8 ± 2.2 

COD (mg/L) 23.6 ± 0.2 24.0 ± 5.5 
TN (mg/L) 0.81 ± 0.09 1.0 ± 0.05 
TSS (mg/L) 3.5 ± 0.5 3.2 ± 1.4 
D50 (µm) 63.74 ± 6.92 54.67 ± 8.63 
D90 (µm) 154.16 ± 12.45 160.08 ± 18.00 

YSI-EXO2 Probe data Summer 2019 c Summer 2020 d 
Temp (°C) 19.7 ± 0.42 18.2 ± 0.20 

Conductivity (µS/cm) 23.0 ± 0.67 20.3 ± 0.11 
TDS (mg/L) 14.8 ± 0.43 13.1 ± 0.04 
DO (mg/L) 10.2 ± 0.04 8.37 ± 0.03 

pH 6.8 ± 0.02 6.5 ± 0.01 
Turbidity (FNU) 5.82 ± 3.37 3.24 ± 1.35 

Chlorophyll-a (µg/L) 7.32 ± 0.56 5.82 ± 0.86 
BGA-PC (µg/L) 0.51 ± 0.01  0.45± 0.01  

Notes: a Average of 7 samplings of 6 lake stations; b Average of 4 samplings of 6 lake stations; c Av-
erage of 3 samplings of 6 lake stations d Average of 3 samplings of 6 lake stations. 

The turbidity in this lake, which is around 5.82 ± 3.37 FNU, is composed of particles 
with sizes of 50% (D50) and 90% (D90) suspended solids (SS) under <63.74 ± 6.92 µm and 
<154.16 ± 12.45 µm. Even though turbidity decreased when compared with the first year 
(i.e., 3.24 ± 1.35 FNU), particle sizes remained like the ones previously found. TN concen-
trations are under Quebec guidelines (i.e., MDDEP [40]) for protecting aquatic life, which 
is 1.0 mg/L. Concentrations of heavy metals in the lake water (dissolved) and surface sed-
iments are below the norm set for the protection of freshwater aquatic organisms in Que-
bec and Canada (not published). 

Related to organic matter, the chemical oxygen demand (COD) of this lake, was 
mainly assumed to be in its dissolved form and did not present any significant variation 
in the lacustrine system remaining around 23.6 ± 0.2 mg/L and 24.0 ± 5.5 mg/L in 2019 and 
2020 summers, respectively. This lake water is also well oxygenated with DO values 
reaching 10.2 ± 0.04 mg/L in 2019 and 8.37 ± 0.03 in 2020. The pH was near neutral in both 
summers and temperature was around 19.7 ± 0.42 °C and 18.2 ± 0.20 °C in the summers of 
2019 and 2020, respectively. Those parameters when associated with the available nutri-
ents are the possible requirements for increased primary productivity in this lake. 

Lake water colour (i.e., which is a light tea-like colour) remained unchanged for both 
deployments, mainly due to previous algae blooms and some plant/tree decomposition 
which was not properly removed when the lake was enlarged. When phytoplankton is 
taken into consideration, chlorophyll-a concentration on the lake was around 7.32 ± 0.56 
µg/L and 5.82 ± 0.86 µg/L, on 2019 summer and 2020 summer, respectively. Those values 
are mainly caused by disperse filamentous chlorophytes and possible cyanobacteria pre-
sent in the whole lake throughout the hot weather. This is also one of the causes of con-
stant replenishment of organic matter from algae decomposition processes which occur 
within the lake.  

BGA-PC pigment associated with cyanobacteria organisms was around 0.51 ± 0.01 
µg/L and 0.45 ± 0.01 µg/L in the 2019 and 2020 experiments, respectively. This indicates 
the presence of some cyanobacteria developing in this lake throughout the years, but due 
to their dispersion in the studied years no difference between stations was noticed. Addi-
tionally, lake water salinity on this lake is low as indicated by the conductivity of 23.0 ± 
0.67 µS/cm and total dissolved solids (TDS) of 14.8 ± 0.43 mg/L (2019 summer) and 20.3 ± 
0.11 µS/cm and 13.1 ± 0.04 mg/L in the 2020 summer.  
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3.1.1. Summer 2019 Deployment 
In the 2019 summer, this in-situ experiment filtered approximately 7.45 m3 of lake 

water continuously within the enclosed area for 69 days from 14 August to 22 October of 
2019, shortly after the start of the summer until the mid-fall season. The system ran 
smoothly without any interruption during the proposed timeframe even though the pro-
ject is located inside a natural system. A summary of the physico-chemical measurements 
of water obtained on this year is presented in Table S1 in supplementary data. 

The operation of the experimental system on a daily basis shows the adaptability of 
the filtration process and geotextile membranes to filter lake water in long-term projects. 
This was achieved by acclimating quickly to the water quality changes preventing any 
increase in primary productivity. In lakes, nutrients can be constantly replenished into the 
overlying water from bottom sediments by the concentration gradient and sediment re-
suspension [34,41]. Even with those mechanisms, the system was able to maintain its re-
moval rate throughout the whole deployment. In the control-enclosed area, visible cyano-
bacteria colony accumulation of possible Woronichinia naegeliana sp. and filamentous chlo-
rophytes occurred as can be seen in Figure 6, which was suppressed in the filtration area. 
Those are the cyanobacterial predominant species existing in this lake [34]. 

 
Figure 6. Reported visible phytoplankton accumulation in the control enclosed area in 2019 sum-
mer. 

With approximately 7–8 days of filtering before changing the layers, the previously 
mentioned combination of 1–2 layers of the CM, and 4–5 layers of TE-GMW35 with the 
addition of one TE-GTT170 when necessary was used. The entire deployment used 67 
filter layers of TE-GMW35, 8 layers of TE-GTT 170 and 14 CM, totalling approximately 
6.03 m2, 0.72 m2 and 1.26 m2 for each AOS, respectively. The in-situ experimental cost re-
lated to only geotextile membranes (i.e., not including the CM) was $5.05 for treating 7.45 
m3 of lake water. Figure 7 presents one set of used geotextile filters after one week of lake 
water filtration throughout the experiments. Cake layer formation was observed on the 
geotextile top layer due to initial ripening that happened approximately two hours after 
changing the filters. The layer formed by particle accumulation decreases the AOS on 
those geotextiles, permitted the filtration mechanism to be employed not only by straining 
filtration but also by depth filtration. 
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Figure 7. Woven geotextiles after one week of the filtration process for AOS order: (a) CM layer (b) 
TE-GMW35 first layer (c) TE-GMW35 s layer (d) TE-GMW35 third layer. 

3.1.2. Summer 2020 Deployment  
In the 2020 summer, the in-situ experiment was deployed from 23 June 2020 to 7 Oc-

tober 2020, for a total of 76 days. This experiment had one more week than the first-year 
study but still was during the summer and fall seasons. The system operated without any 
major concerns, continuously removing suspended particles and their associated particu-
late phosphorus. The deployment followed by daily operation, of the proposed remedia-
tion, has shown the system’s possibility to maintain a continuous removal rate for a sec-
ond-year long-term project, in a larger enclosed area of 2.60 m when compared with the 
1.54 m diameter of the first year. A summary of the physico-chemical measurements of 
water obtained on this year is presented in Table S2 in supplementary data.  

Using only woven geotextile membranes with larger AOS, the filter run was main-
tained 7 days before requiring a geomembrane combination change. The combination of 
layers consumed approximately 50 square filter layers of TE-GMW70 and 132 filter layers 
of TE-GMW35. Approximately 3.96 m2 and 11.88 m2 for each AOS were used. This results 
in a cost of $29.70 when related only to TE-GMW35 for remediation of approximately 21.2 
m3 of lake water. Additionally, the floating filtration system was able to support a strong 
particle and associated parameter removal rate, during the whole experiment. Cake su-
perficial development, on the geotextile, is shown in Figure 8, after one-week filtration. 
This filter ripening ensured AOS reduction by not only filtering the water from particle 
sizes (i.e., straining) but by forming a filter cake (i.e., depth filtration).  

 
Figure 8. Woven geotextiles after the filtration process: (a) TE-GMW70—AOS: 700 µm, (b) TE-
GMW35 s layer—AOS: 425 µm, (c) TE-GMW35 third layer—AOS: 425 µm and (d) TE-GMW35 
fourth layer—AOS: 425 µm. 

Visible cyanobacteria formation was observed for possible W. naegeliana sp., as well 
as chlorophytes which accumulated at the shore due to wind action during the morning 
as presented in Figure 9. Those organisms (i.e., W. naegeliana sp.) have gas vesicles, provid-
ing mechanisms to move up and down in the water column, which increases access to 
nutrients and other growth factors. No visible phytoplankton formation was observed in 
both enclosed areas. 

(a) (b) (c) (d) 
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Figure 9. Floating phytoplankton in Lake Caron in the 2020 summer study. 

3.2. Total Suspended Solids and Turbidity Attenuation 
In the deployment, there was a constant and representative removal of total sus-

pended solids (TSS) as the filter unit quickly adapted to changes in this natural system. 
Statistically significant TSS removal (p < 0.01) was observed in this project with an average 
value of 53% on the 2019 summer. After the fourth day of filtration the removal trend was 
always better in the experiment than the control system as shown in Figure 10. By the end 
of the experiment, the control enclosed area had an average TSS concentration of 3.69 ± 
0.45 mg/L and the filter enclosed area had 1.72 ± 0.51 mg/L. 

 
Figure 10. Turbidity (FNU) and total suspended solids concentrations (mg/L) for the 2019 summer 
in situ experiment. 

Similar to the TSS removal in the filtration enclosed area, turbidity reduction is pre-
sented in Figure 10. The floating filtration unit was able to maintain an average removal 
of 49%, statistically significant (p < 0.01) decreasing, even more when there was low tur-
bidity in the lake. There was also a strong correlation between those two variables (R2 = 
0.833, p-value < 0.01). Instead, in the control area, a tendency of constant increases in the 
SS concentration and turbidity occurred. This was possibly caused by the reported visible 
algae/cyanobacteria colony accumulation in this area, which only decreased when the wa-
ter temperature started to drop. However, in the filtration-enclosed area, values went be-
low 1 FNU shortly after the middle of the experiment was reached. This showed the geo-
textile membrane filtration effectiveness in this lake water. The average values present in 
each enclosed area were 2.02 ± 0.05 FNU in the control area and 1.04 ± 0.03 FNU in the 
filter area. 
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In the 2020 summer study, a larger enclosed area was used with a similar flow rate, 
filtration unit and geotextile area. Additionally, larger AOS woven geotextile filters were 
employed. Statistically significant TSS removal is shown in Figure 11 which was an aver-
age of 37% (p < 0.01). This has enabled water TSS concentration to be below 3.0 mg/L after 
the tenth day until the end of the test. By the end of the experiment, the control enclosed 
area has a TSS concentration average value of 4.23 ± 0.32 mg/L and the filter enclosed area 
had 2.67 ± 0.37 mg/L. 

 
Figure 11. Turbidity (FNU) and total suspended solids concentrations (mg/L) for the 2020 summer 
in situ experiment. 

Average turbidity removal in the filter-enclosed area was 17%, as presented in Figure 
11, which was statistically significant (p < 0.01). An experimental average of 2.92 ± 0.05 
FNU was obtained in the control area and 2.42 ± 0.03 FNU in the filtration-enclosed area. 
This removal percentage was lower than in the previous study.  

With the TSS and turbidity attenuation in the 2019 summer, a reduction in the particle 
size was also assessed in the filtration-enclosed area as statistically significant. While in 
the filter-enclosed area average values showed 50% (D50) and 90% (D90) of TSS were 
<28.40 ± 4.87 µm and <77.94 ± 10.12 µm, the control area values were <36.45 ± 4.71 µm and 
<154.07 ± 9.33 µm respectively. There was also a statistically significant positive correla-
tion between D90 size reduction and turbidity in the filtration-enclosed area (R2 = 0.8543, 
p-value < 0.01). The reduction showed that particles between these D90 (i.e., 77.94 ± 10.12 
µm > D90 >154.07 ± 9.33 µm) were the ones addressed by the geomembranes and possibly 
the ones with particulate contaminants and nutrients associated with them, as further 
evaluated. In the 2020 summer, the control-enclosed area particle size average showed 
50% (D50) and 90% (D90) of TSS as presented. They were <52.85 ± 7.47 µm and <158.60 ± 
6.64 µm and <54.57 ± 6.26 µm and <142.36 ± 9.25 µm, in the control and filter areas, respec-
tively.  

The water temperature in 2019 summer was of 16.3 ± 0.27 °C with the maximum wa-
ter temperature in the experiment reached on its first days of 21.8 °C. In the 2020 summer, 
the average value of water temperature presented was 19.2 ± 0.20 °C, with a maximum 
water temperature reaching 27 °C in the first week of summer.  
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3.3. Nutrient and Organic Matter Removal 
The removal and size decrease in suspended particles affected the nutrient concen-

tration in the enclosed filtration area in the 2019 summer study. Most precisely particulate 
phosphorus removal in the system was continually achieved by recirculating water on the 
floating filtration unit as presented in Figure 12. A good positive correlation between tur-
bidity and total phosphorus removal was found (R2 = 0.6240, p-value < 0.01). The TP re-
moval was statistically representative (p < 0.01) with a 22% average removal as shown in 
Figure 12. 

 
Figure 12. TP concentrations (µg/L) and TN concentrations (mg/L) for the 2019 summer in-situ ex-
periment. 

In contrast, throughout the experiments, no significant statistical change in the con-
centrations of TN was observed, as they were mainly (>80%) in their dissolved form. Lake 
water was already within the Quebec-regulated guidelines for this parameter and the av-
erage value for both enclosed areas was kept below the values presented. For TN concen-
trations the values were 1.03 ± 0.06 and 1.08 ± 0.06 mg/L, in the control and filter enclosed 
area, respectively, in the 2019 summer. 

Removal of suspended particles and associated particulate nutrients prevents them 
from settling and enabling the growth of possible harmful plankton. The associated par-
ticulate nutrient such as total phosphorus in the filter-enclosed area was reduced. In the 
2019 summer study, the lake water was at a eutrophic level (average concentration of 29.0 
± 1.5 µg/L) but was reduced to the limit of mesoeutrophic going towards the mesotrophic 
(filter-enclosed area of 22.7 ± 1.4 µg/L) which has been represented as a statistically repre-
sentative average removal of 22% in Figure 12.  

In the 2020 summer study, lake water TP removal had the same behaviour as the 
first-year study. A higher average level in the control enclosed area was 34.1 ± 1.2 µg/L, 
which is at the higher limit of the mesoeutrophic trophic level. However, in the filter area, 
the average was 27.8 ± 0.6 µg/L, as shown in Figure 13. The TP removal in this study was 
statistically representative (p < 0.01) with a 19% average removal. No correlation between 
turbidity and TP removal as well as TSS and TP was found. This could be explained as a 
significant number of particles were not reduced and removed in the system for TP re-
duction to occur. The average values of TN were 1.57 ± 0.09 mg/L and 1.54 ± 0.10 mg/L for 
the control and the filter area. 
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Figure 13. TP concentrations (µg/L) and TN concentrations (mg/L) for the 2020 summer in situ ex-
periment. 

3.4. Algae/Cyanobacteria Removal 
The average values for chlorophyll-a were 7.30 ± 0.09 µg/L for the enclosed control 

area and 3.13 ± 0.08 µg/L for the filter area, which represents a statistically significant re-
moval of 57% (p < 0.01). As visible algae/cyanobacteria formation was not observed in the 
filter area, similar removal trends for TSS, turbidity and particulate TP were obtained. All 
of them were found to be statistically correlated with chlorophyll-a which explained the 
absence of primary productivity. 

BGA removal, which was 56% (p < 0.01) in the system. Cyanobacteria development 
was observed in the control but not in the filter area, as shown in Figure 14. The average 
values for BGA were 0.51 ± 0.01 µg/L for the control enclosed area and 0.23 ± 0.01 µg/L for 
the filter area.  

In the 2020 summer, chlorophyll-a in the filter area was always lower than the control 
area with average values for chlorophyll-a of 5.66 ± 0.06 µg/L and 3.85 ± 0.05 µg/L for the 
filter area, which represents a statistically significant removal of 32 % (p < 0.01) (Figure 
15). This was less than the first-year study that showed 57% chlorophyll-a removal. The 
filtration system was able to suppress primary productivity to some level in the experi-
ment. Total suspended solids (TSS) (R2 = 0.61, p-value < 0.01) and turbidity (R2 = 0.55, p-
value < 0.01) were found to be statistically correlated with chlorophyll-a meaning that the 
suspended solids are mainly photosynthetic matter such as algae, etc. 

The BGA parameter in the filter area was always lower than the control area as well. 
As commented, cyanobacteria formation was observed in this lake water but at low den-
sities. This has been shown as the average values for BGA, which were 0.45± 0.004 µg/L 
for the control-enclosed area and 0.29 ± 0.004 µg/L for the filter area, which represents a 
statistically significant removal of 35 % (p < 0.01) which was less than the first-year study. 
This could be considered as an indication that this floating filtration unit is a potentially 
environmentally harmless, flexible and efficient remediation method in removing al-
gae/cyanobacteria development for an entire season. 
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Figure 14. Chlorophyll-a (µg/L) and BGA-PC concentrations (µg/L) for the 2019 summer in-situ ex-
periment. 

 
Figure 15. Chlorophyll-a (µg/L) and BGA-PC concentrations (µg/L) for the 2020 summer in situ ex-
periment. 

3.5. Experimental Correlations 
The correlation analysis using Spearman’s non-parametric test (p < 0.05) was chosen 

as a way to represent any monotonic relationship between the two variables in the pro-
posed treatment (i.e., filter-enclosed area). In other words, the matrix presented variables 
that change with the same compartment but not necessarily at a constant linear rate. 
Heatmap representation for the two summers deployment is presented on Figures S1 and 
S2 in the supplementary data for 2019 and 2020, respectively. Not statically significantly 
correlations (p > 0.01) are crossed out. 
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In the 2019 summer, turbidity and TSS present strong correlations with important 
variables of the filtration process for particle removal: D90, D50, TP, COD and chloro-
phyll-a. In other words, all variables that could characterize particles in some way present 
a good and excellent correlation between them. This validates that the in-situ geotextile 
process applied in which the removal of particles is responsible for the absence of al-
gae/cyanobacteria, reduction in phosphorus levels and decrease in particle sizes.  

Well-known correlations in lake water were also presented in this study such as con-
ductivity and DO, conductivity and temperature, and temperature and DO. Additionally, 
the water temperature was strongly correlated with SS and turbidity behaviour in this 
process. When water temperature rises, this will cause a reduction in the DO concentra-
tion.  

Negative relations were also presented in the system; one of the most representative 
was DO and turbidity and TSS and DO. To better explain, as there are more particles in 
the water, DO decreased as the dissolved oxygen was used in other processes in the nat-
ural system. The inverse was also true in this process when the removal of these particles, 
the main objective of the applied process, was to increase the dissolved oxygen content. 

In the 2020 summer, the same performance was as the previous one, where variables 
that can characterize particles presented a strong correlation with turbidity and TSS re-
moval. These variables were D90, BGA, COD and chlorophyll-a. This confirms that this 
in-situ geotextile process can be applied in a large, enclosed area for a long-time project to 
remediate lake water.  

Strong negative correlations were found with DO and variables such as turbidity, 
water temperature, COD, TSS and conductivity. This can be explained by the quantity of 
DO dissolving in the water is affected by the water temperature. Additionally, DO can 
affect the growth of algae and water cloudiness. 

4. Discussion 
Even though the project only affects the suspended solids (SS) content in the water 

area defined the silt curtain, there is also possible interaction of water and sediment as 
well within the curtain, replenishing the nutrients into the overlying water. In contrast, 
the floating filtration unit was able to quickly respond and maintain the treatment of the 
lake water. In other words, it was hypothesized that the removal of suspended particles 
should be the most important, as it is the main application of any filtration system for both 
deployments. Additionally, by removing those SS particles present in the lake due to ex-
ternal or internal loads, there was the prevention of a possible future settling which can 
directly affect the nutrient and contaminants within the lake sediment. 

The water that was near the limit of being considered eutrophic water was reduced 
to the limit of mesoeutrophic going towards the mesotrophic level for both summers using 
geotextile filtration. By regulating primary production, the limiting nutrient for this lake 
was considered phosphorus, which was reduced by this geotextile membrane filtration. 
On average the removal was 22% and 19% in the 2019 and 2020 summers, respectively.  

Related to SS, there was an observed trend as the control area was always higher than 
the removal in the filtration-enclosed area. This has shown that the floating system used 
was able to quickly respond and remediate the water despite suspended solids and nutri-
ent replacement due to sediment resuspension, and watershed runoff. TSS and turbidity 
strong correlation were captured (R2 = 0.833, p-value < 0.01) in the filter-enclosed area in 
the first-year study. Instead, in the control area, a tendency of constant increases in the SS 
concentration and turbidity was captured. This was possibly caused by the reported visi-
ble algae/cyanobacteria colony accumulation in this area, which decreased when the wa-
ter temperature started to drop and aquatic organisms started to decrease, degrade and 
settle on the lake sediment. In the second year, there was a statistically significant positive 
correlation between D90 size reduction and turbidity in the filtration enclosed area (R2 = 
0.56, p-value < 0.01) and D90 and BGA (R2 = 0.64, p-value < 0.01). An explanation of this 
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correlation can be that those particles were in most cases, photosynthetic organisms such 
as cyanobacteria, which were captured by the filter’s layers. 

By this second-year study, by increasing the filtration area but using the same flow 
rate and the same geotextile floating unit with woven layers, the same removal was ob-
tained. Continuously remediating the lake water in the enclosed filter area, average re-
moval was reduced in the 2020 year when compared with the 2019 summer study. As 
there was less water to be filtered in the first year and the commercial mesh (CM) mem-
brane (i.e., used as pre-filtration for this project) presents fiber-like comportment in cap-
turing algae/cyanobacteria, which has improved the filtration removal of suspended sol-
ids by employing the depth filtration mechanism. A large, enclosed area will require the 
scale-up on the filtration unit, which will require a higher filter area as well as a higher 
flow rate pump. This requirement would be used to produce a further methodology for 
the potential full-scale implementation of this remediation technique. Also, for future ap-
plications of this eco-remediation in other water types, SS sizes and compositions present 
in the water (i.e., sizes of contaminated SS and sizes of harmful algae/cyanobacteria) can 
be focused on. 

Removing particles by the geotextiles decreased the overall particle size and ad-
dressed particulate nutrients to prevent them from settling and possibly being available 
in the water column for easy uptake by harmful plankton. The floating filtration in-situ 
unit was able to maintain a nutrient removal trend, even though it has been constantly 
replenished within the natural system. It suppressed any algae/cyanobacteria develop-
ment. This is the final corroboration of this in-situ geotextile filtration as a flexible, poten-
tially economically efficient, reactive and environmentally safe remediation in preventing 
algae/cyanobacteria formation for an entire season.  

With this understanding this remediation is not only applicable for shallow lakes 
(average depth < 2 m) but also ponds, river sections, coastal regions and bays that have 
similar issues. As the filtration unit is easy to operate and maintain, the deployed system 
did not need a highly trained technician, which is a plus. Additionally, possible pre-filtra-
tion (with higher pore sizes) for any large debris removal is recommended before the ap-
plication of the water in the geotextiles, to prevent rapid clogging. 

Operational costs of this method are associated with electricity for continuous pump-
ing, which is about 68% of the total value. It is recommended for any future applications 
to use alternative energy sources such as renewable ones (i.e., solar or wind energy), de-
pending on the installed location.  

Further investigations and development possibly addressed in near future will be the 
following: an increased enclosed area for the proposed treatment, application of other ge-
otextile AOS sizes, geotextile layers reuse after high-pressure washing and natural drying, 
and uptake of dissolved organic matter by microorganisms using ceramsite (i.e., porous 
clay particles produced by pelletizing and sintering) as support media combined with fil-
tration. Additionally, consideration will be given to the lake water dissolved organic mat-
ter characterization, understanding internal release mechanics within the lake water 
lastly, related to the captured sediment, in-situ dewatering of the SS captured by evapo-
ration followed by assessment for direct application or final disposal. 

5. Conclusions 
The in-situ experiment showed that geotextile filtration is an effective, environmen-

tally safe, and economic method for which SS and particulate nutrients can be reduced 
and algae and cyanobacteria development suppressed in two entire recreational seasons 
in lake water. The geotextile filter combination used allowed TP, TSS, and turbidity re-
moval and reduced particle sizes directly affecting the chlorophyll-a and BGA concentra-
tions (i.e., primary productivity) in the system. Even though with constant nutrient re-
plenishment into the overlying water, removal trends were maintained showing the 
adaptability of the applied methodology. Preventing particles from settling which could 
include harmful plankton, is strongly statistically positively correlated with TSS and 
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turbidity, variables that represent particles in the system (total phosphorus (TP), turbidity, 
chlorophyll-a). The lake water was decreased to the limit of mesoeutrophic going towards 
the mesotrophic state with this filtration process. For future work, attention will be made 
to the clogged geotextile filter reuse, dissolved COD uptake in the lake water and captured 
sediment dewatering and final disposal. Possible larger in-situ filtration pilot experiments 
will be assessed in this project. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/w15030441/s1, Figure S1: Heat map representation of the 
Spearman correlation matrix on all variables for the summer 2019 deployment, not statically signif-
icantly correlation (p > 0.01) is crossed out; Figure S2: Heat map representation of the Spearman 
correlation matrix on all variables for the summer 2020 deployment, not statically significantly cor-
relation (p > 0.01) is crossed out; Table S1. Lake Caron physico-chemical measurements and descrip-
tive statistics for summer 2019 deployment; Table S2. Lake Caron physico-chemical measurements 
and descriptive statistics for summer 2020 deployment. 
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