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Abstract

The Japanese Garden of La Paz, Bolivia, is a sociocultural space with high biodiversity,
with its lagoon receiving treated effluent from the “Las Cholas” Wastewater Treatment
Unit. Preliminary monitoring revealed elevated organic matter concentrations, raising
concerns about water quality. This study aimed to design a constructed wetland (CW) to
remove organic load and demonstrate its potential as a nature-based solution (NBS) for
sustainable management. Physicochemical parameters and the trophic state index were
evaluated during the dry and wet seasons. Macrophyte species were identified, and the
most suitable species were selected through a systematic literature review considering
treatment performance and local availability. The results showed alkaline conditions, low
nutrient concentrations, and a mesotrophic trophic status. A total of 139 vascular plant
species were recorded, including Cyperus involucratus, Azolla filiculoides, and Eichhornia sp.
Cyperus involucratus was selected due to its abundance and reported BODs or COD re-
moval efficiency. The proposed system consists of a horizontal subsurface flow CW incor-
porating permeable reactive barriers filled with water hyacinth leaves as a biosorbent. A
design flow rate of 0.86 m3/day was adopted for the proposed CW, corresponding to a
hydraulic retention time (HRT) of 1.68 days and an estimated BODs removal efficiency of
68.54%.

Keywords: constructed wetland; organic matter; Japanese Garden

1. Introduction

Urban lakes and ornamental ponds are among the landscape elements that greatly
enhance the quality of life in urban areas; they offer recreational and educational activities
and help regulate the urban climate [1,2]. They contribute multiple ecosystem services,
such as flood mitigation, the moderation of local climatic variability, and an enhancement
in runoff water quality, and support for biodiversity and recreational value [3]. However,
urban aquatic systems are highly vulnerable to anthropogenic pressures, such as storm-
water runoff, the accumulation of contaminants or nutrients from surrounding built en-
vironments, and hydrological disturbances that undermine water quality and ecosystem
functioning [4-7].
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These conditions can exacerbate eutrophication processes, especially in small urban
water bodies. Eutrophication, characterized by excessive inputs of minerals and nutrients
(primarily nitrogen and phosphorus), leads to the proliferation of aquatic plants, in-
creased accumulation of organic matter, and deterioration of ecological balance [8,9].

Nature-based solutions (NbSs) are sustainable strategies to address complex envi-
ronmental challenges related to anthropogenic pressures. Constructed wetlands (CWs)
represent a widely applied NbS to enhance water quality [10]; they mimic natural ecosys-
tems by boosting biological, physical, and chemical purification processes [11-13]. Fur-
thermore, they replace conventional wastewater treatment processes to create a sustaina-
ble system based on a natural ecosystem [14].

Background and Context

The Japanese Garden (JG), located in La Paz, Bolivia, is a sociocultural urban space
donated by the Japanese Society of La Paz. The site hosts a rich biological diversity, en-
compassing a variety of both aquatic and terrestrial plant species. The lagoon receives pre-
treated water from the “Las Cholas” Wastewater Treatment Unit, which is a preliminary
treatment system. Prior monitoring indicated elevated organic matter and turbidity, sug-
gesting ecological imbalance and imminent stress to aquatic life [15]. Given the regione
seasonal climatic variability, pollutant accumulation may intensify during the dry season,
compromising both environmental quality and the sitess cultural value.

Seasonal variations in water quality conditions and pollutant loads in the JG lagoon
provide essential information for the design of a CW adapted to the ecological dynamics
of the site. By characterizing temporal variations in organic matter, turbidity and nutrient
concentrations, the treatment system can be designed to maintain the ecological functions
and sociocultural value of the lagoon [16]. Furthermore, the optimization of hydraulic re-
tention time is critical to achieving effective pollutant removal while preventing excessive
hydraulic stress and ensuring sustainable operation [17]. Therefore, an adaptive design
approach enables the CW to enhance urban water resilience by balancing treatment effi-
ciency, ecological integrity, and long-term sustainability.

In this sense, adaptive and sustainable water management strategies are required to
enhance the lagoons ecological resilience while preserving its biodiversity, landscape in-
tegrity, and sociocultural value. The proposed CW serves as a nature-based complemen-
tary system, utilizing sedimentation, physical filtration, and biological degradation to en-
hance the quality of the water diverted through the recirculation system of the lagoon.
This study develops a combined treatment (CW and biosorbents) as a complementary unit
to improve lagoon water quality. The system establishes key sizing parameters, including
wetland dimensions and hydraulic retention time. It offers technical guidance for sustain-
able water management in a culturally significant urban green area and contributes po-
tential co-benefits for climate resilience as an NbS.

2. Materials and Methods

This study followed three phases: water quality monitoring and sampling, identifi-
cation and macrophyte selection, and CW design. The overall methodological framework
is presented in Figure 1.
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Figure 1. A schematic overview of the research methodology for monitoring and sampling, identi-

fication and macrophyte selection, and CW design.

2.1. Study Area

The ]G is situated in the Southern Macro-district of La Paz, Bolivia. It is geograph-
ically positioned at 16°32'27”S latitude and 68°05'31”W longitude, at an elevation of 3250
m above sea level (Figure 2). The site lies within a geological zone corresponding to the
Andean Altiplano, characterized by the presence of sediments and rocks commonly found
in the region. The climate is variable, with an average annual temperature ranging be-
tween 7.25 and 19.75 °C and annual precipitation between 351.4 and 353 mm. There are
three artificial waterfalls that oxygenate the lagoon through water recirculation using a
manually operated submersible pump.
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Figure 2. A description of the study area, where P1 and P2 are sampling points, and W1, W2, and
W3 are artificial waterfalls. The source of this study is Google Earth, and the maps and photographs
are by the authors.
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2.2. Description of Hydraulic Characteristics

Three waterfalls (W1, W2, and W3) contribute to internal water circulation and oxy-
genation through a manually operated submersible pump. The pumping system operates
for eight hours per day, distributed between the morning and afternoon, and is switched
off at night.

The lagoone inflow rate was not directly quantified during the study period, and a
water balance was therefore not established. An overflow structure provides a discharge
pathway to the Irpavi River when the lagoon reaches excess water levels. This overflow
functions as an intermittent outlet, and its discharge rate is difficult to quantify because of
the characteristics of the structure. In addition, the lagoon has an irregular geometry, and
no stage—volume relationship has been established. Consequently, neither inflow nor out-
flow rates could be measured during the study period.

The hydraulic conditions of the lagoon were distinguished from the parameters for
the proposed CW design. In particular, the design flow rate was considered a design pa-
rameter rather than a measured hydraulic flow of the lagoon. It was obtained through an
iterative CW sizing procedure according to available space within the waterfall W1.

2.3. Monitoring and Sampling

Periodic monitoring and water sampling were conducted biweekly over an eight-
month period from May 2022 to February 2023, excluding January and June due to the
unavailability of measuring equipment and laboratory access. The monitoring covered
both the dry season (May to September) and the wet season (October to February). Two
sampling locations were systematically selected based on prior monitoring data from the
study area (P1 and P2). A total of 28 water samples were collected, 14 for each sampling
point. The samples were transferred to the laboratory on ice at 4 °C and stored in the
refrigerator until analysis. Transportation and storage procedures followed the guidelines
established in the Standard Methods for the Examination of Water and Wastewater [9].

A separate periodic monitoring campaign was conducted at W1 for eight months
between August 2023 and July 2024 to obtain chemical oxygen demand (COD) values as
the influent concentrations for the proposed CW. In January, February, March and April
2024, COD measurements were not available because W1 was undergoing maintenance.

2.4. Analytical Methods

Temperature, electrical conductivity (EC), pH, total dissolved solids (TDS), and dis-
solved oxygen (DO) parameters were measured using a multiparameter device (HANNA,
HI98194 Portable Meter,Nusfaldu, Romania . Transparency was assessed at each sampling
site using a Secchi disk. Additional water quality parameters were analyzed in the labor-
atory. Phosphate, COD, and chlorophyll 2 were determined according to the 4500-P E,
5220 C, and 10200 H methods, respectively [18].

2.5. Calculation of Trophic State Index (TSI)

The Carlson trophic state index (TSI) was applied to evaluate the eutrophication level
of the JG lagoon. In this study, this index was estimated using only chlorophyll a concen-
tration, based on the following equation [19]:

2.04 — 0.68In CHL
) M

TSI(CHL) =1 —
SI (CHL) Ox(s -

where CHL is the concentration of chlorophyll “a” in mg/m?. The TSI scale ranges from 0
to 100, and trophic conditions are classified as oligotrophic (TSI < 30), mesotrophic (30 <
TSI < 60), eutrophic (60 < TSI < 90), or hypereutrophic (90 < TSI < 100) [20].
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2.6. Water Quality Assessment and Regulatory Criteria

The water quality findings were compared with the maximum permissible limits ac-
cording to the Bolivian Regulation on Water Pollution Control (Reglamento en Materia de
Contaminacién Hidrica, RMCH) (Classes A-D) [21]. The reference values used for the pa-
rameters evaluated in this study are presented in Table 1.

Table 1. The maximum permissible values according to the Bolivian Regulation on Water Pollution
Control (RMCH) (Classes A-D) for the studied parameters in the Japanese Garden lagoon.

Parameter Unit Class A Class B Class C Class D

pH - 6.0-8.5 >8.5-9.0 - -
Electrical Conductivity (*) pS/cm 0-140 >140-300 >300-500 >500-1600

Total Dissolved Solids (TDS) ppm 0-1000 - >1000-1500 -

Dissolved Oxygen Saturation % >80 70-80 60—<70 50—<60
Phosphate mg/L 0-0.4 >0.4-0.5 >0.5-1.0 -

Chemical Oxygen Demand (COD) mg/L 0—<5 5-<10 10—<40 40—<60

Biological Oxygen Demand (BOD:s) mg/L 0—<2 2—<5 5-<20 20—<30

(*) Values provided by the Vice-Ministry of Water Resources and Irrigation (VRHR-MMAYA) [22].

2.7. Vegetation Cover Identification

Vegetation cover was identified through field observations, photographs, and plant
specimen collections. Species identification was carried out in collaboration with the Bo-
livian Natural History Museum, based on the analysis of collected specimens, comparison
with reference material from the Bolivian National Herbarium, and consultation of spe-
cialized publications on ornamental plant species.

2.8. Systematic Review for Macrophyte selection

Macrophyte species were selected through a systematic literature review following
PRISMA 2020 guidelines [23]. The databases used were Google Scholar, Scopus, Springer
Link, and Dialnet (Figure 3). The initial search yielded 3116 and 441 documents without
applying any exclusion criteria for Eichhornia spp. and Cyperus involucratus, respectively.
The keywords and Boolean operators used in the search included “scientific name of the
macrophyte species”, “artificial wetland,” “COD,” and “BODs.” The selection criteria in-
cluded articles published in English and Spanish between 2014 and 2024. For Eichhornia
spp., the number of articles was reduced to 160 and 21 for Cyperus involucratus. The last
search was conducted in February 2025.
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Figure 3. A description of the systematic review for both macrophyte species.

2.8.1. Quality Assessment and Data Extraction

First round: Articles and thesis abstracts were analyzed, and open access articles with
unavailable full texts were excluded. The number of articles was reduced to 160 and 21
for Eichhornia spp. and Cyperus involucratus, respectively.

Second round: Duplicate articles were removed, and the variables of interest were
examined, resulting in 28 primary documents for Eichhornia spp. and 8 articles for Cyperus
involucratus.

Final selection: This stage involved the evaluation of the methodology and findings
presented in each article related to the type of wastewater and wetland, pH, temperature,
HRT, COD, BOD:s and data on the removal of other contaminants. This screening yielded
10 articles for Eichhornia spp. (Google Scholar: n = 7; Scopus: n = 1; Springer Link: n = 1;
Dialnet: n = 1). The number of articles was reduced to 7 (Google Scholar: n = 6; Scopus: n=
1) for Cyperus involucratus.

Differences among the reported findings were compared considering the type of
wastewater treated, wetland configuration, and operating parameters such as HRT.

The Critical Appraisal Skills Program (CASP) was used to evaluate the quality of the
articles. In qualitative research methodology, CASP is a common tool for assessing their
strengths and limitations [24,25]. This tool uses key questions grouped into three sections,
internal validity, results, and applicability, to analyze the methodological strengths and
weaknesses of the articles reviewed [26]. Documents classified as low-quality were not
included, while studies categorized as moderate- and high-quality were considered in the
analysis.

2.9. Literature Review for Biosorbent Selection

A literature review of wastewater biosorbents was conducted to identify a suitable
biosorbent for the permeable reactive barriers (PRBs) as a proposed combined treatment.
The reviewed studies were screened for reported performance in removing organic mat-
ter, using indicators such as dissolved organic matter (DOM), chemical oxygen demand
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(COD), and biochemical oxygen demand (BODs). The biosorbent as a PRB component was
incorporated into the proposed CW system based on its reported contribution to pollutant
removal. However, it was not experimentally evaluated in the present study.

2.10. Constructed Wetland Design

The proposed CW is designed as a complementary treatment unit integrated with
one of the waterfalls of the JG lagoon. W1 was identified as the most suitable location
because it provides sufficient space for the installation of the wetland. In addition, the
predominantly horizontal water flow at this location is consistent with the hydraulic con-
figuration of a horizontal subsurface flow CW. Therefore, the available area within W1
ranged from 1.7 to 2.5 m in width, and this constraint was considered for the design.

Modeling the system as a plug-flow reactor, [27]proposed a first-order kinetic ap-
proach, and it was used to determine the surface area for the BOD removal rate. This
model requires determining the temperature-dependent areal rate constant (Kr) and the
HRT. The corresponding equations are presented in Table 2:

Table 2. Equations for the CW design.

Parameter

Equation Variables

Q: Flow rate (m3/d)
Ca/Ce: Influent and effluent BOD concentrations

Q- Ln(ca/ce) (mg/L)
{ == T rrarrel .
Surface area As K-y 'n L-w Kr: First-order areal rate coefficient (1/d)
y: Water depth (m) (*)
n: Substrate porosity (¥)
Koo: First-order areal rate constant at 20 °C for BOD (d)
%
First- 1 ffici = . p(Tw—20) *)
irst-order areal rate coefficient Kr =Ky -0 0: Temperature coefficient for BOD (*)
Tw: Water temperature (°C) during the coldest month
. o L-W-y-'n L: Length of the wetland (m)
H | HRT = ——
ydraulic retention time Q W: Width of the wetland (m)
Relation L/W L=3W, W= \/% As: Surface area

(*) A water depth (y) of 0.5 m was assumed, considering the typical root length of the selected mac-
rophytes [28]. A porosity value (n) of 0.40 was adopted for medium gravel media [28]. The first-
order areal rate constant at 20 °C (K2) was set at 1.104 d~, and the temperature correction coefficient
(0) was taken as 1.06 [28].

The influent concentration “Co” for the proposed wetland was determined through
COD measurements at W1 from August 2023 to July 2024. COD was used because it pro-
vides a direct measure of the overall oxidizable organic load and has been applied for
organic load characterization in CW systems [29]. However, the Reed model expresses
organic matter removal in terms of BOD; therefore, the measured COD could not be di-
rectly used as the influent parameter. BOD was consequently estimated from COD using
a BOD/COD ratio of 0.6. This ratio provides an estimate of the biodegradable fraction of
the organic matter, for which the BOD/COD ratio is commonly used as an indicator [30].
[27] reported that BOD/COD ratios can vary according to wastewater characteristics, with
values around 0.6 occurring within the range associated with more biodegradable
wastewater. Therefore, 0.6 was selected as a representative intermediate value for the de-
sign, avoiding the use of either a lower or higher biodegradability assumption.

The effluent concentration was selected according to permissible limits for BOD,
Class C, using the intermediate value within the range limits (Ce = 10 mg/L). The CW
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design influent flow rate was iteratively determined using the surface area and L/W ratio
equations in Table 2.

2.11. Remowval efficiency

The estimated BOD removal efficiency was determined through the following equa-
tion:
Co—Ce
Co

Removal (%) = < ) x 100 ()

where Co and Ce are influent and effluent BOD concentrations (mg/L), respectively.

3. Results
3.1. Physicochemical Parameters
3.1.1. Temperature and pH

Figure 4a shows water temperature during the monitoring period; in the dry season,
the lowest temperatures were recorded in May at both sampling points (P1: 8.09 +0.14 °C;
P2:7.35 £ 0.27 °C), while the highest values were observed in September (P1: 15.24 + 0.19
°C; P2:15.61 £ 0.69 °C). During the wet season, the lowest wet season values occurred in
early October (P1:13.73 +0.11 °C; P2: 13.92 + 0.56 °C). The maximum values were recorded
in the second week of October (17.32 + 0.25 °C) and in February for P2 (17.29 + 0.01 °C).
Overall, water temperature showed a clear seasonal pattern, and both sampling points
demonstrated similar temporal trends.

The average pH was similar between the sample points, with values indicating a gen-
erally alkaline tendency (Figure 4b). During the dry season, pH increased at both points,
with the maximum values in September (P1: 9.60 + 0.35; P2: 9.74 + 0.28), exceeding the
permissible limit (pH = 9) established by the Bolivian Regulation on Water Pollution Con-
trol (RMCH, Class “B”). In the wet season, pH showed greater variability. At P1, a de-
creasing trend was observed, with a maximum in October (9.27 + 0.30) and a minimum in
February (6.66 + 0.45). In contrast, P2 exhibited irregular fluctuations, with a peak in No-
vember (9.99 + 0.04) and a minimum in February (7.67 + 0.14), with values approaching
the regulatory limit toward the end of the period. A greater temporal variability was ob-
served at P2 during the dry season.

3.1.2. Electrical Conductivity (EC), Total Dissolved Solids (TDS) and Dissolved Oxygen
Saturation (%DO)

Figure 5a shows relatively high electrical conductivity at both sampling points. Dur-
ing the dry season, conductivity exhibited a decreasing trend at both sites; however, val-
ues above the recommended limit of 500 pS/cm (Vice-Ministry of Water Resources and
Irrigation, VRHR-MMAYA, Class “C”) [22] were recorded in May, July, and August. The
highest conductivity was measured in August at P1 (627.33 + 3.79 pS/cm) and in May at
P2 (666.00 + 8.96 puS/cm). During the wet season, conductivity showed a variable pattern,
with a marked increase from October to November, reaching peak values in November
(P1: 955.33 +4.97 uS/cm; P2: 898.33 + 3.79 uS/cm), well above the recommended limit. The
minimum values were recorded in December for P1 (384.33 £ 3.79 uS/cm) and in February
for P2 (357.33 + 1.43 uS/cm). Overall, electrical conductivity showed a higher value during
the wet season. However, the peak values in November suggest a specific action or activ-
ity that occurred at P2 that caused a considerable increment.

Regarding total dissolved solids (TDS), values at both sample points remained below
the permissible limit (1500 ppm; RMCH, Class “C”) (Figure 5b), with concentrations rang-
ing from 232.67 to 668 ppm. During the dry season, the lowest values were recorded in
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September (P1: 282.33 + 6.25 ppm; P2: 283.00 + 2.48 ppm) and maximum values in July for
P1 and August for P2 both with the same value (438.67 + 3.79 ppm).

In the wet season, higher and more variable values were observed, with peaks in
November (P1: 668.00 +5.17 ppm; P2: 628.67 + 2.87 ppm) and minimum values in February
(P1: 232.67 + 13.7 ppm; P2: 250.00 + 0.00 ppm). Neither of the sampling points exceeded
the permissible limits. Nevertheless, there was greater variability during November, in-
dicating that an activity at both points was carried out that provoked it.

Concerning dissolved oxygen saturation (%DO), values ranged from 40.77 to 98.10%
(Figure 5¢) and were generally above the minimum threshold (60%, RMCH, Class “C”).
During the dry season, the lowest values were recorded in May (P1: 40.77 + 4.52%; P2:
41.13 + 3.93%), while the highest values were observed in September for P1 (77.98 + 1.67%)
and during the first week of July P2 (90.53 +2.57%). In the wet season, %DO concentrations
gradually increased, with peak values observed in December for P1 (83.80 + 1.97%) and in
November for P2 (98.10 + 0.43%). Meanwhile, the lowest values were recorded in October
(P1: 56.57 + 2.66%; P2: 59.77 + 4.24%). Overall, the levels of dissolved oxygen were low
during October, indicating insufficient oxygenation and a possible stagnation.

3.1.3. Transparency and Phosphate

Transparency ranged from 0.10 to 0.45 m (Table 3), with generally lower values at P1
compared to P2. During the dry season, the lowest transparency values were recorded in
May for P1 and in September for P2 (both 0.18 m), while the highest values occurred in
July (P1: 0.35 m; P2: 0.45 m). In August, no value was reported for P1, as the Secchi disk
remained visible at the bottom.

Table 3. Transparency data (m) at sampling points and in study periods.

Dry Wet
May Jul Aug Sep Oct Nov Dec Feb
Week 1 9 10 14 18 20 22 24 26 28 30 31 39 40
P1 018 028 035 NA 020 020 015 NA 010 015 NA NA NA NA
P2 023 045 035 020 025 018 015 015 013 025 015 0.15 035 0.20

NA = Not applicable (Secchi disk reached the bottom; water transparency exceeded depth).

In the wet season, transparency showed variable behavior. The lowest values were
observed in November (P1: 0.10 m; P2: 0.13 m). The highest transparency for P1 was rec-
orded in October and November (0.15 m), while for P2 it occurred in February (0.35 m).
Similarly, no values were reported for P1 in October, December, or February because the
Secchi disk was fully visible at the bottom. Based on the findings, P1 and P2 showed ir-
regular water levels, which is related to the shape of the lagoon. Furthermore, P2 showed
less transparency than P1, suggesting that P2 was exposed to anthropogenic activities.

In relation to phosphate, concentrations were generally below the permissible limit
(1 mg/L; RMCH, Class “C”) (Figure 6a) at both sampling points. Representative samples
were not collected in May or February. During the dry season, the lowest concentrations
were recorded in September (P1 and P2: 0.17 mg/L), while the highest values were ob-
served in August (P1: 1.58 + 0.04 mg/L; P2: 1.41 + 0.02 mg/L), exceeding the permissible
limit. In the wet season, phosphate concentrations were lower and showed a variable pat-
tern. The lowest values were observed in November for P1 (0.21 + 0.00 mg/L) and in Oc-
tober for P2 (0.16 + 0.00 mg/L), while the highest concentrations were recorded in Novem-
ber for P1 (0.39 = 0.01 mg/L) and in October for P2 (0.28 + 0.02 mg/L). Overall, phosphate
concentrations were higher in August, indicating stagnation and causing the accumula-
tion of this nutrient.
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3.1.4. Chemical Oxygen Demand (COD)

Chemical oxygen demand (COD) values ranged from 31 to 194 mg/L and were con-
sistently above the permissible limit (40 mg/L; RMCH, Class “C”) (Figure 6b) at both sam-
ple points throughout the study period, except for December and February. Representa-
tive samples could not be collected in May or October, and consequently, COD analyses
were not performed for these months. During the dry season, the lowest concentrations
were recorded in September (P1: 59.00 + 4.97 mg/L; P2: 62.67 + 6.25 mg/L), while the high-
est values were observed in July (P1: 116.33 + 2.87 mg/L; P2: 194.00 + 8.61 mg/L). During
the wet season, COD levels gradually decreased, with values generally lower than those
recorded in the dry season. The lowest value was observed in December (P1: 31.00 + 0.00
mg/L; P2: 35.00 £ 0.00 mg/L). The highest COD values were recorded in November, during
the first week for P1 (74.33 + 10.0 mg/L) and the second week for P2 (77.00 + 0.00 mg/L).

3.2. Trophic State Index (TSI)

Carlsones TSI values, based on chlorophyll 4, ranged from 33.23 to 69.19, indicating
mesotrophic to eutrophic conditions (Figure 7). Mesotrophic conditions predominated
during both the dry and wet seasons, although higher trophic states were observed in
September—October. The lowest values occurred in February at P2 (33.23 + 5.63), while the
highest were recorded in September at P2 (65.38 + 0.51). Overall, the results suggest mod-
erate nutrient availability with seasonal fluctuations in trophic status.
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Figure 4. (a) Water temperature variation in P1 and P2 during May 2022-February 2023. The dry
season corresponds to May-September, while the wet season corresponds to October—February. (b)

pH variation at P1 and P2 during the same monitoring period. PL indicates the permissible limit
(pH =9) established by the Bolivian Regulation on Water Pollution Control (RMCH), Class “C”.
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the monitoring period (May 2022-February 2023). The dry season comprised May-September,

whereas the wet season extended from October to February. (a) In terms of electrical conductivity
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(EC), PL represents the permissible limit (EC = 500 uS/cm) recommended by the Viceministry of
Water Resources and Irrigation (VRHR-MMAYA), Class “C”. (b) Regarding total dissolved solids
(TDS), PL represents the permissible limit (TDS = 1500 ppm) established by the Bolivian Regulation
on Water Pollution Control (RMCH, Class “C”). (c) As for dissolved oxygen saturation, MT repre-
sents the minimum threshold (DO = 60%) established by the Bolivian Regulation on Water Pollution
Control (RMCH, Class “C”).

C— Dry season

C—/3 Wetseason —&—P1 —0O—P2 - =--= PL=1(mg/l)

9 12 16 18 20 22 24 26 28 30
Jul Agu Agu Sep Sep Oct Oct Nov Nov Dec
Week and Month
[ = Dry season [_—_] Wetseason —&—P1 —0O—P2 - - - PL =40 (mg/l)

Jul

10 12 18 26 28 30 31 39 41
Jul Agu Sep Nov Nov Dec Dec Feb Feb
Week and Month

Figure 6. Variation in concentrations at sampling points P1 and P2 during the monitoring period
(May 2022-February 2023): (a) phosphate and (b) COD The dry season comprised May-September,
whereas the wet season extended from October to February. PL represents the permissible limit
established by the Bolivian Regulation on Water Pollution Control (RMCH, Class “C”), correspond-
ing to 1 mg/L for phosphate (PO+) and 40 mg/L for COD. Representative samples could not be
collected in May or February for phosphate analysis or in May or October for COD analysis; there-
fore, no analyses were performed for these months.
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Figure 7. Trophic state index (TSI) variation at sampling points P1 and P2 during the monitoring
period (May 2022-February 2023). The dry season ran from May to September, whereas the wet
season ran from October to February. Trophic status categories were classified as oligotrophic
(Green) (TSI < 30), mesotrophic (Yellow) (30 < TSI < 60), and eutrophic (Red) (60 < TSI < 90) [11].
3.3. Vegetation Cover Characterization
According to [31], 139 vascular plant species have been recorded across the different
sections of the garden, most of which are exotic species introduced from Europe and Asia,
primarily for ornamental purposes and their adaptability to local environmental condi-
tions. Among the aquatic vegetation, three macrophyte species were identified: Cyperus
involucratus, Azolla filiculoides, and Eichhornia sp.
3.4. Systematic Literature Review
Tables 4 and 5 compile the articles selected for this review, summarizing their contri-
butions to the study of the water treatment efficiency of Eichhornia sp. and Cyperus involu-
cratus. They detail the type of wetland system, COD and BOD5 removal findings, and
other significant parameters.
Table 4. Systematic review findings on water quality treatment efficiency of Eichhornia sp. in CWs.
BOD:s
COD Removal of Other
Wastewater CW pH T (°C) HRT (d) Removal . Reference
Removal (%) %) Contaminants (%)
(]
NH4=67.9
Fish farm NO:2=27.1
FWS  69-83 28 1.6 N.A. 32.1 32
effluents TP =23 [52]
NOs =16.7
Domestic/ NH4+-N=97 4
FWS 7.6 32.02 3-5 N.A. 75 33
Industrial TN =82 (3]
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TP=84.2
Fe=625
Pb =88.9
Cu=817
Ni=80.4
Industrial FWS 8.51 26.5 8.5 63.04 94.23 NA=77.48 [34]
Al=98.84
. Fe =99.81
Domestic FWS 89-7.3 24.5 14 61.29 73.05 TN = 96.01 [35]
Turbidity = 95.20
Oils/grease =75.4
Domestic FWS 6.3-73 22.5 5-7 72.1 78.2 TSS =82 [36]
Fecal coliforms =99.9
Fecal colif =89.84
Domestic ~ HSSF  6.9-7.3 226 1 N.A. 90 ecal coliforms =59.8 [37]
TSS = 84
TDS =24
. TN =13.56
Domestic FWS 6.7-7 25-36 5 48.8 N.A. Turbidity = 19.89 [38]
TDS =59.37
. Turbidity = 66.97
Industrial FWS 78-75 38 21 82.53 83.08 TDS = 59 37 [39]
Rural river TN =89.4
FW N. A 14-2 4 21 A 4
water 5 0 68 N NH4-N =99 [40]
Mmmtgr;ndus' FWS 82 2530 15 34 50 Cr (VI)=99.5 [41]
FWS =Free Water Surface Wetland; HSSF = Horizontal Subsurface Flow Wetland; HRT = Hydraulic
Retention Time; COD = Chemical Oxygen Demand; BODs = Biochemical Oxygen Demand (5 days);
TN = Total Nitrogen; TP = Total Phosphorus; TSS = Total Suspended Solids; TDS = Total Dissolved
Solids; N.A. = Not Available.
Table 5. Systematic review findings on water quality treatment efficiency of Cyperus involucratus in
CWs.
BOD:s
D R 1 of Oth
Wastewater CW pH T(CC) HRT(d) co Removal emova’ o Other Reference
Removal (%) %) Contaminants (%)
(0]
Fish farm efflu- TP =41
ents HSSF  N.A. N.A. 4-6 31 37 TAN =61 [42]
TN =91.43
Leachate VSSF  75-83 N.A. 4 88.36 N.A. NHs-N =94.19 [43]
NOs-N =98.11
Domestic VSSF  N.A. N.A. 5-7 76.99 N.A. TSS=77.78 [44]
Domestic HSSF 7.3 29.5 2-8 N.A. 86.1 TN=71.2 [45]
Leachate VSSF  8.2-8.8 N.A. 5 86.3 N.A. OCPs, =56.9 [46]
TSS5=93
Domestic VSSF  N.A. N.A. 2 70 76 NHs-N = 83 [47]
TP = 64
Domestic HSSF  N.A. N.A. 2 47.93 N.A. TP =49.04 [48]

Fecal coliforms =43.11

HSSF = Horizontal Subsurface Flow Wetland; HRT = Hydraulic Retention Time; COD = Chemical
Oxygen Demand; BODs = Biochemical Oxygen Demand (5 days); TN = Total Nitrogen; TP = Total
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Phosphorus; TSS = Total Suspended Solids; OCPs = Organochlorine Pesticides; N.A. = Not Avail-
able.

According to Tables 4 and 5, Eichhornia sp. and Cyperus involucratus have a high ca-
pacity for the removal of organic matter, nutrients, and other pollutants in constructed
wetlands. Eichhornia sp. has been widely used in free water surface CWs for the treatment
of both domestic and industrial wastewaters. This species exhibits a high capacity for the
removal of organic matter as well as heavy metals. In contrast, Cyperus involucratus has
been used in both vertical and horizontal subsurface flow constructed wetlands for the
treatment of domestic wastewater and landfill leachate. Both species can remove a wide
range of contaminants in either surface flow or subsurface flow constructed wetland sys-
tems.

Although both species remove a wide range of contaminants in both surface and sub-
surface flow constructed wetlands, they differ in their morphological characteristics, such
as stalks, leaves, roots, inflorescences, and reproductive strategies. Eichhornia sp. is a free-
floating aquatic macrophyte, whereas Cyperus involucratus is an emergent semi-aquatic
plant. These traits drove the choice of C. involucratus for wetland design, as it effectively
removes organic matter and tolerates environmental volatility.

3.5. Constructed wetland design
3.5.1. Biosorbent Materials

Table 6 summarizes the removal efficiencies reported in the literature for specific bi-
osorbents. The variation in the reported DOM removal efficiencies is attributed to differ-
ences in the physicochemical properties of the biosorbents, including specific surface area,
initial adsorption rate, thermal stability, and mesopore volume [49]. In contrast, activated
carbons derived from organic materials such as palm kernel and tropical almond exhib-
ited higher removal efficiencies for COD and BOD5. According to [50] the enhanced per-
formance is attributed to their high specific surface area and well-developed pore struc-
ture, including both micropores and mesopores, which facilitate the adsorption and re-
tention of organic compounds[50]. Biochar-derived materials, such as rice husk, palm ker-
nel, and tropical almond, showed higher COD and BOD5 values due to physicochemical
modifications induced during pyrolysis. However, the production of biochar depends
strongly on energy use, feedstock handling, capital, and transport, which can limit its ap-
plicability in low-resource settings [51].

Table 6. Reported performance of potential biosorbent materials for wastewater treatment applica-

tions for removing organic matter.

Reported Organic Adsorption Capacity

Biosorbent Material Matter Indicators (mg/g) or Removal Effi- Reference
Removed ciency (%)

Coconut shells DOM 65% [49]
Palm kernel shells DOM 24% [49]
Plantain peels DOM 20% [49]
Water hyacinth leaves DOM 57% [49]
Corn cobs DOM 12% [49]
HsPOx activated rice husk COD 80% [52]
Palm kernel activated carbon ~ COD, BODs 54 mg/g, 35 mg/g [53]
Palm kernel activated carbon COD, BOD:s 65%, 76% [54]
Tropical almo};ﬁ1 activated car- COD, BODs 52%, 62% [54]
Dried Phragmites australis COD, BODs 92.27%, 93.89% [55]
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Water hyacinth biochar COD, BODs 94.3%, 86.6% [56]

Notes: DOM = Dissolved Organic Matter; COD = Chemical Oxygen Demand; BODs = Biochemical
Oxygen Demand.

3.5.2. PRB Configuration

A three-layer configuration was proposed for the PRBs. The upper and lower layers
would consist of medium gravel to provide structural support and maintain hydraulic
stability, while the intermediate layer would contain the proposed bioadsorbent material
and serve as the primary reactive zone for contaminant retention and adsorption. The
general design configuration is presented in Figure 8, and the proposed dimensions are
shown in Figure 9.

Cyperus invofucratus.

SUBSTRATE:
MEDIUM GRAVEL

MEDIUM GRAVEL

FILTER BARRIERS

Water Hyacinth leaves
(Eichhornia sp.)

Figure 8. A schematic of the proposed horizontal subsurface flow constructed wetland (HSSF-CW)
coupled with permeable reactive barriers (PRBs) containing locally available biosorbents, specifi-
cally water hyacinth (Eichhornia crassipes) leaves. C1, C2, and C3 represent the sequential wetland
treatment cells, while PRB1, PRB2, and PRB3 represent the corresponding permeable reactive bar-

riers.

https://doi.org/10.3390/hydrology13100271



Hydrology 2026, 13, 271

18 of 28

(A) PROFILE VIEW
— =0.3m>
[/_ <
~1 03m

<1 Bm>

D = 6mm D =5mm

e X
N

Influent

= Influent Effluent
Gravel = 32 mm £
W Effluent
o
m=0.5% oz
‘ 18m
| ‘ PERMEABLE REACTIVE
BARRIERS
(B) FLOOR VIEW
1 Blm Biosorbent
| I | :; / g
7/ : <0.02 m>
Influent A/
E (C) Effluent
= Mediurm
gravel

: <0.02 m>

<=0.10 m=> —7

Figure 9. Detailed drawing of each treatment cell of HSSF-CW system coupled with PRBs: (A) pro-
file view of proposed system, (B) plan view, and (C) detailed configuration of each PRB unit.

The design consists of an integrated horizontal subsurface flow constructed wetland
(HSSF-CW) coupled with PRBs. The system has three treatment cells as PRBs, each filled
with locally available biosorbents. The incorporation of these barriers is intended to en-
hance contaminant removal through adsorption, filtration, and processes, thereby im-
proving the overall treatment performance of the wetland system.

3.5.3. Design Parameters

To determine the influent COD concentration for the proposed CW design, an eight-
month monitoring period was conducted at Waterfall 1 (W1). The mean COD concentra-
tion measured during this period was 52.98 mg/L, which was adopted as the design influ-
ent COD concentration. The corresponding BODs concentration was estimated at 31.79
mg/L based on the BODs/COD ratio. The mean minimum water temperature (Tw) rec-
orded at W1 was 11.64 °C, corresponding to the coldest month of the monitoring period
(June 2024). Following the design methodology and equations presented in Table 2, this
temperature was adopted as the design temperature for the proposed CW to represent a
conservative operating condition, since lower temperatures may reduce biological reac-
tion rates and, consequently, treatment performance. The value of 11.64 °C was therefore
used specifically as a design parameter and should not be interpreted as the absolute min-
imum temperature recorded at the other monitoring points (P1 and P2). Medium gravel
was considered the primary support and filtration medium due to its widespread use in
subsurface flow constructed wetlands, adequate hydraulic conductivity, and low eco-
nomic cost. A porosity value of 0.4 was considered for this material [28]. An operational
water depth of 0.5 m was adopted, taking into account the root length of the macrophytes
[28].

All the design parameters were determined based on the available space within the
waterfall W1, without compromising its aesthetic value as a strict requirement of the Jap-
anese society. The proposed constructed wetland influent flow rate was iteratively deter-
mined using the surface area equation and taking a length-to-width ratio of 3:1 (Table 7).
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The available width of Waterfall 1 (W1) ranged from 1.7 to 2.5 m. W1 was selected as the
most suitable location for implementing the proposed CW system because it is the longest
waterfall, extending from the water source toward the lagoon and providing sufficient
longitudinal space for the installation and integration of the proposed treatment unit.
Based on the design calculations, a design inflow rate of 0.86 m®/d was iteratively deter-
mined and selected for the proposed complementary treatment unit (Table 8).

Table 7. CW influent flow rate iteration and wetland dimensions.

Design Inflow Rate

(mo/d) Surface Area (m?) Width (m) Length (m)
69.98 587.35 13.99 41.98
8.64 72.51 492 14.75
4.32 36.26 3.48 10.43
0.86 7.25 1.55 4.66

Table 8. Design parameters for the proposed CW.

Parameter Unit Value
Design inflow rate (Q) m3/d 0.86
Influent concentration (Co) mg/L 31.79
Effluent concentration (Ce) mg/L 10
First-order areal rate coefficient (Kr) 1/d 0.69
Water depth (y) M 0.5
Media porosity (n) - 0.4
HRT (hydraulic retention time) d 1.68
Surface area (As) m2 7.25
W m 1.55
L m 4.66
Slope (m) Y% 0.5
Estimated removal efficiency % 68.54

The 0.86 m?/day design flow represents the hydraulic loading of the proposed CW,
not the total inflow to the Japanese Garden lagoon. This is a theoretical design parameter
for the proposed CW rather than a direct measurement of the lagoone hydraulic inflow.
Since lagoon inflow was not directly measured, the CW contribution to the overall lagoon
water quality could not be quantitatively assessed.

4. Discussion
4.1. The Biophysical and Biochemical Characterization of the Lagoon

The observed water temperatures showed some variation between the dry and wet
seasons, with relatively lower temperatures generally recorded during the dry season and
higher temperatures during the wet season. These differences may be associated with var-
iations in solar radiation, nocturnal heat loss, and precipitation patterns, which might in-
fluence water temperature [57]. As solar radiation decreases, nights are longer and cooler,
which facilitates heat loss in the surface layer. Furthermore, the temperature of the water
is lower at greater depths due to thermal stratification [58].

The pH alkaline values indicate a higher concentration of hydroxide ions (OH"), sug-
gesting the presence of carbonate (COs?") and bicarbonate (HCOs") as more relevant chem-
ical species. This behavior is consistent with monitoring data from the National Institute
of Health Laboratory INLASA) and the Water Laboratory of the Municipal Environmen-

https://doi.org/10.3390/hydrology13100271



Hydrology 2026, 13, 271

20 of 28

tal Monitoring Office (GMMA-LAB-AGUA) [59]. Alkalinity in water is commonly at-
tributed to the presence of carbonate and bicarbonate ions, often associated with Na*, K+,
Ca? and Mg? cations [60]. Since treated domestic wastewater enters the lagoon, the pres-
ence of these ions may also be linked to the use of powdered detergents and soaps [61].
Additionally, macrophyte photosynthesis drives down dissolved carbon dioxide (COz)
levels. This process reduces acidity and increases pH, a phenomenon commonly observed
in these aquatic systems [62].

These values of electrical conductivity indicate the presence of dissolved electrolytes
that are influenced by ions such as Na*, K*, Ca? and Mg?*, which increased both conduc-
tivity and salinity levels in the water [63]. The higher values recorded during the wet sea-
son could be attributed to anthropogenic activities in the surroundings of the lagoon such
as runoff from domestic waste, farmlands or other pollutants [64].

This study recorded relatively low phosphate concentrations. These findings differ
from those reported by the National Institute of Health Laboratories (INLASA), which
recorded phosphate concentrations of 5.9 and 0.29 mg/L. Similarly, the Water Laboratory
of the Municipal Environmental Monitoring Office (GMMA-LAB-AGUA) reported a con-
centration of 0.88 mg/L [59]. The variability among reported values may be attributed to
differences in site management practices, including cleaning and maintenance activities
within the lagoon. In addition, the presence of macrophytes may have contributed to the
lower phosphate concentrations observed, as these plants are capable of assimilating nu-
trients through their roots and shoots under a wide range of environmental conditions
[65].

The elevated organic matter concentrations observed at both sampling points during
July may be associated with an increase in the number of geese present in the garden
surrounding the lagoon. Goose droppings contain substantial amounts of organic matter,
nitrogen, and phosphorus, potentially promoting eutrophication processes in receiving
water bodies [66]. Even when fecal material is not deposited directly into the water, rain-
fall runoff can transport contaminants from the shoreline into the lagoon, thereby increas-
ing nutrient and organic matter inputs [66].

It should be noted that, due to the multiple factors involved in eutrophication pro-
cesses, establishing strict boundaries between trophic classes remains challenging [67].
Chlorophyll a concentration and Secchi depth reflect phosphorus and nitrogen availabil-
ity, which regulates algal biomass and determines aquatic trophic status [68]. A meso-
trophic state is generally characterized by an intermediate level of nutrient availability
and biological productivity, often associated with the presence of submerged aquatic veg-
etation [68].

4.2. Key Trend Notes from The Review and The Assessment

According to the reviewed studies, Eichhornia sp. has a high capacity for removing
organic matter from different types of wastewaters. In most cases, COD and BOD:s re-
moval efficiencies exceeded 60%, reaching values close to 90% in domestic and industrial
wastewater treatment systems [35,38]. Although these findings demonstrate the potential
of Eichhornia sp. for removing biodegradable organic pollutants in CWs, its use requires
careful consideration due to its invasive nature and rapid proliferation. Its extensive root
system provides a large surface area for retaining nutrients and contaminants and serves
as a suitable environment for microbial colonization and biofilm formation [69]. However,
uncontrolled growth may block sunlight penetration, potentially reducing dissolved oxy-
gen levels and affecting photosynthetic processes within the aquatic ecosystem [70]. Fur-
thermore, its rapid proliferation may create favorable conditions for the breeding of dis-
ease vectors such as mosquitoes [71]. Therefore, despite its reported treatment capacity,
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the use of Eichhornia sp. in CW applications should be considered only under controlled
conditions and with appropriate management measures.

In contrast, Cyperus involucratus is a semi-aquatic plant with submerged roots that
provide greater substrate stabilization and habitat support. Its cylindrical stems and un-
derground rhizomatous root system provide effective anchorage in the soil. Unlike Eich-
hornia sp., C. involucratus is considered less invasive due to its mode of reproduction; how-
ever, monitoring is recommended to assess its potential for biological invasion [70].

The systematic review confirms that both species degrade a broad spectrum of con-
taminants in both surface flow and subsurface flow wetland configurations. However,
they differ considerably in their morphological characteristics, particularly in the stalks,
leaves, roots, inflorescences, and reproductive traits. Its unique morphology and orna-
mental appeal make Cyperus involucratus a highly viable choice for wetland designs.

The assessment provides a coherent picture of a lagoon under seasonal pressure,
where water quality fluctuates but remains persistently influenced by wastewater inputs
and local ecological dynamics. Across the monitoring period, the lagoon displayed alka-
line conditions, elevated conductivity, episodic peaks in COD, and a trophic status that
shifted between mesotrophic and eutrophic conditions, indicating that the system is not
severely collapsed but is clearly stressed and vulnerable to further degradation. At the
same time, the relatively low phosphate and TDS values in several periods suggest that
the lagoon still retains some self-regulatory capacity, which is important because it indi-
cates that restoration through a low-energy intervention remains feasible.

The dry season appears to be associated with stronger concentration effects and
higher COD, while wet season conditions introduce greater variability and occasional di-
lution but also some spikes in conductivity and organic load that may be linked to runoff
and external disturbance.

4.3. Constructed Wetland Design

Previous studies have reported the biosorption potential of water hyacinth (Eich-
hornia crassipes) leaves for the removal of metals, dyes, and other pollutants, highlighting
their potential as a low-cost biosorbent for different applications [72]. Furthermore, the
species represents a renewable biomass resource that could be integrated into nature-
based wastewater treatment systems. The reported sorption performance of its leaf bio-
mass has been associated with the presence of functional groups capable of interacting
with different contaminants. However, these properties are based on findings reported in
the literature and were not experimentally evaluated in the present study [72,73]. There-
fore, water hyacinth leaves may be considered a potential biosorbent, although further
research is needed to evaluate their performance and long-term effectiveness for organic
matter removal under real operating conditions.

CWs are considered an essential element of nature-based solutions and sustainable
water management [74]. They align with the objectives of Integrated Water Resources
Management (IWRM) by contributing to environmental, social, and economic water goals
across the whole water system [75,76]. The proposed constructed wetland is consistent
with IWRM because it uses ecological processes to improve water quality while minimiz-
ing energy demand and infrastructure intensity. Rather than relying solely on conven-
tional engineering, IWRM supports hybrid approaches that combine technical efficiency
with ecological restoration. In this sense, the wetland serves as a practical example of how
water management can align with natural systems.

The JG lagoon can benefit from a compact constructed wetland integrated with PRBs,
serving as a nature-based solution to improve water quality without undermining the
sitess landscape integrity. The proposed design is technically modest and conceptually
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important because it links urban biodiversity conservation and water quality improve-
ment in a culturally significant space. The systematic review provided an evidence-based
foundation for macrophyte selection, linking the reported treatment potential of each spe-
cies with the requirements of the proposed CW design. Furthermore, C. involucratus is
already available in the JG lagoon, indicating that it is adapted to local environmental
conditions, supporting ecological compatibility while maintaining effective pollutant re-
moval performance.

Incorporating permeable reactive barriers based on biosorbents offers an additional
treatment mechanism that complements macrophyte-mediated removal. By combining
biological processes with passive sorption, this proposed configuration can enhance con-
taminant retention without requiring a significant increase in energy consumption. Be-
yond contaminant removal, the system is designed to operate within the lagoone existing
ecological setting, linking water purification with habitat enhancement and the preserva-
tion of its landscape and recreational functions. In this regard, the proposales ecologically
grounded nature stems from integrating ecological processes and passive treatment into
a site-specific strategy, rather than relying solely on vegetation. Long-term monitoring
will be crucial for evaluating treatment performance, system stability, and the impacts on
water quality and the lagoone ecological functions.

From an IWRM perspective, the lagoon should be understood as part of a connected
water system rather than as an isolated urban feature. The water quality problems ob-
served in the Japanese Garden lagoon not only are a local treatment issue but also reflect
upstream and catchment-scale processes, including pre-treated wastewater inflows, and
broader land—water interactions. In this sense, the proposed constructed wetland repre-
sents an IWRM-aligned intervention because it supports the coordinated management of
water quantity, water quality, ecosystem health, and cultural value within the same sys-
tem.

The IWRM lens also strengthens the case for integrating nature-based solutions into
urban water planning. Instead of relying solely on conventional treatment or end-of-pipe
approaches, the constructed wetland leverages natural processes to improve lagoon in-
flow quality while maintaining ecological functions and landscape integrity. This is im-
portant because IWRM emphasizes balancing the competing uses and values of water,
including biodiversity conservation, recreation, and public well-being. The lagoon, there-
fore, becomes a practical example of how water management can move beyond technical
pollution control toward more integrated and adaptive governance.

5. Conclusions

Water quality monitoring in the Japanese Garden lagoon revealed alkaline conditions
and elevated electrical conductivity and COD levels exceeding the Bolivian environmen-
tal standards for Class C waters, while phosphate and total dissolved solids remained
within permissible limits. The trophic assessment indicated a predominantly mesotrophic
state. A total of 139 vascular plant species and three macrophyte species were identified,
with Cyperus involucratus selected for wetland design due to its abundance and efficiency
in organic matter and nutrient removal. A horizontal subsurface flow constructed wetland
integrated with PRBs was proposed using the Reed (KC) model. The PRBs filled with
available and local biosorbents are proposed to enhance the removal of organic matter
and other pollutants. The proposed system has a design flow rate of 0.86 m¥day, a hy-
draulic retention time of 1.68 days, a surface area of 7.25 m?, and an estimated BOD:s re-
moval efficiency of 68.54%.

From a design perspective, the CW system is based not only on treatment efficiency
but also on species suitability. Macrophyte selection should therefore be interpreted not
simply as choosing plants with high pollutant removal potential but as a more careful
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balancing exercise that favors species that are locally available, non-invasive, and well
adapted to the climatic conditions of the JG. Species selection for constructed wetlands
should consider not only reported removal performance but also ecological suitability,
resilience under local environmental conditions, availability, and invasion potential. Con-
sidering these factors together provides a more comprehensive basis for species selection
and supports the long-term applicability of the proposed wetland design.

The JG lagoon contributes to recreation, aesthetics, biodiversity, and environmental
regulation while also receiving wastewater-derived inflow. The proposed treatment sys-
tem aims to improve water quality without undermining the lagoone broader social and
ecological functions. Overall, lagoons can serve as a small but meaningful model for
IWRM in urban settings, where ecological restoration, wastewater reuse, and cultural
landscape protection are treated as interconnected objectives rather than separate con-
cerns.

We acknowledge that effective water management in this case involves not only en-
gineers and researchers but also municipal authorities, environmental managers, land-
scape custodians, and possibly local users. IWNRM highlights the need for coordination
among these actors to ensure that decisions on treatment, maintenance, and conservation
are not made in isolation. We can frame the CW as a shared management response requir-
ing institutional collaboration. The objective is not simply to remove organic load but to
do so in an environmentally responsible, cost-conscious, and locally feasible way.

IWRM encourages solutions that reduce pollution while also conserving resources
and supporting long-term resilience. The use of locally available macrophytes, gravel me-
dia, and passive treatment processes reflects this sustainability-oriented perspective. This
paper contributes not just an academic analysis but a practical design proposal that can
guide future action. IWRM is useful here because it links scientific evidence, engineering
design, and management relevance. Translating water quality data into a CW system
demonstrates how research can inform implementable solutions within an integrated
framework.

This study is limited by the absence of an experimental validation of the proposed
constructed wetland. The removal efficiency of BOD was estimated from COD measure-
ments and design parameters. Future research should validate the system at the pilot scale
under the wet and dry seasons by measuring flow, COD, BOD and other parameters to
evaluate treatment performance. The proposed integration of a biosorbent and PRBs was
not experimentally quantified in this study.

By translating water quality data into a constructed wetland design, this study
demonstrates how research can inform implementable solutions within an integrated
framework and position CWs as nature-based solutions.
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