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INTRODUCTION

Emerging contaminants, also referred to as 
contaminants of emerging concern (CECs), are 
chemicals or materials detected in wastewater 
whose occurrence may pose risks to environmental 

and human health. Although many of these com-
pounds have been used for decades, they are not 
completely removed by conventional wastewater 
treatment systems and, in many cases, remain un-
regulated. They include pharmaceuticals, illicit 
drugs, chemical residues, personal care products, 
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pesticides, and other agrochemicals originating 
from diverse sources (Bhat et al., 2024).

Higher education institutions generate highly 
complex wastewater discharges characterized by 
a wide range of waste streams that differ sub-
stantially from conventional domestic effluents 
(Murcia et al., 2023). These aqueous matrices 
combine typical organic loads with increasing 
concentrations of contaminants of emerging con-
cern derived from analytical procedures, the use 
of chemical reagents and personal care products, 
and polymer wash-off associated with laboratory 
activities and the cleaning of classrooms, rest-
rooms, and cafeterias.

Globally, triclosan and microplastics are fre-
quently detected in wastewater treatment streams, 
reflecting the widespread use of antimicrobial 
personal-care products and the release of synthetic 
polymer particles (Bakare and Adeyinka, 2022; 
Zoccali et al., 2025). The situation is especially 
challenging in developing regions. In Latin Amer-
ica, substantial gaps remain in safely managed 
sanitation and wastewater treatment, particularly 
in marginalized peri-urban and rural areas (World 
Bank, 2022). Moreover, many university campuses 
are located in peri-urban or rural areas far from mu-
nicipal sewer networks. In the absence of adequate 
infrastructure, institutions frequently discharge ef-
fluents directly onto soil or into streams and rivers 
(Zurita and Sandoval-Herazo, 2026), increasing 
ecological stress in surrounding watersheds.

In response, constructed wetlands (CWs) have 
emerged as a robust, low-cost, and environmentally 
sustainable technology for the decentralized treat-
ment of diverse wastewater streams (Vaudry et al., 
2023; de Campos and Soto, 2024). Their perfor-
mance depends on the integrated action of physical, 
chemical, and biological processes mediated by the 
substrate matrix, attached microbiome, and vegeta-
tion (Rahman et al., 2020). Over the past decade, 
increasing attention has been given to ornamental 
macrophytes, which perform essential structural 
and physiological functions: their roots release oxy-
gen into the rhizosphere, provide extensive surface 
area for microbial biofilm development, and secrete 
exudates that contribute to pathogen suppression 
(Sandoval-Herazo et al., 2026).

Harvested biomass may provide a route for 
nutrient removal and potential recovery, thereby 
linking CW operation with circular-economy ob-
jectives. Whether this option is environmentally 
and economically beneficial depends on biomass 
yield, contaminant co-accumulation, processing 

requirements, and end-use safety, which require 
biomass-scaled mass balances and life-cycle as-
sessment. More broadly, decentralized CW treat-
ment may contribute to Sustainable Development 
Goals related to health, sanitation, sustainable 
communities, and climate action (SDGs 3, 6, 11, 
and 13, respectively).

Despite substantial advances in ecological en-
gineering applied to CWs, important knowledge 
gaps remain regarding system performance under 
real-world operating conditions. Although numer-
ous studies have demonstrated their effectiveness 
at laboratory and pilot scales, long-term studies 
of full-scale facilities remain relatively scarce, 
limiting the extrapolation of findings to practical 
applications (Vymazal, 2018). Such studies often 
use synthetic wastewater with known concentra-
tions to facilitate experimental control. Moreover, 
many experiments are conducted over relatively 
short periods, which may constrain system matu-
ration, root development, and the establishment 
of microbial communities.

Consequently, results obtained under these 
experimental conditions do not always reflect 
the behavior of CWs operated under real-world 
conditions, in which hydraulic, climatic, and 
biological variability produces processes that 
are difficult to reproduce at laboratory scale. 
This limitation is particularly relevant in tropical 
and subtropical regions. A systematic review by 
Sandoval-Herazo et al. (2026) identified a pro-
nounced lack of long-term studies of full-scale 
ornamental CWs, thereby limiting understanding 
of their operational resilience to environmental 
conditions. Another unresolved issue concerns 
the interactions between the removal of conven-
tional contaminants (organic matter and nutrients) 
and the fate of emerging contaminants within the 
biological system. Conventional treatment plants 
have been reported to achieve relatively low re-
moval efficiencies (<72%) for antimicrobial com-
pounds, facilitating their release into ecosystems; 
however, the effectiveness of ornamental species 
in wetlands for removing these recalcitrant com-
pounds has not been conclusively demonstrated 
under long-term, real-world operating conditions 
(Sandoval-Herazo et al., 2026).

Despite these advances, major knowledge 
gaps remain regarding the tissue distribution of 
contaminants and nutrients among the organs 
of ornamental species (roots, rhizomes, stems, 
and leaves). The present study evaluated sea-
sonal changes in the performance of a full-scale 
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ornamental CW used to treat university wastewa-
ter and operated for two consecutive years (2024–
2025). We analyzed spatiotemporal variations in 
the removal of conventional and emerging con-
taminants and quantified tissue-specific concen-
trations of nitrogen, phosphorus, and triclosan. 
The findings provide site-specific performance 
data and organ-level distribution patterns relevant 
to future evaluation of operational management, 
selective harvesting, and contaminant fate.

MATERIALS AND METHODS

Study area and full-scale system 
configuration

The study was conducted under real-world 
environmental conditions at the Granja Pericos 
campus of the Universidad de Sucre in Sincelejo, 
Colombia (Figure 1). The campus has a fluctu-
ating population of approximately 450 users, in-
cluding administrative staff, faculty, and students. 
The subsurface-flow constructed wetland (CW) 
was designed on the basis of the baseline waste-
water generation associated with this popula-
tion. The reported 4-day hydraulic retention time 
(HRT) is a nominal design target under steady-
flow assumptions, estimated using the volumetric 

criteria described by Kadlec and Wallace (2008), 
rather than a measured operational residence time.

The full-scale system comprises a primary 
treatment stage consisting of an 11.50 m³ settling 
tank. The pretreated effluent flows by gravity into 
a treatment train of five interconnected cells with a 
combined effective volume of 39.59 m³. Limestone 
(12–25 mm particle size) was used as the principal 
filter medium to optimize porosity, facilitate hy-
draulic conductivity, and promote bacterial biofilm 
development. Plastic matrices such as PET were 
intentionally excluded to prioritize and evaluate the 
biological performance of common and economi-
cally accessible mineral substrates in full-scale 
systems (Sandoval-Herazo et al., 2023). The bed 
geometry replicated the shape of the institutional 
emblem to promote landscape integration and com-
munity ownership (Figure 2). The installed system 
did not include continuous flow metering or a trac-
er-based residence-time assessment. Consequently, 
operational flow, hydraulic loading rate, and actual 
HRT were neither controlled nor verified during the 
two-year monitoring period. Regional precipitation 
records were used only to contextualize the climatic 
classification of sampling campaigns and were not 
used as surrogates to calculate flow, hydraulic load-
ing, or HRT. Therefore, the study cannot determine 
whether, or by how much, actual HRT changed 
during wet periods.

Figure 1. Location map of the study area (Granja Pericos campus)
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Selection and acclimation of ornamental 
vegetation

A total of 205 individuals representing five 
ornamental macrophyte species adapted to 
the tropical climatic conditions of Colombia 
were used for phytoremediation (Lomeli et al., 
2025): Agapanthus sp., Alocasia sp., Canna hy-
brid, Cyperus papyrus, and Heliconia sp. (Fig-
ure 2). Vegetative acclimation was conducted 
in situ under natural environmental conditions. 
For the first 20 days after planting, the CW 
was fed exclusively with tap water to mitigate 
acute physiological stress. The plants were then 
gradually acclimated for 40 days using a 50:50 
(v/v) mixture of tap water and university waste-
water. After this ontogenetic phase, the system 
was operated exclusively with undiluted waste-
water influent. Unlike many controlled studies, 
the aqueous matrix was not spiked or artificially 
amended with synthetic compounds, ensuring 
that the reported performance reflected the ac-
tual organic and hydraulic fluctuations of the 
university community.

To preserve routine field operating con-
ditions, the full-scale system was evaluated 

without artificial equalization of influent com-
position or hydraulic loading. This field-based 
design provides an ecologically relevant assess-
ment of treatment performance under the vari-
able operating conditions of a university cam-
pus. However, the absence of direct hydraulic 
measurements precluded flow-weighted mass 
balances and causal attribution of seasonal dif-
ferences to hydraulic mechanisms; the results 
should therefore be interpreted as site-specific 
field performance rather than as controlled esti-
mates of hydraulic response.

Spatiotemporal monitoring and treatment 
performance assessment

After the stabilization period, a systematic spa-
tiotemporal sampling design was implemented to 
evaluate the performance of the full-scale system. 
Triplicate water samples were collected weekly at 
the inlet (influent) and outlet (effluent) over 24 con-
secutive months (January 2024–December 2025). 
Sampling campaigns were classified according to 
the regional climatic regime into dry (Dry) and wet 
(Wet) periods to compare treatment performance 
between temporal categories and operational years. 

Figure 2. Full-scale ornamental constructed wetland
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These labels describe meteorological categories 
and should not be interpreted as directly measured 
hydraulic states of the wetland.

Basic environmental parameters – pH, tem-
perature, and dissolved oxygen (Table 1) – were 
measured in situ using calibrated portable multi-
parameter probes (Hanna HI98121 and HI9142; 
Hanna Instruments, Woonsocket, RI, USA).

In the Water and Soil Laboratory, biochemi-
cal oxygen demand (BOD₅), chemical oxygen 
demand (COD), total suspended solids (TSS), to-
tal nitrogen (TN), ammonium (NH₄⁺–N), nitrate 
(NO₃⁻–N), total phosphorus (TP), and microbio-
logical indicators (fecal and total coliforms) were 
quantified according to internationally standard-
ized analytical protocols (APHA, 2017).

CW treatment performance for physicochem-
ical contaminants was assessed by calculating re-
moval efficiency (E) using Equation 1:

	 E (%) = ((Cinf − Ceff) / Cinf) × 100	 (1)

where:	Cinf and Ceff are the mean analyte con-
centrations in the influent and effluent, 
respectively. Disinfection performance 
against microbiological indicators was 
expressed as log reduction units (LRU) 
using Equation 2:

	 LRU = log₁₀(Cinf) − log₁₀(Ceff)	 (2)

Isolation and morphological quantification 
of microplastics

The collected volumetric aliquots were filtered 
and subjected to wet-oxidation digestion to remove 
interfering organic matter. Density separation was 
then performed using a saturated salt solution, and 

the supernatant was vacuum-filtered through glass-
fiber membranes. Plastic particles were visually 
identified and counted by stereomicroscopy and 
classified into four predominant morphologies: fi-
bers, fragments, films, and pellets. Concentrations 
were standardized and expressed as particles L⁻¹ 
(Hidalgo-Ruz et al., 2012; Masura et al., 2015).

Tissue partitioning and bioaccumulation 
analyses (nutrients and triclosan)

A nondestructive sampling design using 
randomly placed quadrats (1 and 0.25 m²) was 
implemented within the plant stands (Greenway 
and Woolley, 1999). Collected specimens were 
washed in situ with distilled and Milli-Q water 
to remove adhering sediment and biofilm (Wang 
and Kelly, 2017) and dissected into four anatomi-
cally and functionally distinct compartments: 
roots, rhizomes/bulbs, stems, and leaves. Analyti-
cal pretreatments were tailored to the chemical 
properties of each target analyte:

Macronutrients (N and P)
Plant tissues were oven-dried at 80 °C for 48 

h and subsequently ground in a ring mill (Rock-
lab) (Ruiz and Velasco, 2010). Total nitrogen was 
analyzed using a stable-isotope mass spectrometer 
coupled to an elemental analyzer (Roboprep-CN). 
Total phosphorus was determined by the ascorbic 
acid colorimetric method (Murphy and Riley, 1962) 
after acid digestion of plant tissue (Jones, 2001).

Triclosan (TCS)
This compound was selected as a target 

emerging contaminant because of its use as 

Table 1. Mean physicochemical parameters (± standard deviation) measured in situ in the system influent and 
effluent (2024–2025)

Parameter Season Influent Effluent

pH
Dry 7.4 ± 0.3 6.2 ± 0.4

Wet 7.2 ± 0.2 6.1 ± 0.3

Temperature (°C)
Dry 28.5 ± 1.2 27.8 ± 1.1

Wet 26.2 ± 1.5 25.9 ± 1.4

Dissolved oxygen (mg/L)
Dry 1.8 ± 0.5 4.2 ± 0.8

Wet 2.1 ± 0.6 3.8 ± 0.9

Redox potential (mV)
Dry -120 ± 25 180 ± 40

Wet -140 ± 30 165 ± 35

Note: Values are the arithmetic means of all measurements obtained during the operational campaigns 		
(n = 24 months).
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an antimicrobial agent in liquid soaps on cam-
pus and its high persistence. To prevent ther-
mal degradation of the xenobiotic, biomass 
was vacuum freeze-dried at −60 °C for 48 h, 
cryogenically milled under liquid nitrogen, and 
sieved to 2 mm. Extraction was performed us-
ing a Soxhlet apparatus (6 h; dichloromethane), 
with triclosan-d₃ as an internal recovery stan-
dard. The extracts were centrifuged (4.000 rpm, 
8 min) to precipitate interfering material, re-
constituted in methanol/water (50:50, v/v), and 
purified by C18 solid-phase extraction (SPE). 
The analyte was quantified by UPLC–MS/MS 
in multiple-reaction monitoring (MRM) mode. 
For quality assurance and quality control (QA/
QC), the method was validated, yielding limits 
of detection (LOD) and quantification (LOQ) of 
0.05 and 0.15 µg/kg dry weight, respectively.

Experimental design and statistical analysis

To evaluate associations of season and opera-
tional year with CW performance, a 2 × 2 factori-
al design was used, with season (Dry vs. Wet) and 
operational year (2024 vs. 2025) as independent 
factors. Two-way analysis of variance (ANOVA) 
was applied to continuous physicochemical vari-
ables that met the assumptions of normality and 
homoscedasticity, whereas the nonparametric 
Scheirer–Ray–Hare test was used for variables 
that deviated from normality (e.g., microplastic 
abundance). Tissue-concentration patterns among 
organs and species were evaluated by one-way 
ANOVA followed by Tukey’s post hoc multiple-
comparison test for means with homogeneous 
variances. Statistical significance was set at α = 
0.05, and all numerical analyses were performed 
using IBM SPSS Statistics version 26.

RESULTS AND DISCUSSION

Removal efficiency for conventional 
contaminants and seasonal variation

Organic-matter and suspended-solids 
dynamics

Analysis of the full-scale constructed wet-
land (CW) showed that removal of organic mat-
ter and suspended solids differed significantly 
between the regional seasonal categories. Two-
way ANOVA results (Table 2) indicated season 

effects for (BOD₅; p < 0.00001), (COD; p = 
0.00035), and (TSS; p = 0.00395).

Removal efficiencies for organic matter and 
suspended solids were higher during the dry 
season and lower during the wet season (Figure 
3). These observations describe seasonal asso-
ciations; the study did not measure the hydrau-
lic changes required to attribute the differences 
directly to contact time or loading.

Lower removal efficiencies during wet pe-
riods were temporally associated with the re-
gional climatic category. Shorter contact time 
and increased hydraulic loading are plausible 
explanations because both processes can affect 
solids retention and organic-matter removal 
in constructed wetlands (García et al., 2010; 
Zhang et al., 2012); however, neither flow nor 
HRT was measured in the present study. Sea-
sonal changes in influent concentrations and 
measured water temperature (Table 1) may also 
have influenced performance, whereas vegeta-
tion and attached-biofilm development could 
have changed between operational years but 
were not quantified. Consequently, the separate 
contributions of hydraulic conditions, influent 
composition, temperature, and biological matu-
ration cannot be resolved, and the results should 
be interpreted as multifactorial temporal associ-
ations rather than evidence of a single seasonal 
mechanism. BOD₅ was the only organic param-
eter with a significant year effect (p = 0.00564).

Natural variation in influent concentrations, 
together with the absence of continuous flow 
measurements, increased uncertainty in the in-
terpretation of hydraulic and mass-loading ef-
fects. Although this variability is representative 
of routine decentralized campus operation, it 
cannot by itself establish system resilience or 
define an operational limit. Instead, the two-
year observations show that the wetland con-
tinued to provide treatment across the sampled 
seasonal conditions, while the lower organic-
matter and TSS removal observed during wet 
periods indicates potential sensitivity to hydro-
logical disturbance. Thus, the field design in-
creases ecological relevance but limits mecha-
nistic attribution. Continuous influent and ef-
fluent flow monitoring, event-based sampling, 
and flow-weighted mass balances are required 
to quantify robustness, identify performance 
thresholds, and determine whether hydraulic 
equalization or other management measures 
would improve performance.
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Seasonal variation in nitrogen and 
phosphorus removal

In contrast to organic matter, removal effi-
ciencies for ammonium nitrogen (NH₄⁺–N), ni-
trate (NO₃⁻–N), and TN did not differ significantly 

between the sampled seasonal categories (p > 0.05; 
Table 2). Effluent concentration profiles were simi-
lar across the dry- and wet-season observations 
(Figure 4). This absence of a detected seasonal dif-
ference should not be interpreted as proof of climatic 
resilience beyond the system and period evaluated.

Table 2. Factorial analysis (two-way ANOVA and Scheirer–Ray–Hare test) of treatment performance and seasonal 
and interannual variation (2024–2025)

Parameter p-value (Season) p-value (Year) p-value (Interaction)

Organic matter (removal efficiency, %)

BOD5 < 0.00001 *** 0.00564 ** 0.30593

COD 0.00035 *** 0.23968 0.93392

TSS 0.00395 ** 0.52184 0.42334

Nutrients (removal efficiency, %)

NH4-N 0.12647 0.10024 0.45417

NO3-N 0.63095 0.26233 0.07817

TN 0.2509 0.04140 * 0.79741

TP 0.00842 ** 0.20979 0.97507

Microbiological indicators (log reduction units, LRU)

CF < 0.00001 *** 0.00003 *** 0.0555

CT 0.00002 *** 0.00052 *** 0.34782

Note: Bold values indicate statistically significant effects (*p < 0.05, **p < 0.01, ***p < 0.001). The Season factor 
compares the regional dry and wet categories, whereas the Year factor compares the two operational years (2024 and 
2025). The response variable for chemical parameters was percentage removal efficiency; microbiological indicators 
– fecal coliforms (CF) and total coliforms (CT) – were evaluated as log reduction units (LRU).

Figure 3. Seasonal dynamics and removal efficiencies for biochemical oxygen demand (BOD₅),
chemical oxygen demand (COD), and total suspended solids (TSS) under tropical climatic conditions

over two years of operation
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The absence of significant seasonal differ-
ences for nitrogen is compatible with the persis-
tence of both oxidizing and reducing microenvi-
ronments in the bed, which could support coupled 
nitrification and denitrification. Root oxygen re-
lease and deeper anoxic biofilms are plausible 
contributors, but the relevant microbial commu-
nities and pathway-specific rates were not mea-
sured in this study.

The observed pattern is consistent with lit-
erature showing that temperature, redox condi-
tions, and wetland configuration influence nitro-
gen transformations (Vymazal, 2007) and with 
stable organic-matter and ammonium removal 
reported for a warm-climate hybrid CW (Ávila et 
al., 2013). Nevertheless, the present study did not 
measure microbial kinetics or pathway-specific 
nitrogen transformation rates.

Anaerobic ammonium oxidation (anammox) is 
another pathway that could contribute to nitrogen 
removal in CWs under suitable redox conditions 
(Mitsch et al., 2023). No functional genes, micro-
bial communities, or pathway-specific rates were 
measured here; therefore, its contribution cannot 
be inferred from the observed seasonal pattern and 
should be tested in future mechanistic studies.

By contrast, TP differed significantly between 
seasonal categories (p = 0.00842), with lower re-
tention during the wet season. Phosphorus reten-
tion in wetlands can involve adsorption to sub-
strate binding sites and precipitation with calcium 

ions in limestone, whereas nitrogen can also be 
removed through gaseous loss as N₂. Arias et al. 
(2001) showed that phosphorus retention by sand 
media can vary with material properties and oper-
ating conditions. The present study did not mea-
sure sorption, precipitation, desorption, or pore-
water chemistry, so the mechanism underlying 
the seasonal difference remains unresolved.

Furthermore, under flowing and aerobic con-
ditions, some insoluble phosphate precipitates in 
the oxygenated rhizosphere. Additional processes 
contributing to the decrease in total phosphorus 
include upward diffusion, anaerobic release, and 
microbial and plant uptake (Mitsch et al., 2023).

Microbiological disinfection performance

Fecal-coliform (CF) and total-coliform (CT) log 
reductions differed significantly between seasons 
and between operational years (p < 0.0001; Table 
2). Log reduction units (LRU) were lower during 
the wet season (Figure 5). This pattern is compatible 
with changes in hydraulic conditions and contact 
time, but HRT was not measured directly and the 
underlying removal processes were not resolved.

Disinfection performance was higher in 2025 
(CF, p = 0.00003; CT, p = 0.00052). This tem-
poral pattern could reflect progressive establish-
ment of rhizosphere and biofilm communities 
and/or other unmeasured operational changes. 
Because microbial community development was 

Figure 4. Spatiotemporal variation in nitrogen species (NH₄⁺–N, NO₃⁻–N, and TN) and total phosphorus (TP) 
concentrations and their corresponding removal efficiencies during the dry and wet seasons
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not measured directly, maturation should be con-
sidered a plausible interpretation rather than a 
demonstrated mechanism.

Physical retention and seasonal dilution 	
of microplastics

Visual examination showed that particles clas-
sified morphologically as putative microplastics 
were dominated by fibers, followed by fragments, 

films, and pellets (Figure 6). Polymer identity 
was not confirmed spectroscopically. Unlike the 
microbiological indicators, the statistical analysis 
found no significant year effect (p = 0.24768) on 
the total count of retained particles. Apparent re-
tention based on visual counts remained high in 
both years and approached 100% for pellets and 
films during the dry season.

Season had a significant effect (p < 0.01) on 
influent MP concentrations. During wet periods 

Figure 5. Disinfection performance and log reduction units (LRU) for total coliforms (CT)
and fecal coliforms (CF)

Figure 6. Seasonal and interannual variation in putative microplastic-particle counts and apparent
retention efficiencies by morphology (2024–2025). Error bars represent standard deviations (n = 3);

different letters indicate significant seasonal differences (p < 0.01) according to the Scheirer–Ray–Hare test
and two-way analysis of variance
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(2024 Wet and 2025 Wet), influent particle counts 
were lower than during dry periods, a pattern 
consistent with dilution, although stormwater in-
flow was not measured directly. High retention 
has also been reported in a full-scale free-water-
surface polishing wetland, where approximately 
95% of particles were retained and most removal 
occurred in settling and vegetated zones (Bydalek 
et al., 2023). Recent meta-analytic evidence fur-
ther indicates that removal varies with treatment 
configuration and particle characteristics (Zoccali 
et al., 2025). These comparisons support physi-
cal interception as a plausible explanation for the 
present results, but they do not establish identical 
mechanisms across systems.

Anatomical partitioning and tissue-
concentration patterns

Tissue distribution of nitrogen and 
phosphorus

Nitrogen (N) concentrations did not differ 
significantly among organs within the studied 
species (homogeneous Tukey grouping; Table 3), 

indicating a broad tissue distribution under the 
sampled conditions. Because uptake and trans-
location fluxes were not measured, this pattern 
does not directly demonstrate active translocation 
rates. Interspecific comparisons showed that roots 
of Cyperus papyrus and Canna hybrid had the 
highest observed N concentrations (up to 27.00 ± 
4.50 mg g⁻¹); however, tissue concentration alone 
does not establish greater uptake efficiency or 
whole-plant accumulation.

Phosphorus (P) showed a contrasting tissue-
distribution pattern (p < 0.001). Across the stud-
ied species, the highest P concentrations occurred 
in rhizomes/bulbs (4.50–9.80 mg g⁻¹; Table 4). 
This belowground concentration pattern identi-
fies rhizomes/bulbs as candidate compartments 
for further nutrient-stock and harvesting studies, 
but it does not by itself demonstrate recoverable P 
mass or circular-economy benefits.

Tissue distribution of triclosan

Triclosan (TCS) concentrations differed mark-
edly among tissues (p < 0.0001; Table 5). TCS 
was detected predominantly in roots (7.50–22.00 

Table 3. Nitrogen concentrations (mg g⁻¹ dry weight) in the organs of five ornamental macrophytes by season and 
operational year (2024–2025).

Period Organ Agapanthus Alocasia C. hybrid C. papyrus Heliconia

24-D Leaf 15.50 ± 2.00 aA 16.50 ± 2.50 aA 18.50 ± 2.80 aA 18.00 ± 2.50 aA 15.00 ± 2.20 aA

24-D Stem 9.80 ± 1.50 aA 10.50 ± 1.80 aA 11.80 ± 2.00 aA 11.20 ± 1.80 aA 9.50 ± 1.50 aA

24-D Bulb 12.80 ± 1.80 aA 13.50 ± 2.20 aA 15.00 ± 2.50 aA 15.50 ± 2.80 aA 12.00 ± 2.00 aA

24-D Root 12.50 ± 1.80 aB 12.50 ± 2.00 aB 16.50 ± 2.80 aA 20.50 ± 3.50 aA 13.50 ± 2.20 aA

24-W Leaf 13.80 ± 1.80 aA 14.80 ± 2.00 aA 16.80 ± 2.50 aA 16.20 ± 2.20 aA 13.50 ± 1.80 aA

24-W Stem 8.50 ± 1.20 aA 9.20 ± 1.50 aA 10.50 ± 1.80 aA 9.80 ± 1.50 aA 8.50 ± 1.20 aA

24-W Bulb 11.50 ± 1.50 aA 12.00 ± 1.80 aA 13.50 ± 2.20 aA 14.00 ± 2.40 aA 10.80 ± 1.80 aA

24-W Root 11.20 ± 1.50 aB 11.00 ± 1.80 aB 14.80 ± 2.50 aA 18.50 ± 3.00 aA 12.00 ± 1.90 aA

25-D Leaf 20.20 ± 2.80 aA 22.00 ± 3.50 aA 24.50 ± 3.80 aA 23.80 ± 3.50 aA 19.50 ± 3.00 aA

25-D Stem 13.00 ± 2.00 aA 13.50 ± 2.80 aA 15.50 ± 2.80 aA 15.00 ± 2.20 aA 12.80 ± 2.20 aA

25-D Bulb 17.40 ± 2.60 aA 18.50 ± 3.50 aA 20.50 ± 3.50 aA 21.00 ± 3.80 aA 16.50 ± 2.80 aA

25-D Root 17.20 ± 2.80 aB 16.80 ± 3.00 aB 21.50 ± 3.80 aA 27.00 ± 4.50 aA 18.00 ± 3.20 aA

25-W Leaf 18.20 ± 2.50 aA 19.50 ± 3.20 aA 22.00 ± 3.50 aA 21.50 ± 3.00 aA 17.50 ± 2.80 aA

25-W Stem 11.80 ± 1.80 aA 12.00 ± 2.50 aA 14.00 ± 2.50 aA 13.50 ± 2.20 aA 11.50 ± 2.00 aA

25-W Bulb 15.60 ± 2.40 aA 16.50 ± 3.00 aA 18.50 ± 3.20 aA 19.00 ± 3.50 aA 14.80 ± 2.50 aA

25-W Root 15.50 ± 2.50 aB 15.00 ± 2.50 aB 19.50 ± 3.50 aA 24.50 ± 4.20 aA 16.20 ± 3.00 aA

Note: 24-D/25-D = dry period; 24-W/25-W = wet period. Values are arithmetic means ± standard deviations of 
three independent replicates (n = 3). Different lowercase letters (a and b) within the same row indicate statistically 
significant differences among organs of the same plant (among-organ analysis) according to Tukey’s post 		
hoc test (α = 0.05). Different uppercase letters (A, B) within the same row indicate statistically significant differences 
among plant species for the same organ (among-plant analysis) according to Tukey’s multiple-comparison test 	
(α = 0.05). Units are mg g⁻¹ dry weight for nitrogen (N).
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µg g⁻¹) and secondarily in rhizomes/bulbs, where-
as concentrations in stems and leaves were below 
the detection limit. This distribution is consistent 
with restricted translocation and root-associated 
retention under the conditions evaluated. How-
ever, tissue-concentration data alone do not dis-
tinguish internal plant uptake from adsorption 
to root surfaces or associated biofilms. Because 
flow-weighted influent and effluent TCS loads, 
total dry biomass by plant organ, substrate-asso-
ciated TCS stocks, and transformation products 
were not quantified, a mass balance could not be 
constructed and the fraction of TCS removal from 
wastewater attributable to plant biomass cannot 
be determined. Accordingly, the findings demon-
strate TCS occurrence and organ-level distribu-
tion but do not establish phytostabilization or any 
other system-level removal pathway.

The hydrophobicity of TCS provides a plau-
sible basis for its association with root surfaces, 
tissues, and rhizosphere biofilms. Other CW stud-
ies have reported compartmentalization of hydro-
phobic organic contaminants within substrates 
and plant roots (Hijosa-Valsero et al., 2016). The 
present measurements, however, do not resolve 

adsorption, internal uptake, or microbial associa-
tion as separate processes.

Tissue concentrations of N, P, and TCS were 
higher during dry than wet periods. Seasonal 
studies of wetland treatment have shown that the 
fate of emerging contaminants can vary with cli-
matic and hydraulic conditions (Matamoros and 
Salvadó, 2012). In the present study, reduced di-
lution and greater evapotranspirative demand are 
plausible explanations for the observed pattern, 
but interstitial-water concentrations and plant 
water fluxes were not measured directly. These 
mechanisms should therefore be evaluated in fu-
ture process-based studies.

The limestone medium used in this study can 
be classified as a reactive granular medium for 
CWs, and the system may therefore be considered 
a bioengineered wetland. Bioengineered wetlands 
are intensified systems in which operating condi-
tions and wetland components are modified rela-
tive to conventional systems to improve treatment 
efficiency and overcome limitations in removing 
contaminants, including nitrogen, phosphorus, 
and other organic-matter constituents (Wu et al., 
2014). Although the terms are sometimes used 

Table 4. Phosphorus concentrations (mg g⁻¹ dry weight) in the organs of five ornamental macrophytes by season 
and operational year (2024–2025)

Period Organ Agapanthus Alocasia C. hybrid C. papyrus Heliconia

24-D Leaf 1.60 ± 0.30 cA 1.90 ± 0.40 cA 1.80 ± 0.30 cA 1.80 ± 0.30 bA 1.40 ± 0.30 cA

24-D Stem 1.30 ± 0.20 dA 1.70 ± 0.30 dA 1.90 ± 0.40 bA 1.40 ± 0.20 cA 1.50 ± 0.30 bA

24-D Bulb 5.50 ± 0.80 aA 5.80 ± 1.00 aA 6.80 ± 1.20 aA 5.20 ± 1.00 aA 5.20 ± 0.80 aA

24-D Root 3.80 ± 0.60 bA 4.00 ± 0.80 bA 5.20 ± 1.00 bA 3.80 ± 0.60 bA 4.20 ± 0.80 bA

24-W Leaf 1.40 ± 0.20 cA 1.60 ± 0.30 cA 1.50 ± 0.20 cA 1.50 ± 0.20 cA 1.20 ± 0.20 bA
24-W Stem 1.10 ± 0.20 dA 1.40 ± 0.20 dA 1.60 ± 0.30 bA 1.20 ± 0.20 dA 1.20 ± 0.20 cA
24-W Bulb 4.80 ± 0.70 aA 5.00 ± 0.80 aA 5.80 ± 1.00 aA 4.50 ± 0.80 aA 4.60 ± 0.70 aA

24-W Root 3.20 ± 0.50 bA 3.50 ± 0.60 bA 4.50 ± 0.80 bA 3.20 ± 0.50 bA 3.80 ± 0.60 bA

25-D Leaf 2.40 ± 0.50 bA 2.80 ± 0.60 bA 2.60 ± 0.60 cA 2.70 ± 0.60 bA 2.10 ± 0.50 cA

25-D Stem 2.00 ± 0.40 cA 2.40 ± 0.60 cA 2.80 ± 0.60 bA 2.10 ± 0.50 cA 2.20 ± 0.50 bA

25-D Bulb 7.80 ± 1.40 aA 8.50 ± 1.80 aA 9.80 ± 2.00 aA 7.50 ± 1.60 aA 7.80 ± 1.50 aA

25-D Root 5.50 ± 0.90 bA 6.00 ± 1.20 bA 7.80 ± 1.60 bA 5.80 ± 1.20 bA 6.40 ± 1.40 bA

25-W Leaf 2.10 ± 0.40 cA 2.40 ± 0.50 bA 2.20 ± 0.50 cA 2.30 ± 0.50 bA 1.80 ± 0.40 cA

25-W Stem 1.70 ± 0.30 dA 2.10 ± 0.60 cA 2.40 ± 0.60 bA 1.80 ± 0.40 cA 1.90 ± 0.50 bA

25-W Bulb 6.90 ± 1.20 aA 7.50 ± 1.50 aA 8.50 ± 1.80 aA 6.50 ± 1.40 aA 6.80 ± 1.30 aA

25-W Root 4.80 ± 0.80 bA 5.20 ± 1.10 bA 6.80 ± 1.50 bA 5.00 ± 1.00 bA 5.50 ± 1.20 bA

Note: 24-D/25-D – dry period; 24-W/25-W – wet period. Values are arithmetic means ± standard deviations 
of three independent replicates (n = 3). Different lowercase letters (a, b, c, and d) within the same row indicate 
statistically significant differences among organs of the same plant (among-organ analysis) according to Tukey’s 	
post hoc test (α = 0.05). Different uppercase letters (A, B) within the same row indicate statistically significant 
differences among plant species for the same organ (among-plant analysis) according to Tukey’s 		
multiple-comparison test (α = 0.05). Units are mg g⁻¹ dry weight for phosphorus (P).
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interchangeably, all bioengineered wetlands are 
CWs, whereas not all CWs are bioengineered 
(Higgins et al., 2000). The latter involve active 
intervention in system conditions and processes, 
as in the present study, where an unconventional 
substrate and a polyculture of ornamental plants 
were used to enhance contaminant removal.

CONCLUSIONS

The two-year field evaluation showed that the 
full-scale ornamental constructed wetland con-
tributed to the treatment of university wastewater 
under tropical conditions. Removal of biochemical 
oxygen demand, chemical oxygen demand, total 
suspended solids, and bacterial indicators var-
ied between seasonal categories, with lower per-
formance during wet periods. Nitrogen removal 
showed no statistically significant seasonal differ-
ence, whereas total phosphorus retention was low-
er under wet conditions. Performance for biochem-
ical oxygen demand and bacterial indicators was 
higher in 2025 than in 2024. Because operational 

flow and hydraulic retention time were not mea-
sured directly, these patterns establish temporal as-
sociations but do not demonstrate hydraulic causa-
tion or generalized climatic resilience.

Visual counts indicated high apparent reten-
tion of putative microplastic particles, although 
polymer identity was not confirmed spectroscopi-
cally. Triclosan occurred primarily in roots and 
rhizomes or bulbs and was below the detection 
limit in stems and leaves, consistent with restrict-
ed translocation under the conditions evaluated. 
Phosphorus was concentrated mainly in rhizomes 
or bulbs, whereas nitrogen occurred in both 
above- and belowground tissues. Together, the re-
sults provide site-specific evidence on treatment 
performance and tissue partitioning in a full-
scale ornamental wetland. Interpretation remains 
limited to the single monitored system and the 
analytical endpoints measured. The reported ef-
ficiencies should not be extrapolated as expected 
performance values for other tropical constructed 
wetlands. Nevertheless, these observations may 
inform hypothesis generation and monitoring 
design for systems with comparable wastewater, 

Table 5. Triclosan concentrations (µg g⁻¹ dry weight) in the organs of five ornamental macrophytes by season and 
operational year (2024–2025)

Period Organ Agapanthus Alocasia C. hybrid C. papyrus Heliconia

24-D Leaf 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND

24-D Stem 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND

24-D Bulb 3.40 ± 0.50 bA 2.50 ± 0.50 bA 4.50 ± 0.80 bA 3.80 ± 0.60 bA 3.20 ± 0.60 bA

24-D Root 8.80 ± 1.50 aA 9.50 ± 1.80 aA 12.50 ± 2.20 aA 11.00 ± 2.00 aA 10.50 ± 1.90 aA

24-W Leaf 0.00 ± 0.00 cND 0.00 ± 0.00 bND 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND

24-W Stem 0.00 ± 0.00 dND 0.00 ± 0.00 bND 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND

24-W Bulb 2.80 ± 0.40 bA 2.00 ± 0.40 aA 3.80 ± 0.60 bA 3.00 ± 0.50 bA 2.50 ± 0.50 bA

24-W Root 7.50 ± 1.20 aA 8.00 ± 1.50 aA 10.50 ± 1.80 aA 9.20 ± 1.50 aA 8.80 ± 1.50 aA

25-D Leaf 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND

25-D Stem 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND

25-D Bulb 7.00 ± 1.10 bA 5.50 ± 1.00 bA 9.20 ± 1.50 bA 7.50 ± 1.40 bA 6.40 ± 1.20 bA

25-D Root 16.50 ± 2.80 aA 17.50 ± 3.00 aA 22.00 ± 3.50 aA 19.80 ± 3.50 aA 18.50 ± 3.20 aA

25-W Leaf 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND 0.00 ± 0.00 cND

25-W Stem 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND 0.00 ± 0.00 dND

25-W Bulb 5.80 ± 0.90 bA 4.50 ± 0.80 bA 7.50 ± 1.20 bA 6.20 ± 1.10 bA 5.20 ± 1.00 bA

25-W Root 13.80 ± 2.20 aA 14.50 ± 2.50 aA 18.50 ± 3.10 aA 16.50 ± 2.90 aA 15.80 ± 2.80 aA

Note: 24-D/25-D = dry period; 24-W/25-W = wet period. Values are arithmetic means ± standard deviations 
of three independent replicates (n = 3). Different lowercase letters (a, b, c, and d) within the same row indicate 
statistically significant differences among organs of the same plant (among-organ analysis) according to Tukey’s 	
post hoc test (α = 0.05). Different uppercase letters (A, B) within the same row indicate statistically significant 
differences among plant species for the same organ (among-plant analysis) according to Tukey’s 		
multiple-comparison test (α = 0.05). ND denotes values below the analytical detection limit with 			 
zero variance assigned for control. Units are µg g⁻¹ dry weight for triclosan (TCS).
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vegetation, substrate, and operating conditions; 
independent multi-site validation is required be-
fore broader generalization.
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