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Abstract

Schoenoplectus californicus (C.A.Mey.) Sojak is a dominant freshwater wetland macrophyte
with ecological, technological, and biocultural importance. This multidisciplinary review
synthesizes its ecological functioning and environmental applications through a system-
atized analysis of 66 studies screened by title, abstract, and full text. The literature was
classified into seven thematic categories: water treatment and phytoremediation; wetland
ecology, biomass, and ecosystem functioning; functional ecology, growth, and landscape
connectivity; morphology, anatomy, and functional adaptation; biocultural dimensions,
sustainable construction, and technological applications; nutritional and ethnobotanical
uses; and cultural heritage and traditional management. Research was concentrated
mainly in water treatment and phytoremediation (19 studies, 28.8%), followed by wetland
ecology, biomass, and ecosystem functioning (13 studies, 19.7%) and biocultural dimen-
sions, sustainable construction, and technological applications (13 studies, 19.7%). Func-
tional ecology, growth, and landscape connectivity represented 5 studies (7.6%), morphol-
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ogy, anatomy, and functional adaptation represented 4 studies (6.1%), while nutritional
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and ethnobotanical uses and cultural heritage and traditional management each repre-
sented 6 studies (9.1%). Overall, the evidence shows that S. californicus is a multifunctional
wetland species whose value emerges from the interaction among ecological functioning,
contaminant retention, biomass production, structural adaptation, technological innova-
Copyright: © 2026 by the authors. tion, traditional knowledge, and biocultural continuity.
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1. Introduction
1.1. Taxonomic Identity, Distribution, and Nomenclatural Scope

Schoenoplectus californicus (C.A.Mey.) Sojak, commonly known as totora, is a peren-
nial emergent macrophyte characteristic of freshwater wetlands in the Americas [1]. It
belongs to the family Cyperaceae and is characterized by a robust vegetative apparatus
composed of an extensive rhizomatous system, roots, and erect culms; the rhizomes ena-
ble vigorous clonal expansion and explain the formation of large, densely concentrated
stands. Its distinctive reproductive apparatus consists of pseudolateral inflorescences
formed by clustered spikelets that produce achenes [2,3]. Its presence is particularly rele-
vant in marshes, shallow lakes, littoral zones, and other wetland environments where
emergent vegetation contributes to the physical and biological organization of aquatic
ecosystems. In these habitats, totora frequently forms dense stands that define the struc-
ture of wetland landscapes and influence ecological processes at different spatial scales
(4].

The taxonomic treatment of this species requires particular attention because South
American literature has used different scientific and vernacular names to refer to the same
or closely related forms. Terms such as “totora” and “tatora” have been applied in ethno-
botanical, ecological, and regional studies, while names such as Scirpus californicus
(C.A.Mey.) Steud., Schoenoplectus tatora (Kunth) Palla, and Schoenoplectus californicus subsp.
tatora (Kunth) T.Koyama have also appeared in the literature. Therefore, this review treats
S. californicus at the species level, following a broad taxonomic scope. When the reviewed
sources used alternative names or infraspecific categories, the nomenclature was checked
and harmonized, while the original taxonomic wording of each source was considered
during interpretation. This criterion avoids merging taxonomic, ecological, and ethnobo-
tanical meanings without clarification.

Table 1 presents the name cited in each original source, the accepted or harmonized
name, author citation, taxonomic status, database consulted, and the decision adopted in
this review. This makes clear that older combinations and regional names were not
merged uncritically, but were interpreted according to a transparent taxonomic criterion.
To avoid taxonomic ambiguity, the nomenclature used in the reviewed literature was har-
monized according to verified plant-name databases (Table 1).

Table 1. Taxonomic names, accepted status, consulted databases, and harmonization cri-

teria used in this review.

Nanl.e as . Verified Au- IPNI/Taxo- Current Taxo- Harmonized Name Decision Applied
Cited in the Family Rank . . . . . L. .
. thor Citation nomic Record nomic Status Adopted in This Review in the Manuscript
Literature
Schoenoplec- Schorlanopl'ectus IPNI LSID: - Principal accepted
... Cyper- . californicus . Accepted spe- Schoenoplectus californicus ~ name used
tus californi- Species (C.AMey.) urn:lsid.org:na : (C.A.Mey.) Sojak throughout th
cus aceae AMey) - 6209810-2 cies .A.Mey.) Soja oughout the
Sojak manuscript.
Synonym/un- Retained only
Scirpus califor- accepted when cited in the
Scirpus cali- Cyper- Species nicus IPNI/POWO/W name under Schoenoplectus californicus original source;
fornicus ~ aceae P (C.AMey.) FO consulted current taxo- (C.A.Mey.) Sojak harmonized to S.
Steud. nomic treat- californicus for syn-
ment thesis.
f
Schoenoplec- Cyper- . Schoenoplectus IPNI/POWO Synonym 0 Schoenoplectus californicus Treated as a syno-
Species tatora (Kunth) Schoenoplectus . .
tus tatora  aceae consulted o (C.AMey.) Sojak nym used in older
Palla californicus
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or regional litera-

ture.
Infraspecific Mentioned only
Scirpus cali- Sci'rpus califor- IPNI LSID: synonym/un- o when the originél
. Cyper- Subspe- nicus subsp. . accepted un- Schoenoplectus californicus reference uses this
fornicus . urn:lsid.org:na . . .
aceae cies tatora (Kunth) der current (C.A.Mey.) Sojak infraspecific name;
subsp. tatora mes:230246-2 ) .
T.Koyama harmonized interpreted at spe-
treatment cies level.
h lect Inf ifi d with taxo-
Schoenoplec- Sc oenoplectis 1o\ erpar.  iraspecific Usef with taxo
. . californicus . name used in . . nomic caution; not
tus californi- Cyper- Subspe- ium and taxo- Schoenoplectus californicus
cus subs aceae  cies subsp. tatora nomic records Andean and (C.A.Mey.) Sojak counted as a sepa-
p- (Kunth) T.Ko- Lake Titicaca ey 0] rate taxon in the
tatora consulted . ,
yama literature synthesis.
Infraspecific Not treated as an
Schoenoplec- Schoenoplectus name/synony- independent taxo-
opree californicus ~ IPNI LSID: Tersynony . penc
tus californi- Cyper- . ) . mized in cur- Schoenoplectus californicus nomic unit unless
Variety var. spoliatus urn:lsid.org:na . i .
cus var. spo- aceae rent taxo- (C.AMey.) Sojak specifically cited
. (Barros) mes:2987168-1 . .
liatus ; nomic back- by an original
Vegetti
bones source.
. - . o ‘ . N
Sczrzaus cali Cyper- . S(?IVPMS califor IPNI/POWO Synonym o Schoenoplectus californicus Considered a syn
fornicus var. Variety nicus var. spo- Schoenoplectus . onym; not sepa-
. aceae . consulted o (C.AMey.) Sojak .
spoliatus liatus Barros californicus rated analytically.
Used only as a
\Y - f-
y , Cyper- A Not applica- . Vernacular Schoenoplectus californicus comimon name a
Totora ular Not applicable . ter first defining
ceae ble name (C.AMey.) Sojak o e
name the scientific
name.
Used only when
Vernac- . .
Cyper- ular/re- Not applica- Vernacular or Schoenoplectus californicus discussing re-
“Tatora” - © . PP Not applicable regional des- P . gional, ethnobo-
aceae gional ble X . (C.AMey.) Sojak .
name ignation tanical, or cultural

literature.

Note. The review adopts Schoenoplectus californicus (C.A.Mey.) Sojak as the harmonized taxonomic
name at the species level. Historical combinations, synonyms, vernacular names, and infraspecific
names were retained only when necessary to reflect the terminology used in the original sources.
These names were not treated as independent taxa in the thematic synthesis, avoiding taxonomic

duplication and overestimation of records.

Description. Schoenoplectus californicus, commonly known as totora, is a perennial
emergent macrophyte that grows in freshwater wetlands, shallow lakes, marshes, and lit-
toral zones. The species forms dense stands with erect aerial stems and extensive below-
ground structures, contributing to vegetation structure, habitat formation, and wetland
stability. Its vegetative growth is especially relevant in high-altitude Andean aquatic eco-
systems, where it supports biomass production and ecological functioning [5] (Figure 1).
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Figure 1. Field morphology of Schoenoplectus californicus (C.A.Mey.) Sojak in freshwater wetland
habitats.

This taxonomic clarification is not merely nomenclatural, but also ecologically rele-
vant for the interpretation of the reviewed evidence. Studies that use different scientific
names, infraspecific categories, or vernacular terms may still refer to the same dominant
emergent macrophyte and to comparable wetland functions. Therefore, harmonizing the
nomenclature at the species level allows the ecological evidence to be interpreted consist-
ently, while avoiding the artificial separation of records that describe similar vegetation
structure, habitat formation, biomass production, and wetland processes. This approach
provides the basis for linking the taxonomic identity of S. californicus with its functional
role in freshwater wetlands.

1.2. Ecological Functions and Ecosystem Services of Totora Wetlands

The ecological importance of S. californicus is mainly associated with its role as a dom-
inant structural macrophyte. By forming extensive stands, the species contributes to hab-
itat complexity, vegetation architecture, sediment stabilization, primary productivity, and
biological interactions within freshwater wetlands [4,6]. These attributes make totora
more than a conspicuous plant species; it acts as an ecological organizer of wetland envi-
ronments.

Totora stands also provide habitat and refuge for associated organisms, including
aquatic and semi-aquatic plant assemblages, arthropod communities, periphytic organ-
isms, and other components of wetland biodiversity [7-10]. Through these interactions, S.
californicus supports trophic dynamics, biological connectivity, and ecosystem integrity.
In addition, wetlands dominated by this species may contribute to ecosystem services
such as carbon storage, aquatic productivity, nutrient cycling, and biological support
functions [11,12].

However, the ecological value of totora depends on the conservation of wetland
structure and environmental quality. Changes in the cover, density, or vitality of S. cali-
fornicus may indicate disturbance processes associated with eutrophication, pollution, hy-
drological alteration, or the expansion of invasive species [13]. Therefore, the species can
be interpreted both as a structural component of wetlands and as a potential indicator of
ecological degradation.

The conceptual pathway shows that totora wetlands dominated by S. californicus con-
tribute to biomass production and vegetation structure, which influence the ecological
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status of the wetland. Conserved conditions promote high biodiversity, whereas dis-
turbed conditions may lead to degradation associated with eutrophication and invasive
species. Overall, the diagram emphasizes that wetland stability and ecological functioning
depend on the interaction between vegetation structure, ecosystem services, and biologi-
cal support (Figure 2).

Totora wetlands
(Schoenoplectus californicus)

.

Biomass and productivity
(Choque Marca et al. 2025;
Pratolongo & Kandus 2005)

v

Vegetation structure
(Hernandez & Rangel 2009;
Ramirez et al. 2014)

Ecological status
(Fonturbel et al. 2006)

ConsiV \Dis:urbe d

High biodiversity | l Degradation

(Eutrophication and invasive species)

Ecosystem services
(CO2 capture and carbon sink function)
(Palomino & Cabrera 2007;
Pérez et al. 2015)

!

Biological support
(Terrestrial arthropods and periphytic productivity)
(Sénchez & Amat 2005;
Claps 1987)

v

Wetland stability and ecological functioning

Figure 2. Conceptual pathway linking biomass, ecological status, biodiversity, and ecosystem func-

tioning in Schoenoplectus californicus wetlands [4,6-13].

The ecological functions described above also explain why S. californicus has been
evaluated in environmental applications. Its capacity to form dense stands, stabilize sed-
iments, produce high biomass, develop extensive belowground structures, and support
biological interactions creates favorable conditions for nutrient retention, pollutant immo-
bilization, microbial activity, and water-quality regulation. Thus, the transition from eco-
logical functioning to phytoremediation and water treatment is not incidental; rather, it
reflects the use of natural plant traits and wetland processes in engineered or semi-natural
treatment systems. For this reason, the environmental applications of S. californicus should
be interpreted as an extension of its ecological role in freshwater wetlands.

1.3. Environmental Applications: Water Treatment, Purification, and Phytoremediation

The ecological traits that allow S. californicus to dominate freshwater wetlands also
explain its applied value in water treatment and phytoremediation systems. Aquatic mac-
rophytes are commonly used in natural and constructed wetlands because they promote
sediment retention, nutrient uptake, microbial activity, pollutant transformation, and con-
taminant stabilization. In this context, totora has received attention due to its tolerance to
disturbed environments, high biomass production, and extensive root and rhizome sys-
tems [14-16].

Previous studies have reported the use of S. californicus in wastewater treatment, con-
structed wetlands, filtration systems, and contaminated environments [17-19]. These
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applications suggest that the species contributes not only to pollutant retention, but also
to the ecological stability and operational simplicity of low-cost treatment systems. Its
presence in treatment wetlands may improve system performance by combining physical
filtration, biological uptake, and support for microbial processes involved in contaminant
transformation.

Recent evidence has also described S. californicus as a bioindicator of potentially toxic
elements, including As, Cd, Cr, Ni, Pb, and Hg, with phytostabilization potential in urban
Ramsar wetlands [20]. This finding expands the applied relevance of the species because
it links remediation capacity with environmental monitoring. Thus, the value of totora in
water purification and phytoremediation is closely connected to its ecological traits, rather
than being an isolated technological use.

1.4. Knowledge Gap and Purpose of the Systematized Review

Although the literature on S. californicus has increased across wetland ecology,
botany, ethnobotany, environmental engineering, and sustainable resource management,
the available information remains dispersed across disciplinary approaches. Ecological
studies often emphasize vegetation structure, biomass, biodiversity, and ecosystem func-
tioning, whereas applied studies focus on wastewater treatment, phytoremediation, con-
taminant retention, or constructed wetlands. At the same time, ethnobotanical and socio-
economic studies highlight the historical use of totora in subsistence activities, artisanal
practices, and community-based management systems [21-23].

This fragmentation creates a central knowledge gap: the ecological, environmental,
and cultural dimensions of S. californicus have rarely been integrated under a common
analytical framework. As a result, it remains difficult to understand how taxonomic inter-
pretation, wetland functioning, environmental applications, and sustainable use are con-
nected in the scientific literature. This gap is especially relevant because the same species
is simultaneously treated as a wetland engineer, a biological resource, a phytoremediation
tool, and a culturally important plant.

Therefore, this multidisciplinary systematized review aims to organize and synthe-
size the scientific evidence on S. californicus, considering its taxonomic treatment, ecolog-
ical functions, environmental applications, and socio-ecological relevance. By integrating
these dimensions, the review seeks to clarify the current state of knowledge and identify
research needs for the conservation, management, and sustainable use of totora wetlands.

The novelty of this review lies in its integrative treatment of S. californicus as a multi-
functional wetland species rather than as a taxon associated with a single research field.
Previous studies have generally examined the species from isolated perspectives, such as
phytoremediation, wetland ecology, biomaterial use, ethnobotany, or traditional manage-
ment. In contrast, this review organizes the available evidence into seven interconnected
thematic dimensions and links taxonomic interpretation, ecological functioning, water
treatment, functional adaptation, technological applications, nutritional uses, and biocul-
tural continuity within a common analytical framework. Therefore, the review does not
aim to be an exhaustive inventory of all records available for the taxon, but a systematized
synthesis of verifiable studies that directly contribute to understanding the ecological and
environmental relevance of S. californicus.

Based on the final corpus of 66 reviewed studies, the updated integrative framework
highlights S. californicus (totora) as a remediation resource within wetland socio-ecological
systems. The framework organizes the evidence into seven interconnected thematic di-
mensions: water treatment and phytoremediation; wetland ecology, biomass, and ecosys-
tem functioning; functional ecology, growth, and landscape connectivity; morphology,
anatomy, and functional adaptation; biocultural dimensions, sustainable construction,
and technological applications; nutritional and ethnobotanical uses; and cultural heritage
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and traditional management. This structure shows that totora is not limited to a single
ecological function, but links contaminant retention, water purification, habitat structure,
biomass production, functional adaptation, biomaterial development, food-related uses,
traditional knowledge, and cultural continuity. Overall, the framework reinforces the
need for an interdisciplinary approach to understand, conserve, and sustainably manage
S. californicus wetlands (Figure 3).

Schoenoplectus californicus (totora)
wetland socio-ecological systems
Final corpus: n = 66

[ Seven interconnected thematic dimensions]

{ \ ( 3\
Water treatment and Wetland ecology, biomass,
phytoremediation and ecosystem functioning
(n=19; 28.8%) (n=13;19.7%)
\ J . J
¥ K]
{ 3\ { 3\
Functional ecology, growth, Morphology, anatomy,
and landscape connectivity and functional adaptation
(n=5;7.6%) (n=4;6.1%)
N 3 J . 3
4 A i B
Biocultural dimensions, sustainable Nutritional and
construction, and technological ethnobotanical uses
applications (n = 13; 19.7%) (n=6;9.1%)
J & J

Cultural heritage and
traditional management
(n=6;9.1%)

Utegrated approach: conservation, management, and sustainable use ]

Figure 3. Updated integrative framework of the seven thematic dimensions of Schoenoplectus califor-

nicus in wetland socio-ecological systems, based on the final corpus of 66 reviewed studies.

2. Materials and Methods
2.1. Review Design

This study was conducted as a systematized literature review aimed at identifying,
selecting, organizing, and synthesizing scientific evidence on S. californicus. The review
addressed ecological, anatomical, technological, ethnobotanical, nutritional, and cultural
dimensions of the species. The methodological process followed five sequential stages:
literature search, duplicate removal, title and abstract screening, full-text eligibility assess-
ment, and qualitative synthesis. PRISMA was used as a traceability guide to document
the identification, screening, eligibility, and inclusion stages; however, the study is pre-
sented as a systematized review rather than as a full systematic review (Table Al). As this
was a literature review, no chemicals, reagents, instruments, commercial materials, cell
lines, or specialized analytical software were used.

2.2. Search Strategy

The literature search was conducted between 25 February and 5 June 2026. Scientific
records were retrieved from Scopus, Web of Science Core Collection, ScienceDirect,
SpringerLink, Wiley Online Library, Taylor & Francis Online, SciELO, Redalyc, and Scilit.
Google Scholar and DOA] were used as complementary sources to identify additional
studies not captured in the main databases. Crossref, publisher websites, journal plat-
forms, and indexing records were consulted to verify DOI information, taxonomic con-
sistency, and bibliographic accuracy.
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Searches combined English and Spanish terms related to the species and its ecological,
technological, and biocultural dimensions. The main search terms were “Schoenoplectus

a7 v v

californicus”, “totora”, “tatora”,

Za7i ”oou

wetlands”, “phytoremediation”, “constructed wetlands”,
“water treatment”, “morphology”, “anatomy”, “biomaterial”, “ethnobotany”, “tradi-
tional knowledge”, “nutrition”, “cultural heritage”, and “ecosystem services”. When da-
tabase interfaces allowed it, searches were restricted to title, abstract, and keywords.
Scilit was included to broaden the coverage of recent and complementary literature
on S. californicus. In this source, records were searched using the scientific name of the
species, and articles were downloaded when they were available in open access or had
accessible full text through the journal platform. All retrieved records were screened ac-
cording to the inclusion and exclusion criteria established for the review. Records were
excluded when the species was only mentioned incidentally, when the taxonomic identity
could not be verified, when the document lacked sufficient bibliographic information, or
when the thematic contribution was outside the objectives of the review. This expanded
search strategy supported a final corpus of 66 studies included in the qualitative synthesis.

2.3. Eligibility Criteria

Studies were included when they met the following criteria: (i) they directly ad-
dressed S. californicus or totora; (ii) they analyzed ecological, anatomical, technological,
ethnobotanical, nutritional, or cultural aspects in which the species had a central or clearly
relevant role; and (iii) they presented empirical findings, analytical assessments, or docu-
mented evidence related to the objectives of the review. Priority was given to peer-re-
viewed journal articles published in English or Spanish.

Studies were excluded when they were duplicates, outside the thematic scope of the
review, focused mainly on other species without direct relevance to S. californicus, lacked
sufficient scientific or technical support, or presented incomplete bibliographic infor-
mation that prevented verification. Grey literature was not included in the central corpus
unless it provided clearly identifiable and verifiable contextual information.

2.4. Screening and Selection

All records retrieved from the selected databases and complementary sources were
compiled in a master database. After duplicate removal, the remaining records were
screened by title, abstract, and keywords. Records that did not directly address Schoeno-
plectus californicus, totora, or clearly related nomenclatural variants were excluded at this
stage. Potentially relevant studies were then assessed in full text according to the inclusion
and exclusion criteria defined for the review. The PRISMA diagram and traceability ma-
trix were updated to document the identification, duplicate removal, screening, eligibility,
exclusion, and final inclusion stages, resulting in a final corpus of 66 studies.

2.5. Data Extraction and Synthesis

For each selected study, information was extracted using a structured review matrix.
The extracted variables included author(s), year of publication, country or study location,
database source, journal title, thematic area, research approach, objective, methodological
characteristics, main findings, scientific contribution, and DOI availability.

The 66 included studies were classified into seven non-overlapping thematic catego-
ries: water treatment and phytoremediation; wetland ecology, biomass, and ecosystem
functioning; functional ecology, growth, and landscape connectivity; morphology, anat-
omy, and functional adaptation; biocultural dimensions, sustainable construction, and
technological applications; nutritional and ethnobotanical uses; and cultural heritage and
traditional management.
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Classification was based on three criteria: the main objective of the study, the princi-
pal variables or evidence analyzed, and the central contribution of the article to the review.
Each article was assigned to a single dominant thematic category for quantitative report-
ing. When an article addressed more than one topic, secondary or transversal themes were
recorded in the review matrix and considered in the qualitative interpretation, but they
were not counted as additional records. This procedure avoided double counting and pre-
vented the overestimation of thematic frequencies while preserving the multidimensional
character of studies that connected ecological, technological, and biocultural aspects of S.
californicus.

The synthesis was conducted using a qualitative and comparative approach. The in-
cluded studies were analyzed according to their objectives, methodological designs, main
findings, and contribution to the broader understanding of S. californicus. This process
allowed the identification of dominant research lines, convergent findings, underrepre-
sented topics, methodological limitations, and conceptual links among ecological, techno-
logical, and biocultural dimensions. Bibliographic consistency and DOI availability were
verified through Crossref, publisher websites, indexing platforms, and journal records.
References without a visible DOI were retained only when they were relevant, verifiable,
and scientifically justified.

3. Results and Discussion
3.1. Bibliometric and Thematic Structure of the Reviewed Literature

The 66 studies included in this review reveal a broad but uneven thematic structure,
in which research on S. californicus is concentrated mainly in ecological, environmental,
and technological applications. Water treatment and phytoremediation was the most rep-
resented area, with 19 studies (28.8%), confirming that the strongest applied evidence is
associated with wastewater treatment, nutrient removal, metal retention, bioaccumula-
tion, phytostabilization, and emerging-contaminant transformation [17,24,25].

Wetland ecology, biomass, and ecosystem functioning included 13 studies (19.7%),
showing that S. californicus should not be interpreted only as a dominant macrophyte, but
also as a structural and biogeochemical component of wetland systems. Recent evidence
links the species with habitat suitability, hydrological variability, urban wetland function-
ing, and silicon cycling [26-28]. Similarly, biocultural dimensions, sustainable construc-
tion, and technological applications also accounted for 13 studies (19.7%), indicating that
totora is increasingly being evaluated beyond its traditional uses, particularly in relation
to its thermal, mechanical, thermoacoustic, antifouling, fiber-based, and circular-economy
potential [29-31].

Less represented but still relevant research areas included functional ecology, growth,
and landscape connectivity, with 5 studies (7.6%), and morphology, anatomy, and func-
tional adaptation, with 4 studies (6.1%). These categories contribute to understanding
plant performance, nutrient uptake, root establishment, soil-related functions, and the re-
lationship between stem composition, mechanical behavior, and material functionality
[32-36]. Nutritional and ethnobotanical uses represented 6 studies (9.1%), while cultural
heritage and traditional management also included 6 studies (9.1%). These findings ex-
pand the interpretation of S. californicus by documenting both the decline of traditional
totora use in Lake Titicaca and the emerging pharmacological potential of its rhizomes
[37,38].

Functional ecology, growth, and landscape connectivity included 5 studies (7.6%),
whereas morphology, anatomy, and functional adaptation included 4 studies (6.1%).
These areas remain less represented, although they are essential for explaining the mech-
anisms that support plant performance, adaptation, and material functionality. Nutri-
tional and ethnobotanical uses included 6 studies (9.1%), and cultural heritage and
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traditional management also included 6 studies (9.1%). Together, these categories indicate
that S. californicus should be interpreted as a multifunctional wetland species with ecolog-
ical, technological, nutritional, ethnobotanical, and biocultural relevance (Table 2).

Table 2. Final thematic distribution.

Theme n %
Water treatment and phytoremediation 19 28.8
Wetland ecology, biomass, and ecosystem functioning 13 19.7
Functional ecology, growth, and landscape connectivity 5 76
Morphology, anatomy, and functional adaptation 4 61
Biocultural dimensions, sustainable construction, and technological applica- 13 197
tions

Nutritional and ethnobotanical uses 6 91
Cultural heritage and traditional management 6 91
Total 66 100%

The updated synthesis shows that research on S. californicus is mainly concentrated
in water treatment and phytoremediation, followed by wetland ecology and biocultural
or technological applications. The temporal trend indicates a clear increase in publications
from the 2000s onward, with the highest production in the 2010s and 2020-2025 period.
Scopus and WoS were the main database sources, while Peru, Argentina, Bolivia, and
Chile contributed most of the reviewed studies, reflecting the ecological and socio-cultural
relevance of the species in South American wetlands (Figure 4).

A. Thematic distribution

B. Temporal trend

Cultural heritage 25 23 23
Water treatment Nutrition/ 20
ethnobotany 17

$ 15
2
=]
(2]

Bioculturalf 10

technology
5
Wetland ecology (F—— 1 1 1
Functional ecology 70s 80s 90s 00s 10s 20-25
C. Database sources D. Countries
Scopus Peru 20
WoS Argentina 14
Bolivia 11
ScienceDirect 12
Chile 11
SciELO 9
Colombia 5
Google 4 Brazil 5
0 5 10 15 20 25 0 5 10 15 20 25
Studies Studies

Figure 4. Synthesis of 66 reviewed studies on Schoenoplectus californicus: (A) thematic distribution,
(B) temporal trend, (C) database sources, and (D) geographic distribution. Note: Each study was
counted only once according to its dominant thematic contribution. Secondary or transversal
themes were recorded in the extraction matrix and considered in the qualitative synthesis, but they
were not counted as independent records in order to avoid double counting and overestimation of
percentages. Percentages may not total exactly 100% because of rounding.
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SciELO/Redalyc
Peru
Scopus
ScienceDirect
Argentina
Bolivia

The 66 reviewed studies were mainly retrieved from internationally indexed data-
bases, especially Scopus (36.4%) and Web of Science (25.8%), followed by ScienceDirect
(18.2%). In addition, SciELO/Redalyc (13.6%) and Google Scholar or complementary
sources (6.1%) contributed regional and supplementary evidence relevant to Schoenoplec-
tus californicus. Geographically, research was concentrated in South America, with Peru
showing the highest contribution (30.3%), followed by Argentina (21.2%), Bolivia and
Chile (16.7% each), and, to a lesser extent, Colombia and Brazil (7.6% each). Overall, this
pattern confirms that current scientific knowledge on S. californicus is supported by major
bibliographic databases and is mainly produced in countries where totora wetlands have
strong ecological, cultural, and environmental relevance (Figure 5).

Database sources of the 66 reviewed studies

Countries represented in the 66 reviewed studies

Google Scholar / Brazil
complementary sources

Colombia

Chile

Web of Science

Figure 5. Updated percentage distribution of the 66 reviewed studies on Schoenoplectus californicus
according to database sources and country of origin. Percentages may not total exactly 100%
because of rounding.

3.2. Water Treatment, Phytoremediation, and Engineered Systems

The updated evidence strengthens the interpretation of S. californicus as a useful spe-
cies in water treatment and phytoremediation, but also shows that its performance de-
pends on system design, contaminant type, biological interactions, and operational con-
ditions. In constructed and floating wetlands, root establishment and plant development
contribute to nutrient removal, while treatment efficiency is shaped by hydraulic and sub-
strate conditions [16,36,39,40].

Metal-related studies show a consistent pattern of tolerance, accumulation, and phy-
tostabilization. Bioaccumulation and bioconcentration of toxic metals have been reported
in natural wetlands, while controlled studies demonstrated retention or removal of Cu,
Zn, Fe, Pb, and other metal elements in roots and stems [25,41,42]. These results support
the use of S. californicus as a macrophyte for phytoremediation and environmental moni-
toring.

The evidence also shows that contaminant transformation is not explained by the
plant alone. Rhizobacteria associated with S. californicus and Typha dominguensis reduced
chemical oxygen demand under laboratory conditions, while sulfamethoxazole removal
in microcosms depended on the combined action of plant, sediment, algae, and microbial
communities [43,44]. Thus, S. californicus should be interpreted as part of an integrated
treatment system rather than as an isolated remediation agent.

Plant-derived materials provide an additional treatment pathway. Activated carbon
from totora improved water-quality indicators, while natural filters and alum-assisted
treatment systems showed that macrophyte-based technologies can contribute to water
purification under specific conditions [45-47]. However, these applications require
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standardization of material preparation, contact time, dosage, regeneration capacity, and
long-term safety.

Comparative evidence indicates that water treatment and phytoremediation repre-
sent the main research line on S. californicus, with 19 studies, equivalent to 28.8% of the 66
reviewed records. In wastewater treatment Chuchdén and Aybar [18] reported 99.9850%
removal of fecal coliform bacteria and 86.2% removal of BODs, although the effluent still
reached 1.29 x 105 MPN/100 mL and 46.35 mg/L BODs. In constructed wetlands Rojas et
al. [16] reported similar removal efficiencies between Phragmites australis and S. californicus,
with COD removal of 18-30% in winter and 45-55% in spring, while total nitrogen re-
moval ranged from 25 to 65% in winter and 25-35% in spring. These results show that S.
californicus has relevant treatment potential, but its efficiency depends on seasonality, sys-
tem design, hydraulic conditions, and operational maturity [16,18].

The comparative evidence shows that S. californicus and totora-derived materials
have consistent potential for water treatment, phytoremediation, metal retention, organic-
load reduction, and pollutant filtration; however, treatment efficiency depends on system
design, contaminant type, hydraulic conditions, material preparation, and experimental
scale (Table 3).

Table 3. Comparative evidence on water treatment, phytoremediation, and engineered systems in-

volving Schoenoplectus californicus or totora-derived materials.

System or Contaminant or

Removal Efficiency or

Main Limitation

Authors/Year Configura- Water-Quali . Duration Scale .
. 5 ,Q vy Main Reported Result for Interpretation
tion Indicator
The evidence sup-
orts adsorbent po-
Water reme- p . P
. General water- _ _ tential, but perfor-
diation us- o Improved water-quality o Material-
. . . quality index .7 . Not specified mance depends on
Aguilar et al. ing activated . indicators after treat- | based/exper- .
and physico- . in the current material prepara-
[45] (2024)  carbon de- . ment with totora-de- . imental ap-
. chemical param- . synthesis . tion, dosage, con-
rived from rived activated carbon plication .
eters tact time, regenera-
totora . .
tion capacity, and
long-term safety.
The result supports
Domestic ecological treat-
- wastewater . . . ment, but system
Castafieda and Domestic ~ Demonstrated a sustain- Not specified Ap- _ y
treatment o . . design and opera-
Flores [14] . wastewater indi- able and low-cost treat- in the current plied/treat- . o
using wet- . . tional conditions
(2014) cators ment alternative synthesis mentsystem . =
land macro- limit direct com-
phytes parison with other
studies.
Treatment perfor-
Wastewater P
treatment Ap- mance may depend
Chuchén and : . . Not specified . ¥ on hydraulic load-
plant with  Coliforms and Reported high removal . plied/waste . .
Aybar [18] . in the current ing, maintenance,
macrophyte- BOD:s of coliforms and BOD:s _ water treat- .
(2008) synthesis plant density, and
based sys- ment plant .
local operating con-
tem iy
ditions.
. Tolerance does not
Phytoreme- ... , Field or con- .
S . . Demonstrated tolerance Not specified . necessarily indicate
Blanco [17]  diationin Potentially toxic . . taminated
. of S. californicus to metal in the current complete removal;
(2019) contami- metals . . wetland con- s
contamination synthesis metal partitioning
nated text

among roots,
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wetland en- stems, sediments,
vironments and water must be
interpreted care-
fully.
Bioaccumulation
Bioconcen- indicates retention

tration and Metals accumu- Reported metal accumu- Not specified Natural wet- potential, but ex-

bioaccumu- lated in plant tis- lation in tissues of S. cal- in the current land/field ev- traction, disposal,
lation as- sues ifornicus synthesis idence  and trophic-trans-
sessment fer risks require

Rodriguez et
al. [19] (2019)

further evaluation.

Constructed Seasonal variation
Constructed and differences in
Wastewater ~ Reported similar treat- Not specified wet- hydraulic or sub-

treatment indica- ment efficiency between in the current land/com-  strate conditions

wetlands
Rojas et al. [16] comparing
(2013) Phragmites

. tors macrophyte species synthesis arative sys- may influence
australis and phyte sp y p y y
o tem treatment perfor-
S. californicus
mance.

The result is prom-

Aré-
Moyano Areé ising, but efficiency

valo, Naranjo Natural fiber
Vargas, and filtration us-
Santillan  ing totora fi-

Pollutants re-  Reported pollutant re- Not specified Material- depends on fiber
tained through duction through natural in the current based filtra- preparation, filter

L natural filtration fiber filtration synthesis  tion system design, flow rate,
Marino [46] bers Y y &
and replacement
(2018)
frequency.

The evidence sup-

ports system-level
Microcosm transformation, but

. Removal depended on .
with plant, . ) . microcosm behav-
) the combined action of Not specified . .
Neyrot et al. sediment, al- Sulfamethoxa- . . . ior may differ from
. plant, sediment, algae, in the current Microcosm
[44] (2024) gae, and mi- zole . . i ) constructed or nat-
) and microbial communi- synthesis
crobial com- . ural wetlands un-
iy ties . .
munities der variable envi-
ronmental condi-
tions.
Overall, S. californicus can be regarded as a key species in ecological water treatment,
not because it guarantees uniform remediation outcomes, but because it provides a flexi-
ble and functionally robust plant basis for phytoremediation, wetland depuration, pollu-
tant retention, and environmental stabilization. In the final corpus, 19 of the 66 reviewed
studies corresponded to water treatment and phytoremediation (Table 4).
Table 4. Representative research outcomes on Schoenoplectus californicus and related macrophyte-
based systems in water depuration, wastewater treatment, and phytoremediation.
Authors Year  System/Approach Species/Material Main Finding Contribution

Supports the use of
totora as an adsorbent
material for water reme-

Water remediation =~ Activated carbon Improved water qual-
Aguilar et al. [45] 2024  using plant-derived from totora (S. califor- ity index and physico-

material nicus) chemical parameters .
diation

~ . Demonstrated a sus- Supports macrophyte-
Castafieda & Flo- Domestic wastewater .
2014 Wetland macrophytes tainable and low-cost based systems as eco-
res [14] treatment } }
treatment alternative  logical technology
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Shows that treatment

Reported high re-
Chuchoén & Ay- Wastewater treatment eported ugh e performance depends
bar [18] 2008 lant Macrophyte system  moval of coliforms 1 svstem desien and
a pla and BOD:s on system design a
operation
Supports the application
Blanco [17] 2019  Phytoremediation S. californicus Demonstrated toler-  of 5. californicus in con-

ance to metals taminated wetland envi-
ronments
Indicates potential use
in metal retention, bio-
accumulation, and ex-

Reported metal accu-
2019 Bioconcentration S. californicus mulation in plant tis-
sues

Rodriguez et al.
[19]

traction processes

Reported similar

P. australis and S. cali- treatment efficiency Highlights the influence

Rojas etal. [16] 2013 Constructed wetlands of seasonal variation on

fornicus between macrophyte
. treatment performance
species
Palacios et al Reported good opera Supports the practical
© 2020  Artificial wetland Totora P 8 p value of totora in engi-
[15] tional performance

neered wetland systems

Moyano Arévalo,
R llutant ts th {
Naranjo Vargas Totora fibers/natural __~cavced pollutants - Supports the use o

1 2018 Natural fiber filtration . through natural filtra- totora fibers as a low-
& Santillan fibers

tion cost filtration material
Marino [46]

de Cabo et al. Riparian rehabilita- Su'pportefi thfz resto- Provides ecological suP—
[39] 2019 tion Macrophytes ration of riparian veg- port for wetland and ri-
etation parian recovery

Note: This table presents representative studies from the water treatment and phytoremediation
category. The final thematic corpus includes 19 studies in this category within the total set of 66

reviewed studies.

3.3. Wetland Ecology, Biomass, Biodiversity, and Ecosystem Services

The updated evidence reinforces the role of S. californicus as a structural and func-
tional component of wetlands. In addition to biomass production and habitat formation,
the species contributes to biogeochemical regulation through amorphous silica produc-
tion and phytolith formation [26]. This expands the interpretation of totora wetlands from
vegetation stands to systems that regulate biomass, habitat, and elemental flows.

Recent studies also show that the distribution of S. californicus responds to climatic
and hydrological variability. In the Ramsar Carlos Anwandter wetland, suitable habitat
areas fluctuated over time, and S. californicus declined with increasing temperature and
water level but expanded with higher precipitation [27]. This suggests that climate and
hydrological change may alter the spatial stability of totora stands.

Urban wetland evidence indicates that ecological patterns may persist even under
strong anthropogenic pressure. In the Santa Rosa wetland, macrophyte communities re-
main functionally coupled with physicochemical limnological conditions despite solid
waste, livestock grazing, organic contamination, and urban expansion [28]. Therefore, the
pending hypothesis is that totora-dominated or macrophyte-rich wetlands may maintain
functional processes even when their structure is altered.
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3.4. Functional Ecology, Nutrient Dynamics, and Ecological Plasticity

The functional evidence shows that growth, nutrient uptake, and root development
are central mechanisms behind the ecological and treatment value of S. californicus. Root
growth during plant establishment improves nutrient removal in constructed floating
wetlands, linking early vegetative development with treatment performance [36,48].

Comparative evidence from Schoenoplectus validus microcosms also shows that nitro-
gen and phosphorus loading interactively affect biomass, nutrient accumulation, and NHa
and P removal [40]. Although this study does not evaluate S. californicus directly, it is use-
ful as comparative evidence for understanding nutrient-dependent responses within
closely related Schoenoplectus systems.

Soil-related evidence suggests an additional functional role. Scirpus californicus has
been reported as a soil conditioner capable of improving sandy and clay soil fertility [35].
This result should be included with taxonomic caution, but it supports the idea that the
species may influence not only aquatic processes, but also edaphic conditions relevant to
restoration and plant establishment.

3.5. Morphology, Anatomy, and Functional Adaptation

Morphological and anatomical evidence should be strengthened because recent stud-
ies connect plant structure with ecological adaptation and technological performance. The
macromolecular composition of totora stems, especially cellulose, lignin, and related
structural components, is associated with mechanical properties relevant to material use
[34,49-51].

This evidence indicates that the utility of totora as a biomaterial is not independent
of its ecology. The same structural traits that support persistence in wetland environments
also influence resistance, flexibility, and processing potential. Therefore, morphology
should be discussed as a bridge between adaptation, biomass quality, and technological
functionality.

3.6. Biomaterials, Sustainable Construction, and Technological Applications

The updated evidence substantially expands the technological dimension of S. cali-
fornicus. Recent studies show that totora-based materials can be evaluated through ther-
mal, mechanical, durability, thermoacoustic, and circular-economy criteria [29,30,52-57].
This changes the discussion from traditional use toward experimentally tested sustainable
construction.

Totora panels and hybrid materials show particular relevance. Sustainable construc-
tion studies in Ecuador and hybrid panels made with totora and recycled LDPE-AI indi-
cate that this species can be incorporated into low-impact material systems [31,58]. Simi-
larly, thermal studies reported conductivity values compatible with renewable insulation
materials [59].

The technological potential also extends beyond construction. Totora fibers have
been proposed as a source for papermaking, while extracts of S. californicus showed anti-
attachment and toxicological effects relevant to antifouling applications [50,60,61]. These
studies support a broader interpretation of totora as a source of fibers, bioproducts, and
environmental technologies.

At the same time, the literature in this field remains less consolidated than the phy-
toremediation or wetland ecology literature. Even so, the available evidence clearly shows
that the significance of S. californicus cannot be reduced to its ecological or technological
functions alone. Instead, as shown by previous research [62,63], totora also operates as a
cultural resource sustained through long-term interaction between people and wetlands.
Figure 6 broadens the interpretation of the species by showing that its multifunctionality

https://doi.org/10.3390/limnolrev26030038


https://doi.org/10.3390/limnolrev26030038

Limnol. Rev. 2026, 26, 38

16 of 29

also includes historical continuity, local knowledge, and community-based management,
all of which are central to understanding S. californicus as biocultural heritage.

Totora biocultural heritage is shaped by the interaction between archaeology, ances-
tral technology, ethnography, ethnohistory, artisanal use, and socio-environmental
threats. These dimensions reveal that S. californicus is not only an ecological species, but
also a cultural resource linked to traditional knowledge, material production, fishing prac-
tices, historical continuity, and community identity. However, wetland loss, fishing de-
cline, and knowledge erosion threaten this heritage, which may affect both cultural conti-
nuity and wetland ecological functioning (Figure 6).

Ballester & Cabello 2022

[« Artifact reinterpretation
+ Narrative questioning

‘ Archaeology

Socio-environmental

+ Wetland loss
» Fishing decline
« Knowledge erosion

Ancestral Technology
Prieto 2016

« Totora rafts
« Fishing practices

Threats

Totora

(Schoenoplectus californicus)
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Artisanal Use
Benitez et al. 2009

Heritage

Ethnography

« Local knowledge

« Vegetal fibers
» Material production

« Productive practices
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« Cultural continuity

v

l Wetland stability and ecological functioning ]

Figure 6. Conceptual framework of Schoenoplectus californicus as a biocultural heritage species
[23,38,50,62,63].

3.7. Nutritional, Ethnobotanical, and Biocultural Dimensions

The updated evidence reinforces the need to discuss totora as a biocultural species.
The decline of totora use in Lake Titicaca shows that the loss of traditional practices is
associated with market integration, replacement by industrial materials, and weakening
of collective management systems [38]. This finding is important because conservation
should include both wetland protection and transmission of local ecological knowledge.

Evidence from socio-ecological and heritage-related contexts highlights the value of
totora in cultural landscapes [62], while other studies associate its persistence with histor-
ical continuity and traditional systems [63]. In the same direction, complementary evi-
dence shows that totora remains linked to collective practices, local management, and
community decision-making [21,23]. Thus, the figure supports an interpretation of biocul-
tural heritage in which ecological presence, traditional management, and cultural
memory are closely interconnected.

At the same time, new evidence expands the ethnobotanical dimension toward bio-
prospecting. Rhizomes of S. californicus contain flavonoids, phenolic compounds, tannins,
amino acids, and stilbenes, and have shown antioxidant, anxiolytic, sedative, and analge-
sic activity in experimental models [37,64,65]. This line is promising, but it requires further
studies on mechanisms, safety, dosage, and pharmacological validation.

https://doi.org/10.3390/limnolrev26030038


https://doi.org/10.3390/limnolrev26030038

Limnol. Rev. 2026, 26, 38

17 of 29

3.8. Integrative Synthesis and Research Gaps

The updated corpus of 66 studies confirms that S. californicus is not only a wetland
macrophyte, but also a remediation resource, a biogeochemical component, a biomaterial,
a food-related resource, a biocultural species, and a potential source of bioactive com-
pounds. The strongest evidence is concentrated in treatment systems and wetland func-
tioning, while technological applications now represent an equally important emerging
field.

However, the evidence remains uneven. Treatment and biomaterial studies have in-
creased, but mechanistic studies on physiology, long-term contaminant fate, climate re-
sponse, harvesting effects, and socio-ecological feedbacks remain limited. Future research
should integrate field monitoring, experimental trials, biomass management, contaminant
pathways, material performance, and traditional knowledge to explain how totora wet-
lands function under environmental and cultural change.

Figure 7 reinforces this integrative view by showing that the relevance of S. californi-
cus is organized around three closely connected dimensions: ecological processes, tradi-
tional knowledge, and socio-economic functions. From the ecological side, the studies by
Pratolongo and Kandus [8] and Ramirez et al. [22] linked totora to biomass dynamics,
vegetation structure, and wetland functioning, while Pérez et al. [12] associated its stands
with carbon-related functions and broader ecosystem services. At the same time, Macia
and Balslev [4] and Banack et al. [21] documented traditional uses, subsistence practices,
and artisanal applications, whereas Prieto [23] showed that the species remains embedded
in community-based management systems. This biocultural continuity is further strength-
ened by Ballester and Cabello [62], who linked totora to material culture and historically
transmitted practices. In parallel, Gavilanez and Zurita-Polo [66] showed that the species
also contributes to food, forage, and livelihood-related uses, with resource value shaped
partly by local management. Therefore, Figure 7 does not simply summarize thematic ar-
eas; rather, it shows that ecological functioning, traditional knowledge, and socio-eco-
nomic uses are mutually reinforcing dimensions within a single biocultural system (Fig-

ure 7).
' ' 3\
indigenous cultivation traditional technologies
and management (e.g., raft construction)
pu \. J
' 4 N\
ecological availability artisanal production

of totora and local economies

totora as a living biocultural heritage

integration of ecological,

X . social, and cultural dimensions
intergenerational resource management

knowledge transmission and cultural continuity

Y

ethnobotany, cultural heritage, and traditional management
as an integrated socio-ecological system

Figure 7. Totora (Schoenoplectus californicus) as a biocultural system integrating ecological processes,

traditional knowledge, and socio-economic functions.

4. Conclusions

1. The best documented applications of Schoenoplectus californicus are water treatment
and phytoremediation, which represent the largest evidence base, with 19 studies
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(28.8%) focused on wastewater treatment, nutrient removal, metal retention, bioac-
cumulation, and phytostabilization. Moderately supported evidence corresponds to
wetland ecology, biomass, ecosystem functioning, and sustainable technological ap-
plications, each represented by 13 studies (19.7%). Promising but still limited re-
search lines include functional ecology, morphology, nutritional uses, ethnobotany,
and traditional management, which together show the novel value of the species be-
yond remediation, but still require stronger experimental and socio-ecological evi-
dence.

2. Despite this broader evidence base, the literature remains thematically unbalanced.
Functional ecology, growth, and landscape connectivity account for 5 studies (7.6%),
whereas morphology, anatomy, and functional adaptation represent only 4 studies
(6.1%). Nutritional and ethnobotanical uses and cultural heritage and traditional
management each include 6 studies (9.1%). This imbalance indicates that the mecha-
nistic, anatomical, functional, nutritional, and cultural dimensions of S. californicus
remain less explored than its role in phytoremediation and wetland functioning.

3. The main contribution of this multidisciplinary systematized review is to show that
the value of S. californicus does not lie in a single ecological or technological use, but
in the convergence of ecological functioning, contaminant retention, biomass produc-
tion, structural adaptation, biomaterial potential, traditional knowledge, and biocul-
tural continuity. Future research should therefore prioritize integrative frameworks
capable of linking wetland functioning, phytoremediation performance, plant traits,
biomaterial applications, nutritional uses, and traditional management within a com-
mon analytical perspective.
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Appendix A

Table A1. Traceability matrix of studies included in the qualitative synthesis.
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ID Ref Y
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Note: Each study was assigned to only one dominant thematic category to avoid double counting.

Secondary or transversal themes were recorded in the review matrix and considered during the

qualitative synthesis, but they were not counted as independent records in the thematic distribution.

https://doi.org/10.3390/limnolrev26030038


https://doi.org/10.3390/limnolrev26030038

Limnol. Rev. 2026, 26, 38 26 of 29

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Heiser, C.B. The totora (Scirpus californicus) in Ecuador and Peru. Econ. Bot. 1978, 32, 222-236.
https://doi.org/10.1007/BF02864698.

de Lange, P.J.; Gardner, R.O.; Champion, P.D.; Tanner, C.C. Schoenoplectus californicus in New Zealand. N. Z. ]. Bot. 2010, 36,
319-327. https://doi.org/10.1080/0028825X.1998.9512573.

Rondén, X.J.; Banack, S.A.; Diaz-Huamanchumo, W. Ethnobotanical investigation of caballitos (Schoenoplectus californicus: Cy-
peraceae) in Huanchaco, Peru. Econ. Bot. 2004, 57, 35-47. https://doi.org/10.1663/0013-0001(2003)057[0035:EIOCSC]2.0.CO;2.
Ramirez, C.; Farifa, ].M.; Contreras, D.; Camano, A.; San Martin, C.; Molina, M.; Moraga, P.; Vidal, O.; Pérez, Y. La diversidad
floristica del humedal “Ciénagas del Name” (Region del Maule) comparada con otros humedales costeros de Chile Central.
Gayana Botdn. 2014, 71, 108-119. https://doi.org/10.4067/S0717-66432014000100011.

Pabén, G.; Vasquez-Hernandez, L.; Yaguana-Jiménez, G.; Aguirre-Mejia, P. Vegetative growth analysis of Schoenoplectus califor-
nicus (totora): Dynamics and physiological mechanisms in high-altitude Andean lakes. Ecologies 2025, 6, 71.
https://doi.org/10.3390/ecologies6040071.

Choque, W.; Gutiérrez Choque, Z.; Paco Pérez, V. Distribucién y biomasa de la totora (Schoenoplectus californicus) en el Sitio
Ramsar Uru Uru y Poopd, Bolivia. Rev. Investig. Altoandin. 2025, 27, 27673. https://doi.org/10.18271/ria.2025.673.
Hernandez-R.].; Rangel-Ch., J.O. La vegetacion del humedal de Jaboque (Bogota, D.C.). Caldasia 2009, 31, 355-379. ISSN 2357-
3759.

Pratolongo, P.; Kandus, P. Dinamica de biomasa aérea. Ecotrépicos 2005, 18, 30-37. Available online: https://ecotropicos.sveco-
logia.org/index.php/home/article/view/133 (accessed on 10 July 2026).

Claps, M.C. Valores de pigmentos hallados en el perifiton de Schoenoplectus californicus. Limnobios 1987, 2, 653-656.

Sanchez, D.; Amat-Garcia, G.D. Diversidad de la fauna de artropodos terrestres en el humedal Jaboque, Bogota-Colombia. Cal-
dasia 2005, 27, 311-329. Available online: http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0366-52322005000200015
(accessed on 10 July 2026).

Palomino, D.; Cabrera Carranza, C. Estimacion del servicio ambiental de captura del CO2 en la flora de los humedales de Puerto
Viejo. Rev. Del Inst. Investig. FIGMMG 2007, 10, 49-59. Available online: https://revistasinvestigacion.unmsm.edu.pe/in-
dex.php/iigeo/article/view/494 (accessed on 10 July 2026).

Pérez, H.; Luccini, E.; Herrera, L.A.; Parodi, M.; Matar, M.; Barrea, L.; Mechni, M.; Masramoén, E. Cuantificacion de la captura
de CO2 por la flora nativa de totora en un humedal costero de Perti. Energeia 2015, 13, 73-80. Available online: https://reposi-
torio.uca.edu.ar/handle/123456789/5761 (accessed on 10 July 2026).

Fonttrbel, F.; Richard, E.; Garcia Crispieri, G. Diversidad de flora fanerégama y aspectos ecobioldgicos de la unidad vegetal de
Aygachi-Cumana-Bahia Cohana, lago Titikaka (La Paz, Bolivia). Cienc. Abierta Int. 2006, 30. ISSN 0717-8948.

Castafieda Villanueva, A.A; Flores Lépez, H.E. Tratamiento de aguas residuales domésticas mediante plantas macrofitas tipicas
en Los Altos de Jalisco, México. Paakat Rev. Tecnol. Soc. 2014, 4, 1-13. Available online: https://www.redalyc.org/ar-
ticulo.0a?id=499051554003 (accessed on 10 July 2026).

Palacios Carvajal, M.].; Gualli Bonilla, D.A.; Manzano Cepeda, M.R. Planta de totora en humedal artificial de flujo subsuperfi-
cial. Rev. Caribefia Cienc. Soc. 2020, 9. Available online: https://www.eumed.net/rev/caribe/2020/09/planta-totora.html (ac-
cessed on 10 July 2026).

Rojas, K.; Vera, I; Vidal, G. Influencia de la estacién y de las especies Phragmites australis y Schoenoplectus californicus en la
eliminacion de materia organica y nutrientes contenidos en aguas servidas durante la operacion de puesta en marcha de hume-
dales construidos de flujo horizontal subsuperficial. Rev. Fac. Ing. Univ. Antioq. 2013, 69, 289-299. Available online:
https://www.redalyc.org/pdf/430/43029812022.pdf (accessed on 10 July 2026).

Blanco, J.A. Suitability of totora (Schoenoplectus californicus) for its use in constructed wetlands in areas polluted with heavy
metals. Sustainability 2019, 11, 19. https://doi.org/10.3390/su11010019.

Chuchén, S.A.; Aybar Escobar, C.A. Evaluacion de la capacidad de remocién en planta de tratamiento “La Totora”. Ecol. Apl.
2008, 7, 165-171.

Rodriguez, A.; S.; Flores, R.; Rodriguez, M.; Roldan, D. Cuantificaciéon de los factores de bioconcentracién en Schoenoplectus
californicus ubicada en el Lago San Pablo, Imbabura-Ecuador (afio, 2017). Ciencia 2019, 20, 160-176. https://doi.org/10.24133/cien-
cia.v20i2.1213.

Galindo, L.A.; Cérdoba Sanchez, M.P. Bioindication and phytostabilization of potentially toxic elements by Schoenoplectus cali-
fornicus  in a  Ramsar urban wetland, Colombia. Int. ].  Phytoremediation 2025, 27, 1765-1773.
https://doi.org/10.1080/15226514.2025.2521400.

https://doi.org/10.3390/limnolrev26030038


https://doi.org/10.3390/limnolrev26030038

Limnol. Rev. 2026, 26, 38 27 of 29

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Banack, S.A.; Rondon, X.J.; Diaz-Huamanchumo, W. Indigenous cultivation and conservation of totora (Schoenoplectus californi-
cus, Cyperaceae) in Peru. Econ. Bot. 2004, 58, 11-20. https://doi.org/10.1663/0013-0001(2004)058[0011:ICACOT]2.0.CO;2.

Macia, M.].; Balslev, H. Use and management of Totora (Schoenoplectus californicus, Cyperaceae) in Ecuador. Econ. Bot. 2000, 54,
82-89. https://doi.org/10.1007/BF02866602.

Prieto, G. Balsas de totora en la costa norte del Perti: Una aproximacién etnografica y arqueoldgica. Quingnam 2016, 2, 141-188.
Available online: https://journal.upao.edu.pe/Quingnam/article/view/574 (accessed on 10 July 2026).

Romero, M.; Flores, M.; Bravo-Thais, S.; Guzman, M. Schoenoplectus californicus as potential remover of metal elements from
mine effluents: A laboratory assessment. Clean Soil Air Water 2023, 51, 2200029. https://doi.org/10.1002/clen.202200029.

Boleji, L.A.; Custodio-Villanueva, M.; Chanamé Zapata, F.C.; Cuadrado Camp6, W.].; Pefialoza Fernandez, R.P. Bioconcentra-
tion and bioaccumulation of toxic metals in Scirpus californicus from natural wetlands in the Central Andes of Peru. Rev. Ambiente
Agua-Interdiscip. ]. Appl. Sci. 2021, 16, e2728. https://doi.org/10.4136/ambi-agua.2728.

De Rito, M.V; Borrelli, N.; Natal, M.; Fernandez Honaine, M. Schoenoplectus californicus (Cyperaceae) amorphous silica contri-
bution to the silicon cycle in Pampean shallow lakes: An analysis of spatio-temporal variation and silicon-lignin relations. Aust.
J. Bot. 2024, 72, BT23084. https://doi.org/10.1071/BT23084.

Labra, F.A.; Jaramillo, E. Biodiversity dynamics in a Ramsar wetland: Assessing how climate and hydrology shape the distri-
bution of dominant native and alien macrophytes. Plants 2025, 14, 1116. https://doi.org/10.3390/plants14071116.
Rivera-Caceda, F.V.; Arenas-Ibarra, J.A.; Urrutia-Ramirez, S.I. Do ecological patterns persist in highly impacted urban wet-
lands? A spatiotemporal analysis of aquatic macrophytes and limnological variability in a Peruvian coastal wetland. Diversity
2026, 18, 214. https://doi.org/10.3390/d18040214.

Hidalgo-Cordero, J.F.; Aza-Medina, L.C. Analysis of the thermal performance of elements made with totora using different
production processes. J. Build. Eng. 2023, 65, 105777. https://doi.org/10.1016/j.jobe.2022.105777.

Huaquisto-Caceres, S.; Pari-Quispe, D.K.; Cruz-Maron, R.A. Eco-efficient thermoacoustic panels made of totora and gypsum
for sustainable rural housing ceilings. Mater. Constr. 2023, 73, €331. https://doi.org/10.3989/mc.2023.346323.

Jara-Vinueza, O.; Pavon, W.; Remache, A.; Arroyo, F.; Gutiérrez, M.; Mora Figueroa, E. Evaluation of mechanical behavior and
application potential of totora (Schoenoplectus californicus) and recycled low-density polyethylene-aluminum (LDPE-AI) hybrid
panels. Buildings 2025, 15, 2212. https://doi.org/10.3390/buildings15132212.

Arce, W.A.; Acha, D. Allometric determinations in the early development of Schoenoplectus californicus to monitor nutrient up-
take in constructed wetlands. Ecohydrol. Hydrobiol. 2025, 25, 34—41. https://doi.org/10.1016/j.ecohyd.2023.11.013.

Noriega-Rico, E.; Lobato-de Magalhaes, T.; Rico, Y. Forested landscape promotes functional connectivity of California bulrush
(Schoenoplectus  californicus) ~ in  threatened  freshwater = wetlands.  Aquat.  Bot. 2023, 204,  103980.
https://doi.org/10.1016/j.aquabot.2025.103980.

Hidalgo-Cordero, J.F.; Némec, M.; Hidalgo Castro, P.; Hajkova, K.; Ordéiiez Castro, A.; Hysek, S. Macromolecular composition
of totora (Schoenoplectus californicus C.A. Mey. Sojak) stem and its correlation with stem mechanical properties. J. Nat. Fibers
2023, 20, 2282049. https://doi.org/10.1080/15440478.2023.2282049.

Izzati, M.; Haryanti, S.; Hastuti, R.B. Effectivity of bulrush (Scirpus californicus) as a soil conditioner in increasing sandy and clay
soil fertility Biodiversitas J. Biol. Divers. 2021, 22, 3423-3429. https://doi.org/10.13057/biodiv/d220839.

Rigotti, J.A.; Paqualini, ].P.; Rodrigues, L.R. Root growth and nutrient removal of Typha domingensis and Schoenoplectus califor-
nicus over the period of plant establishment in a constructed floating wetland. Environ. Sci. Pollut. Res. 2021, 28, 8927-8935.
https://doi.org/10.1007/s11356-020-11681-4.

Campos-Florian, J.; Galliani-Huamanchumo, G.; Campos-Bazan, A.V.; Chunga-Flores, B.; Castro-Dionicio, I.; Villarreal-La
Torre, V.E.; Flores-Atoche, L.F.; Gonzales-Mendez, L.; Ramos-Farfan, G.; Condor-Goytizolo, J.; Guevara-Vasquez A. M; Soto-
Vasquez, M. R; Rodriguez-Soto, J. C; Alvarado-Garcia, P. A. A; Sagastegui-Guarniz, W; Cabanillas-Amado, W. Schoenoplectus
californicus (C.A. Mey.) Sojak: Chemical profile, antioxidant capacity, psychopharmacological exploration and analgesic activity.
Mar. Drugs 2026, 24, 160. https://doi.org/10.3390/md24050160.

Villar, D.A.; Thomsen, B.; Gutiérrez Tito, E.R.; Paca Condori, A.C.; Velasquez-Noriega, P.; Mamani, E.; Arivilca, M.; Moreno
Terrazas, E.G.; Marino, J.; Gosler, A.G. Declining use of totora (Schoenoplectus californicus subsp. tatora) in Lake Titicaca. Hum.
Ecol. 2024, 52, 1-14. https://doi.org/10.1007/s10745-024-00478-5.

de Cabo, L.I; Faggi, A.; Miguel, S.; Basilico, G. Rehabilitacion de riberas en cuenca Matanza-Riachuelo. Biol. Acudt. 2019, 33,
€005. https://doi.org/10.24215/16684869e005.

https://doi.org/10.3390/limnolrev26030038


https://doi.org/10.3390/limnolrev26030038

Limnol. Rev. 2026, 26, 38 28 of 29

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Zhang, Z.; Rengel, Z.; Meney, K. Interactive effects of nitrogen and phosphorus loadings on nutrient removal from simulated
wastewater using Schoenoplectus validus in wetland microcosms. Chemosphere 2008, 72, 1823-1828. https://doi.org/10.1016/j.chem-
osphere.2008.05.014.

Harguinteguy, C.A.; Aran, D.S.; Gudifio, G.L.; Pefiaflor, M. Capacity of Schoenoplectus californicus to remove and tolerate copper,
lead, and zinc in constructed wetland systems using simulated wastewater. ]. Environ. Eng. 2023, 149, 04023069.
https://doi.org/10.1061/JOEEDU.EEENG-7334.

Flores, M.; Bravo-Thais, S.; Romero, M.; Guzman, M. Evaluation of heavy metal removal using Phragmites australis (Cav.) and
Schoenoplectus californicus (C.A. Mey.): A comparison of the dry ashing and wet digestion method. Anal. Bioanal. Chem. Res. 2023,
10, 97-109. https://doi.org/10.22036/ABCR.2022.354635.1804.

Masias-Flores, S.M.; Granada-Cruz, G.O.; Vera-Marmanillo, V.I. Eficiencia de rizobacterias de Scirpus californicus y Typha do-
minguensis en la reduccion de DQO de aguas residuales bajo condiciones de laboratorio. Rev. Int. Contam. Ambient. 2025, 41,
199-209. https://doi.org/10.20937/rica.55026.

Neyrot, S.; Acha, D.; Morales-Belpaire, I. The fate of sulfamethoxazole in microcosms of the macrophyte Schoenoplectus califor-
nicus and its impact on microbial communities. Environ. Pollut. 2024, 362, 124947. https://doi.org/10.1016/j.envpol.2024.124947.
Aguilar, D.A.; Aguilar Laquis, L.F.; Vargas Maron, J.A.; Guerra Bueno, E.S.; Arazola Mamani, G. Elevar el indice de la calidad
del agua del lago Titicaca con carbéon activado de totora (Schoenoplectus californicus). Rev. Investig. 2024, 13, 5969
https://doi.org/10.26788/ri.v13i4.5969.

Moyano Arévalo, ].R.; Naranjo Vargas, E.M.; Santillan Marifio, C.J. Filtros naturales para purificacion de agua. Rev. Obs. Econ.
Latinoam. 2018. Available online: https://www.eumed.net/rev/oel/2018/11/filtro-purificacion-aguas.html (accessed on 10 July
2026).

Malecki-Brown, L.M.; White, J.R.; Brix, H. Alum application to improve water quality in a municipal wastewater treatment
wetland: Effects on macrophyte growth and nutrient uptake. Chemosphere 2010, 79, 186-192. https://doi.org/10.1016/j.chemo-
sphere.2010.02.006.

Neubauer, M.E.; Plaza de los Reyes, C.; Pozo, G.; Villamar, C.A.; Vidal, G. Growth and nutrient uptake by Schoenoplectus cali-
fornicus (C.A. Méyer) Sdjak in a constructed wetland fed with swine slurry. J. Soil Sci. Plant Nutr. 2012, 12, 421-430.
https://doi.org/10.4067/S0718-95162012005000004.

Apdstolo, N.M. Caracteres anatéomicos de la vegetacion costera del Rio Salado (Noroeste de la provincia de Buenos Aires, Ar-
gentina). Bol. Soc. Argent. Botin. 2005, 40, 215-227.

Benitez, F.; B.; Pereira, S.; C.; Gonzélez, F.; Bertoni, S. Plantas nativas e introducidas utilizadas por sus fibras en Paraguay.
Steviana 2009, 1, 5-23. https://doi.org/10.56152/StevianaFacenV1A1_2009.

Corsino, B.; Boeger, M.R.T.; Maranho, L.T. Arquitetura do escapo de Schoenoplectus californicus. Iheringia Sér. Botdnica 2013, 68,
27-35.

Jiménez, G.C.; Montoya Robles, d.P.T.; Loayza Ledn, S. De la “Quesana” tradicional a un sistema modular de paneles aislantes
de totora. Rev. Arquit. 2024, 26, 125-146. https://doi.org/10.14718/RevArq.2024.26.4578.

Aza, L.C.; Palumbo, M.; Lacasta, A.M.; Gonzalez-Lezcano, R.A. Characterization of the thermal behavior, mechanical resistance,
and reaction to fire of totora (Schoenoplectus californicus) panels and their potential use as a sustainable construction material. J.
Build. Eng. 2023, 65, 105984. https://doi.org/10.1016/j.jobe.2023.105984.

Hidalgo, P.; Hidalgo-Cordero, J.F.; Garcia-Navarro, J. Estudio del comportamiento fisico-mecanico de rollos de totora amarra-
dos: Influencia de la tension de amarre, didmetro y longitud. DAYA Diseiio Arte. Arquit. 2019, 6, 53-84.
https://doi.org/10.33324/daya.vi6.219.

Hidalgo, ].F.; Garcia-Navarro, J. Totora (Schoenoplectus californicus (C.A. Mey.) Sojak) and its potential as a construction material.
Ind. Crops Prod. 2018, 112, 467—480. https://doi.org/10.1016/j.indcrop.2017.12.029.

Hyskova, P.; Gaff, M.; Hidalgo-Cordero, J.F.; Hysek, S. Composite materials from totora (Schoenoplectus californicus): Is it worth
it? Compos. Struct. 2020, 232, 111572. https://doi.org/10.1016/j.compstruct.2019.111572.

Hidalgo-Cordero, ].F.; De Troya, M.T.; Garcia-Navarro, J. Influence of the hot-pressing process on the durability of totora (Schoe-
noplectus californicus C.A. Mey. Sojak) binderless boards against wood-decaying organisms. J. Nat. Fibers 2021, 18, 1882-1892.
https://doi.org/10.1080/15440478.2019.1701611.

Jara Vinueza, O.; Pavon, W.; Remache, A. Sustainable construction with cattail fibers in Imbabura, Ecuador: Physical and me-
chanical properties, research and applications. Buildings 2024, 14, 1703. https://doi.org/10.3390/buildings14061703.

https://doi.org/10.3390/limnolrev26030038


https://doi.org/10.3390/limnolrev26030038

Limnol. Rev. 2026, 26, 38 29 of 29

59.

60.

61.

62.

63.

64.

65.

66.

Canarejo Antamba, J.; Delgado Yanez, M. La totora (Schoenoplectus californicus) como biomaterial térmico para la construccién
en Ecuador: Parametros fisicos y ambientales. Estud. Perspect. Rev. Cientifica. Académica 2026, 6, 7711-7728.
https://doi.org/10.61384/r.c.a..v6i1.1752.

Morales, M.L.P.; Neves, L.O.; das Shaik, A.; Chenia, H.; Maronna, M.M.; Soroldoni, S.; Nagata, R.M.; They, N.H.; Agostini, V.O.;
Pinho, G.L.L. Cabomba caroliniana and Schoenoplectus californicus as antifouling candidates: Anti-attachment and toxicological
effects in Aurelia coerulea (Cnidaria, Scyphozoa). Environ. Toxicol. 2026, 41, 356-372. https://doi.org/10.1002/tox.24579.

Wille, V.K.D.; Gentil, M.; Nunes, G.R.S.; Da Rosa, R.C.; Jardim, ].M.; Berger, C.; Dalla Costa, H.W.; Gatto, D.A.; Pedrazzi, C.
Totora fibers as a new source for papermaking. Biomass Convers. Biorefinery 2023, 13, 5235-5241. https://doi.org/10.1007/s13399-
021-01547-1.

Ballester, B.; Cabello, G. Mitologias navieras de Atacama: El caballito de totora de Jean-Christian Spahni Estud. Atacamefios 2022,
68, 4690. https://doi.org/10.22199/issn.0718-1043-2022-0012.

del Rio, M. Los tesoros de los mallku de Pocona y Totora en el siglo XVI. Chungard 2010, 42, 199-220.
https://doi.org/10.4067/50717-73562010000100030.

Loza-Del Carpio, A.; Roque-Huanca, B. Efecto de la quema prescrita en el valor nutricional de tallos aéreos de Schoenoplectus
tatora (Kunth) Palla, lago Titicaca, Pert. Bioagro 2022, 34, 253-264. https://doi.org/10.51372/bioagro343.5.

Loza, A.; Vallenas Gaona, M.; Mamani Sairitupac, D. Contenido nutricional e importancia etnobotanica de érganos comestibles
de la totora Schoenoplectus californicus (C.A.Mey.) Sojak. Bioagro 2025, 37, 91-100. https://doi.org/10.51372/bioagro371.8.
Gavilanez, I.M.; Zurita-Polo, S.M. Divulgacion de la obtencion y uso de harina de totora Schoenoplectus californicus, producto no
maderable por sus caracteristicas fisico-quimicas. Dominio Cienc. 2021, 7, 1798-1811. https://doi.org/10.23857/dc.v7i4.2202.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/limnolrev26030038


https://doi.org/10.3390/limnolrev26030038

	1. Introduction
	1.1. Taxonomic Identity, Distribution, and Nomenclatural Scope
	1.2. Ecological Functions and Ecosystem Services of Totora Wetlands
	1.3. Environmental Applications: Water Treatment, Purification, and Phytoremediation
	1.4. Knowledge Gap and Purpose of the Systematized Review

	2. Materials and Methods
	2.1. Review Design
	2.2. Search Strategy
	2.3. Eligibility Criteria
	2.4. Screening and Selection
	2.5. Data Extraction and Synthesis

	3. Results and Discussion
	3.1. Bibliometric and Thematic Structure of the Reviewed Literature
	3.2. Water Treatment, Phytoremediation, and Engineered Systems
	3.3. Wetland Ecology, Biomass, Biodiversity, and Ecosystem Services
	3.4. Functional Ecology, Nutrient Dynamics, and Ecological Plasticity
	3.5. Morphology, Anatomy, and Functional Adaptation
	3.6. Biomaterials, Sustainable Construction, and Technological Applications
	3.7. Nutritional, Ethnobotanical, and Biocultural Dimensions
	3.8. Integrative Synthesis and Research Gaps

	4. Conclusions
	Appendix A
	References

