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ARTICLE INFO ABSTRACT

Totora is an emergent macrophyte with properties and historical uses supporting its potential use in con-
temporary construction and for reducing pressure on conventional forest plantations by diversifying the sources
of biomass-based materials. Recent advances in the wood construction field have demonstrated the feasibility
and advantages of using wood-based materials in tall building structures and other massive constructive uses,
which could lead to a net reduction in CO,eq emissions from the construction sector by replacing high-energy
consuming materials such as concrete or steel with wood and biomass-based materials. Among these biomass-
based materials are non-timber forest products. This category includes plants that can provide important con-
tributions to the construction sector by diversifying the sources of biomass-based materials. One of these plants is
totora (Schoenoplectus californicus (C.A. Mey.) Sojék). Totora is a bulrush that grows in lakes and marshes in the
Americas, from California to Chile, and some of the Pacific islands. This bulrush has been used by many cultures
as medicine, food, forage, and material for building houses, boats, and different handicrafts. Although several
people still use totora to make their handicrafts and rafts, the most important current examples of the use of
totora are the floating islands of the Uros in Lake Titicaca. The Uros people have developed traditional tech-
niques for building their homes, boats, and even the artificial islands where they live, with methods based almost
exclusively on the totora culms. The studies and experimentation conducted on this plant have underscored its
fast growth capacity, high yield values, anatomical and physical properties, and potential environmental ben-
efits. This review aims to analyze the available data on this material regarding its potential for construction,
which is intended to foster its research and development as an alternative source of a biomass-based building
material.
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1. Introduction Panel on Climate Change, 2014; World Wildlife Fund, 2012).

In this scenario, non-timber forest products, which include palms,

The increasing number of massive wood building projects has raised
discussions on how environmentally friendly and how feasible is to
replace materials such as concrete or steel with engineered wood and
wood-based materials in the long term (Green and Karsh, 2012;
Intergovernmental Panel on Climate Change, 2014). Studies have
shown that some engineered wood elements can perform as well as
concrete or steel in tall buildings (Podesto and Breneman, 2014;
Popovski and Gavric, 2016; Ramage et al., 2017). Although wood
construction has been demonstrated to be environmentally beneficial in
comparison with concrete or steel, the demand for wood products is
expected to rise threefold by 2050, which is expected to increase
pressure on land and water resources that must concurrently provide
the growing human population with food, urban area and other re-
sources (FAO, 2015; Garcia-Navarro et al., 2013; Intergovernmental
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herbaceous plants, bulrushes and reeds, among others, are an important
source of biomass-based materials that can be studied to diversify the
assortment of low-energy and biomass-based construction materials.
Several studies have been conducted to examine these types of plants,
assessing their feasibility for sue in the construction field and their
environmental benefits (Bajwa et al., 2015; Flores et al., 2011; Hidalgo
C., 2016; Wichmann and Kobbing, 2015). The non-timber-forest-pro-
ducts category includes totora (Schoenoplectus californicus (C.A. Mey.)
Sojak), which is a bulrush from the Cyperaceae family that grows in the
Americas, from California (37°N, 120°W) to Tierra del Fuego (54°S,
70°W), and some of the Pacific islands such as the Cook Islands
(21.23°S, 159.77°W), Eastern Island (27.11°S, 109.28°W), New Zealand
(37.39°S, 174.72°E), and Hawaii (19.77°N, 155.57°W) (de Lange et al.,
2008; Heiser, 1978; Lopez et al., 2016). The taxonomy of totora has
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Fig. 1. Typha latifolia leaf section (Hidalgo-Cordero).

been studied to define if there are differences between individuals from
different locations. The observations of different chromosome numbers
and physical differences may support the existence of subspecies or
varieties (Barros, 1942; Beetle, 1941; Heiser, 1974; Koyama, 1963). In
the available literature, totora has been identified under different taxa
names, e.g., Scirpus californicus var. tatora (Kunth) Barros, S. californicus
subsp. Tatora (Kunth) T. Koyama, and Schoenoplectus tatora (Kunth)
Palla. However, in the database of the Word Checklist of Selected Plant
Families (WCSP), to date, these other names are considered synon-
ymous to Schoenoplectus californicus (C.A. Mey.) Sojak, (Heiser, 1978;
WCSP, 2017). In some cases, the term totora has been used to designate
some plants of the Typha species, another emergent macrophyte species
with similar leaves to the culms of Schoenoplectus californicus (C.A.
Mey.) Sojak (Heiser, 1978; Heredia, 2014). Although in some cases,
these two species have been used in similar ways, the differences are
notorious. Typha leaves are thinner, and their sections are semi-circular
(Fig. 1).

In contrast, Schoenoplectus californicus (C.A. Mey.) Sojak is bigger,
stronger, and has a round-to-triangular-shaped culm (Fig. 2). Different
local names are used to refer to this plant, such as the term “tule” in
California, Mexico, and some parts of Central America; or the term
“piri” in Brazil (Dick et al., 2016; Heiser, 1978). In this review, the term
“totora” will refer to the Schoenoplectus californicus (C.A. Mey.) Sojak
species.

In Lake Titicaca, where totora is an important part of the ecosystem,
besides its social and economic importance for the local communities,
institutions of Peru and Bolivia, the Autoridad Binacional del Lago
Titicaca (ALT), and the United Nations Program for Development
(PNUD) have worked on the development of projects aimed to research

Fig. 2. Schoenoplectus californicus (C.A. Mey.) Sojék culm section (Hidalgo-Cordero).
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and improve the local management of this resource. The most relevant
projects and institutions in this sense are the Proyecto Especial
Binacional del Lago Titicaca (PELT), Fundacién Medio Ambiente,
Mineria e Industria (MEDMIN), Asociacion para el Desarrollo
Sustentable (ADESU), Asociacién Boliviana de Teledeteccién para el
Medio Ambiente (ABTEMA), and Unidad Operativa Boliviana (UOB).

Typha species, which are broadly distributed worldwide, have been
more extensively researched and studied for applications in the con-
struction field (Kim et al., 2016; Wuzella et al., 2011). The procedures
used in these studies could be a guide to develop and evaluate meth-
odology that is applicable to totora and extend the results to other si-
milar species.

Totora grows in lakes and marshes and achieves its best develop-
ment in depths of 30-70 cm. However, in Lake Titicaca, it can grow in
water depths up to 5m (Collot, 1980; Gilson, 1937; Iltis and Dejoux,
1991). It can yield up to 57.90 t/ha/year of dry matter, depending on
the substrate nutrients, location, and climate, as shown in Table 1
(Collot et al., 1983; de Lange et al., 2008; Heiser, 1978; Neill, 2007;
Pratolongo et al., 2008).

This maximum yield capacity is high compared with the data ob-
tained for the maximum over-bark yield of conventional planted forests
from the Food and Agriculture Organization of the United Nations
(FAO) report on Global Planted Forests (FAO, 2006), as shown in Fig. 3.
Totora's fast growth makes it possible to harvest it twice a year for use
in construction, guaranteeing a constant source of material supply from
a relatively small plantation area (ABTEMA and UOB, 2000; Collot
et al., 1983; Mardorf, 1985; PELT, 2000a; PELT and ADESU, 2003;
Rodriguez, 2010). The sun-dried totora, when kept dry, is not prone to
attack by biological agents, which can be observed on dry totora stalks
or on traditional objects such as esteras that can last for decades when
they are protected from extreme moisture (Hidalgo-Cordero and Garcia-
Navarro, 2017; PELT, 2000a; Simbana, 2003).

These features stimulated several ancient cultures to use totora as
food, forage, medicine, and for making a wide range of objects from
rugs to huts (Hall, 2009; Heiser, 1978; Margolin, 1978). Nevertheless,
the most important example of current use of totora is presented by the
complex of the Uros Islands in Lake Titicaca (15.81°S, 69.96°W). The
Uros’ constructive practices depend almost exclusively on the totora
culms, which are virtually the only material available in abundance in
the lake. Uros people use the totora bundled, weaved, or braided to
build their houses, boats and artificial floating islands where they have
lived for more than 500 years (Banack et al., 2004; Macia and Balslev,
2000). Despite the intensive use of totora by some communities, the
available data on its constructive applications are still scarce and
widely scattered. This review includes information obtained from
books, primary sources, direct observation, peer-reviewed sources, gray
literature, videos, and web sources.

This review is intended to provide a background for assessing the
potential of totora as an alternative biomass-based source of material
that could be used in the contemporary construction industry, and the
potential environmental benefits or impacts of its usage in each context.

2. Anatomy

Totora is an emergent wetland macrophyte that has roughly three
identifiable parts with different characteristics as follows: the roots,
submerged culm and aerial culm (Corsino et al., 2013).

The root system consists of rhizomes that grow parallel to the sub-
strate. The rhizome has nodes every 2-6 cm, from which the culms
grow vertically. The roots system develops as a net-like structure that
stores nutrients and helps the plant survive during dry seasons and
adverse conditions (Honaine et al., 2013; PELT and ADESU, 2003). This
netlike structure can be 0.50-3-m thick depending on the plant age and
is intended to provide the plant with a stable support for growth (PELT
and ADESU, 2003). When the water level of the lakes increases, these
root blocks, which often contain air bubbles because of the aeration
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Table 1
Yield of dry matter in tons per hectare per year of totora.
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Location Substrate Yield t/ha/year Reference

Parana River lower delta, Argentina 33.51°S, 59.85°W natural 16.50 Baigun et al. (2008)
Port Waikato, New Zealand 37.39°S, 174.73°E natural 21.00 de Lange et al. (2008)
Lake Titicaca, Peru and Bolivia 15.92°S, 69.33°W natural 37.66 PELT (2000a)

San Pablo Lake, Imbabura, Ecuador 1.50°N, 78.20°'W natural 15.22 Simbana (2003)

Parana River, Argentina “Bajos del Temor” 34.15°S, 58.15°'W natural 19.99 Pratolongo et al. (2008)
Lake Titicaca, Peru and Bolivia 15.92°S, 69.33°W natural 15.22 Collot (1980)
Sacramento — San Joaquin delta, California, USA 38.30°N, 121.69°'W natural 26.50 Hester et al. (2016)
Hualqui, Biobio, Chile 36.98°S, 72.96°W wastewater 17.82 Lopez et al. (2016)
Aiken and Barnwel, South Carolina, USA 33.33°N, 81.73°'W wastewater 10.45 Murray-Gulde et al. (2005)
Hautapu, Waikato, New Zealand 37.86°S, 175.45°E wastewater 57.90 de Lange et al. (2008)
The Pahu, Waikato, New Zealand 37.87°S, 175.44°E wastewater 54.40 de Lange et al. (2008)

functions of the plant, float and separate from the bottom of the lake. In
this way, the plant can float until the water level recovers or be re-
located to shallower waters (PELT, 2000a). In Lake Titicaca, these
blocks are collected in the rainy season by the Uros peoples, who tie
them together to make their floating islands (PELT and ADESU, 2001).
These blocks have not been reported as having any uses other than the
island floating structure for these people.

The second part of the plant is the submerged culm, which has a
group of small leaf-like organs at its base. These small leaves lack any
photosynthetic function (Gonzalez, 2002). The culm has a round to
triangular shape, an internal structure composed of the aerenchyma
tissue and an external epidermis (Gonzalez, 2002; Simbana, 2006). The
aerenchyma tissue consists mostly of air chambers arranged vertically
along the culm and divided approximately every 2.50 mm by perpen-
dicular diaphragms. This internal structure is thought to be used by the
plant to facilitate gas exchange between the organs (Apdstolo, 2005;
Corsino et al., 2013; Simbafa, 2006). Some nutrients of the plant are
transported through xylem vessels located between the air chambers
(Apostolo, 2005; Barrientos et al., 2014). The internal aerenchyma is
known to form part of several macrophytes because of its low energetic
cost to the plant and the aeriation function it supports. The air cham-
bers comprise approximately 65% of the total transversal area of the
culm, with slight differences between the base, mid and apical regions
of the culm (Corsino et al., 2013). On the sub-epidermis layer, a major
number of structural and nutrient-transporting tissues of the plant are

concentrated, and on the external epidermis, a waxy substance makes
up the mucilage of the plant and acts as protection (Apdstolo, 2005;
Barrientos et al., 2014). Although the submerged part of the culm has
some chloroplasts that give the plant its green color, this part of the
culm lacks photosynthetic tissues and contains a few stomata, which
can be used by the plant for water absorption or during severe water
level changes (Corsino et al., 2013; Gonzalez, 2002; Simbana, 2003).

The aerial part of the culm also has an internal structure consisting
of aerenchyma and an aerial epidermis where photosynthetic functions
and gas exchange occur. Therefore, the apical part of the culm has a
greater concentration of stomata and a thicker palisade parenchyma
than the middle and lower part of the aerial culm due to its greater
exposition to light and air (Barrientos et al., 2014; Corsino et al., 2013).

The culm architecture of totora has been studied by Corsino et al.
(2013) to determine the anatomical structures used by the plant to ef-
ficiently support a slender and long stem (3-m long and 1.50-cm in
diameter on average). This study analyzed the anatomical differences
between the basal, mean and apical part of the culm and determined
that the anatomical characteristics that allow this plant to maintain its
verticality are its triangular-pyramidal shape, the internal aerenchyma,
and the concentration of most vessels and fibers in the sub-epidermal
layer. Additionally, Honaine et al. (2013) have studied the silica bio-
mineralization that occurs on the plant tissues, which is also thought to
be used as a structural support.

Fig. 3. Maximum reported aboveground over-bark yield of dry matter expressed in tons per hectare per year of some conventional fast-growing planted forests compared with totora.

Figure made with data obtained from (de Lange et al., 2008; FAO, 2006).
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3. Planting methods and harvesting of totora

Totora is regarded as a valuable resource for some communities,
and it has also been used in phytoremediation and marsh restoration
throughout America (Hester et al., 2016; Watson and Byrne, 2012). It
has been reported that totora promotes a greater biodiversity than other
emergent macrophytes and, when properly managed, can supply an
important income source for the people that harvest it with a low im-
pact or even a benefit to the environment (Hall, 2009; Lima Silveira
et al., 2011; Septlveda-Mardones et al., 2017). Hence, some studies
have assessed its management, planting methods, harvesting and po-
tential economical returns (PELT, 2000b; Stevens and Hoag, 2003).

In the case of Lake Titicaca, studies and pilot projects to evaluate
and validate techniques for planting and managing totora have been
coordinated by ALT and PNUD from 2000 to 2005. In Lake Titicaca, the
area covered by totora has decreased from 69,010ha in 1986 to
38,629 ha in 2000, which is a reduction of 44% in 14 years (PELT,
2002). This phenomenon has been caused by its intensive use by the
peoples on the shores of the lake, the increasing population density in
the zone, lack of management, and, in some cases, the cessation of
harvesting activities that would otherwise stimulate the regrowth of
new totora shots. For this reason, both institutions (ALT and PNUD)
coordinated a series of projects aimed to evaluate and protect the totora
resource in Lake Titicaca and to encourage its proper use and man-
agement by the people. These projects included the planting of 60 ha of
totora distributed between Peru and Bolivia and the evaluation of the
economical returns it could generate to the indigenous people (PELT
and ADESU, 2003).

Rhizomes containing 2-5 living culms were used for all the planting
methods. The two main groups of planting techniques utilized were
shore planting for a water depth < 1 m, where the plant was buried in
the substrate and then compacted by stepping around it, and deep
water planting for a water depth > 1 m, where plants were tied to a
stone or a block of earth to sink them to the bottom of the lake. Of these
techniques, the best results were obtained using the shore technique
due to its high efficiency and because compacting the substrate pro-
vided a better support, reducing the possibility of plants being swept
away by the currents (PELT and ADESU, 2001). Totora plants were
separated 2 m from each other in both directions. Thus, a total of 2500
plants were used per hectare. The plantation was evaluated the sub-
sequent year. At this stage, the productivity was 25 culms/m?, which
was still low compared with the high density of naturally grown totora,
which has approximately 250 culms/m?. Once established, totora can
be harvested twice a year, and its cutting stimulates the growth of new
culms and keeps the plants clean and free of litter from senescent plants
(ADESU, 2001). The economic revenue that planting totora can gen-
erate has been assessed, in this case considering the production of 100
tons of green matter per hectare per year. The planting costs per hectare
were US$240 using shore techniques and US$432 using deep water
techniques, and the expected revenue from selling totora bundles at the
local market in 2001 was approximately US$2450 and US$2270 per
year for each technique, respectively (PELT and ADESU, 2001). Con-
sidering that in subsequent years there will not be a repeated need to
plant totora and the culm density will increase, it is possible to add
value to the totora by processing it, which could constitute a suitable
livelihood for the local people based on their own resources.

Totora planting methods have also been studied for marsh restora-
tion mainly in the southern United States, where it has been reported to
improve the biodiversity of wetlands through the recovery of their
ecological and environmental characteristics (Denson and Langford,
1982; Hester et al., 2016; Sloey et al., 2015). With the aim of defining
the best planting strategies for this plant, Mallison and Thompson
(2010) conducted a study in Lake Tohopekaliga, Florida, to analyze a
series of variables that influenced plant survival. In that study, 15 plots
(8 x 3m) were planted using 5 different methods, which varied de-
pending on the length of the rhizomes (2-4 cm and 6-8 cm), below and
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above water level with cut and uncut single culms, and one with a
longer rhizome of 12-15cm with 2-7 uncut living culms. The water
depth at the planting location was 60-65 cm. The plants were evaluated
after 4 months for retention rate, survival rate, and condition. This
study showed that totora must be planted in an emergent manner be-
cause the survival rate of the plants that were cut under the water level
was lower than the survival rate of those that were cut above it or
uncut. The rhizome length did not influence the survival rate. However,
the condition of the plants with a longer rhizome with more uncut
living culms was superior at the time of the evaluation. Hence, if the
objective is to establish a single robust plant, the best option is to plant
a larger rhizome with several emergent living culms. If the objective is
to achieve a broader distribution, then it is possible to divide the rhi-
zome into smaller pieces and plant them with emergent living culms.

The management of totora has also been studied as a means to
prevent other emergent macrophytes to displace indigenous plants and
fauna (Hall, 2009; Mudge and Netherland, 2014). However, de Lange
et al. (2008) has stated in a case study in New Zealand, where totora is
an introduced species, it should be controlled until the weed potential is
properly assessed.

As the harvesting of totora promotes re-growth and development of
the plant (ABTEMA and UOB, 2000; PELT and ADESU, 2003), its use by
the people could result in a symbiotic relationship by maintaining a
desirable ecological equilibrium and generating income sources for the
harvesters (Lima Silveira et al., 2011).

4. Water treatments

Cyperaceae is one of the macrophyte families that has been used for
the construction of wetlands for water treatment. The species
Schoenoplectus californicus has been widely used in constructed wetlands
for phytoremediation and phytoextraction (Scholz and Lee, 2005;
Vymazal, 2013). Several studies have been conducted to examine totora
performance in removing common nutrients and contaminants (Araya
et al., 2016; Daniels et al., 2010; Duchicela and Toledo, 2013; Kadlec
et al., 2010; Lépez et al., 2016; MEDMIN, 2003; Neubauer et al., 2012;
Rojas et al., 2013), metals (Arreghini et al., 2017; Knox et al., 2010;
Murray-Gulde et al., 2005; Rearte et al., 2013; Villamar et al., 2014),
pesticides (Miglioranza et al., 2004), industrially produced water
(Kanagy et al., 2008), combined treatments (Malecki-Brown et al.,
2010), and other contaminants (Sundberg-Jones and Hassan, 2007;
Thullen et al., 2008). Additionally, the greenhouse gas emissions, and
energy consumption of a constructed wetland with a 700-person
equivalent capacity planted with totora and Phragmites australis have
been reported to be approximately 3 times lower than those of a con-
ventional wastewater treatment plant (Casas Ledén et al., 2017). Al-
though water treatment with totora presents several benefits, adequate
management of the plants is of importance because some contaminants
accumulate on the internal tissues of the culms, which are not re-
commended for use as forage (MEDMIN, 2003), allowing the plants to
undergo decomposition in the system and thus increasing midge pro-
duction (Costantini et al., 2004; Thullen et al., 2008). Additionally, part
of the absorbed contaminants, if not in considerable quantities, could
return to the water flow (Murray-Gulde et al., 2005). The capacity of
totora to capture CO, has been evaluated in coastal marshes, where it
absorbed a total of 73.70 t of CO,/ha. In this scenario, the collection of
totora culms for use in industry could serve as a CO, storage reservoir
and prevent other pollutants absorbed by the plant to return to the
biotic cycle.

5. Uses of totora as material

Several handicrafts are made with totora, such as rugs, baskets,
blowers, jewelry, and souvenirs. The versatility of the plant has allowed
many communities and artist developed a wide range of techniques
based both on tradition and innovation (Centro Interamericano de Artes
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Populares, 2015; Heiser, 1978; Mardorf, 1985; Universidad del
Pacifico, 2015). Concerning constructive applications, the most devel-
oped techniques and uses are currently found in the indigenous com-
munities of Lake Titicaca. Some other communities have been reported
to have constructive traditions using this plant, but they have been lost
and left little information concerning the details of the techniques used
(Hall, 2009; Heyerdahl, 1971; Mardorf, 1985; Prieto, 2016). Herein, the
main techniques currently employed for making constructive elements
with totora are described.

5.1. Quesana

The quesana is a traditional thick rug made in the highlands of Peru
and Bolivia that is locally used as a floor mat, roof, and wall covering
(ABTEMA and UOB, 2000; Gilson, 1937; Heiser, 1978; Ninaquispe
et al., 2012). It is made by twining totora culms with a rope at intervals
of approximately 30 cm. The quesana thickness is approximately 5 cm,
its width is approximately 2 m depending on the length of the totora
culms, and its length is usually between 3 and 10 m. Nevertheless, its
final dimensions depend on the size of the framework for weaving it
and its final use. Herein, the process of making a quesana of 2.40-m
wide and 9-m long is described (Fig. 4).

The reported quesana manufacturing process was observed on the
Uros Islands in 2006. A plastic layer was laid on the ground to avoid
mixing the culms on the ground with those of the quesana. Two 5-cm in
diameter round logs of eucalyptus were placed 9 m from each other on
the island ground and secured with planks. Nylon thread with a dia-
meter of approximately 3 mm was tied to the eucalyptus logs at inter-
vals of 30cm and tightened. These threads were the guides for the
twinning process. Then, bundles of dry totora of approximately 5-cm in
diameter were placed perpendicularly over the thread guides, and the
bundles were twined together and tightened with another nylon thread.
Once the quesana was ready, the ends of the threads were cut and
knotted. The final product was a 5-cm thick textile that could be used as
a wall, roof or rug. House structures were made of slim eucalyptus joists

Fig. 4. Quesana manufacturing process (Hidalgo-Cordero).
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Fig. 5. Huts on the Uros islands (Hidalgo-Cordero).

of approximately 4 cm X 5cm, to which the quesanas were nailed or
tied to form the walls and roofs (Gilson, 1937; Hidalgo-Cordero, 2007)
(Fig. 5).

Ninaquispe et al. (2012) conducted a study to analyze the insulation
capacity of the quesana and its suitability for use as insulating material
in the Puno highlands of Peru. The tests were conducted in a laboratory
at the University of Minnesota in accordance with the standard “ASTM
C1155-95:2013, Standard practice for determining thermal resistance
of building envelope components from the in-situ data” (ASTM, 2013).
The conductivity reported from these tests was 0.083 W/mK. It was
stated that 5 cm of quesana had the same conductivity value of 30 cm of
adobe walls. Therefore, the use of quesanas was a suitable solution for
improving the thermal conditions in that case, and it included addi-
tional environmental and social benefits derived from its local pro-
duction using a widely available local material.

Other works have examined the use of quesanas in construction,
such as the study by Eduardo Palominio and Zegarra Lazo (2015) at the
Universidad Nacional del Altiplano in Puno investigating panels made
of quesanas covered with gypsum and cement mortar. These panels
were assessed mainly with respect to their impact resistance, fire re-
sistance, acoustic insulation and thermal insulation. Another re-
searcher, Banderas (2015) at the Universidad Politécnica de Madrid,
analyzed the use of quesanas as a thermal insulating layer incorporated
into a prefabricated mud and reed panel for applications in low-cost
housing projects in Ecuador.

Additionally, the research group Centro Tierra from the Pontificia
Universidad Catdlica del Perd, PUCP, has been working since 2014 on
research involving the implementation of quesanas as insulating ma-
terial on roofs and walls in a series of houses in the Puno highlands to
improve their thermal performance (Rodriguez Larrain and Meli,
2015). Although that study has yet not issued official data regarding the
improvement of internal conditions of the houses, it is important to
note that totora is being studied and tested in practical cases studies,
which will provide valuable insights on its thermal performance, dur-
ability, construction techniques and other issues that will be evaluated
by studying these practical examples. The availability of the material in
the zone and the observation that the construction elements are locally
produced by indigenous peoples are elements of interest that represent
further environmental and social benefits.

5.2. Single-culm totora sheet

The single-culm totora sheet is mainly used on the Uros Islands for
roofing. These single-culm sheets were observed on the Uros Islands in
2006. They are normally 2-m wide and could range from 2 to 10-m
long. They are made by perforating the totora culms with a needle and
2-mm in diameter nylon thread that joins them together to form a single
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Fig. 6. Single-culm sheet (Hidalgo-Cordero).

layer. The reported single-culm totora sheets were observed on the Uros
Islands in 2006. The reported sheets had threads every 30 cm, and the
totora culms were woven at the ends with nylon or totora threads to
keep the culms together (Fig. 6).

These sheets are used in roofs because their knots-free surface al-
lows the water to flow freely and avoids leaks. For the Uros huts, two to
three layers of these mats are used to make one roof (Fig. 7). The outer
layer should be replaced every 6 months, but the internal ones can last
longer periods (Hidalgo-Cordero, 2007).

5.3. Totora culms tied directly to the structure

This technique was observed on the Uros Islands in 2006, mainly for
building small huts (Fig. 8). The huts observed had a square structure of
approximately 2.40 by 2.40 m consisting of rough round logs of eu-
calyptus. The main rafters were approximately 7-cm in diameter, and
the battens were approximately 4-cm in diameter. The structure had a
pyramidal shape with a slope of approximately 60°. First, a nylon
thread of approximately 3-mm in diameter was tied to the structure at
intervals of approximately 40 cm to form parallel guides to create a

Fig. 7. Roof layers (Hidalgo-Cordero).

Industrial Crops & Products 112 (2018) 467-480

Fig. 8. Uros’ huts (Hidalgo-Cordero).

Fig. 9. Uros hut construction details, thread guide (Hidalgo-Cordero).

framework similar to the one used for the quesanas. These horizontal
thread guides were tied to the wooden rafters (Fig. 9). To this frame-
work, totora bundles of approximately 10-cm in diameter were placed
perpendicularly to the guides and tied with another thread that lashed
the culm bundles to the guide and to the previously tied bundle to form
an approximately 5-cm thick layer. Once the lower layer of the totora
culms had been completed, the next layer was placed on the previous
one with a displacement of 40 cm from the bottom of the previous layer.
In this way, the roof was built from the bottom to the top and from the
interior to the exterior. The final thickness of the hut roof was ap-
proximately 8 cm. In some cases, the guide threads were replaced with
small eucalyptus logs of approximately 3-cm in diameter, to which the
totora culms were tied (Fig. 10).

A similar technique has been reported to be used in Ohlone hut
constructions in North America. In this case, thin willow logs were
curved and fastened together to form a dome-shaped framework. The
structure was then covered by totora bundles that were tied to the
framework. Ohlone huts range from 2 to 6-m in diameter, and the larger
ones can house two families (Margolin, 1978).

5.4. Esteras

Esteras, also known as petates, are made by interlacing totora culms
to form a flexible and spongy sheet that has multiple applications from
mats and rugs to wall coverings and architectural ceilings. Esteras are
available in various sizes, although they do not normally exceed the
useful length of culms, which is approximately 2.40 m. Nevertheless, it
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Fig. 10. Uros hut construction details, log guide (Hidalgo-Cordero).

Fig. 11. Rolled esteras (Hidalgo-Cordero).

Fig. 12. Estera weaving process (Hidalgo-Cordero).

is possible to find larger esteras made with alternated culms (Heiser,
1978; Mardorf, 1985). In the case of Lake San Pablo in Ecuador, esteras
weaving is an important income source for several families that have
organized in a sort of productive cooperative. Just in this community
the production of esteras was of 2392 units per week in 2013, and the
whole productive cycle involved more than 3000 families from har-
vesters to weavers in the northern Andean parts of Ecuador (Simbana,
2003). The following description of the esteras manufacturing process
was observed in the traditional handicrafts market of the Plaza Rotary
in Cuenca-Ecuador (Fig. 11). The manufacturing process of esteras was
started by moistening the totora culms with some water and leaving
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them in the shade for approximately one hour to allow time for water
absorption to soften the culms and make them more flexible and sui-
table for weaving. Once the totora culms had been softened, a stone was
used to strike the culms to flatten them, decreasing their volume and
increasing their density, which makes the fibers more resistant and
flexible for weaving (Fig. 12). Additionally, as explained by the weaver,
this process helps to achieve a stiffer tissue because once the mat is
finished; the culms recover some of their volume by swelling and stif-
fening the entire tissue. Esteras are the most widespread object among
totora-working communities, with uses tracing back to thousands of
years, and they are still used in many parts of the world (Bautista and
Sanchez, 2015; Hall, 2009; Hidalgo C., 2015; Lima Silveira et al., 2011).
Some studies have indicated that totora esteras seemed to be very va-
luable objects during the Inca empire, for there are records suggesting
they were accepted as payment for tributes to the Inca due to their
utility (Mardorf, 1985). One interesting modern example of the use of
esteras is “La Petatera”, in Colima-México, where a temporary bullring
for approximately 5000 people is constructed every year using wood
logs as the structure and esteras as the building envelope (Mendoza
Pérez, 2008).

5.5. Bound totora bundles

Bound totora bundles represent a construction technique for
building the traditional rafts and boats used by several totora working
people for harvesting and fishing both in lakes and the sea (Carpenter,
2007; Collot, 1980; Heiser, 1978). Although totora culms are in-
dividually relatively weak, when they are tightly bound together, they
form compact bodies with considerable strength (Rodriguez, 2010;
Rondon et al., 2003). The process of making totora balsa hull reported
herein was observed on the Uros Islands in 2006. The balsa was a small
one approximately 3-m long. The hull building process was started by
generating three totora bundles, two of approximately 60-cm in dia-
meter and 3-m long and one of approximately 30-cm in diameter and 3-
m long. In this case, two totora culms were overlapped to create the 3-m
long bundles. The overlap was approximately 1 m and the culms were
2-m long. The overlap was made in a manner in which the apical part of
the previous culms overlapped with the base of the subsequent ones.
The three bundles were placed parallel on the ground, leaving the small
one in the middle between the larger ones. Subsequently, a continuous
thread for each big bundle was wrapped in spiral intervals of 10 cm by
lashing each big bundle with the central one. Once the thread was
positioned, the three bundles had to be tightened to form the hull. The
culms were lashed as tightly as possible to achieve a compact body. The
tension of the rope was gradually increased using a wooden tool to pull
the rope and stiffen the whole bundle (Figs. 13 and 14). These totora
balsas are used on Lake Titicaca for fishing, transportation, and as a
tourist attraction. The average durability of small totora balsas (3-5-m
long) in Lake Titicaca is approximately 6 months, and of bigger balsas
(6-8-m long) (Fig. 15) is approximately 12 months (PELT and ADESU,
2003, 2001; Prieto, 2016).

Similar techniques have been employed by several cultures in
America to make totora balsas (Rondén et al., 2003; Simbana, 2003).
Additionally, similar construction techniques have been reported for
many other reed balsas for thousands of years worldwide using plants
such as papyrus, typha or common reed for fishing, transportation, and
seagoing vessels (Broadbent, 2008; Heyerdahl, 1971; Pearson, 1938).
Some interesting experiments concerning totora balsas have been con-
ducted according to the initial studies and expeditions performed by
Thor Heyerdahl in the late 1940s. Among his expeditions, of particular
interest is the Ra II expedition of 1960, which succeeded in crossing the
Atlantic Ocean from Morocco to Barbados in 51 days on a balsa made
with papyrus reeds, which, like totora, is a plant from the Cyperaceae
family and has culms with a very similar structure to those of totora.
After the first expedition, Ra I (1959) built by African reed boat builders
from Lake Chad in Africa, had failed to reach the Caribbean due to
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Fig. 13. Totora balsa hull making process.

Fig. 14. Thread tightening process for a small totora balsa (Hidalgo-Cordero).

Fig. 15. Large totora balsas next to a floating island on Lake Titicaca (Hidalgo-Cordero).
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building deficiencies attributed to the loss of the building tradition of
these kinds of vessels in Africa, Heyerdahl decided to hire a team of
Aymara boat builders from Bolivia consisting of the Limanchi brothers
José, Juan, and Demetrio, as well as Paulino Esteban, who had main-
tained their long tradition of making totora boats in Lake Titicaca.
These men were taken to Africa to build the Ra II vessel using papyrus
culms. This vessel succeeded in reaching the Caribbean in 51 days,
confirming its seaworthiness (Diaz et al., n.d.; Heyerdahl, 1971;
Portugal Alvizuri, 2017). After the experiences of Thor Heyerdahl,
other explorers launched a series of expeditions across oceans using
totora vessels to demonstrate theories about possible contacts between
ancient cultures and the settlement of remote islands such as the
Eastern Island. The explorers and their main expeditions using totora
vessels are listed herein to illustrate the number of investigations con-
cerning this subject. Kitin Munoz (Uru expedition, 1988), a German
Crew (Chimok expedition, 1988), Kitin Mufoz (Mata Rangi 1, 2 and 3
expeditions, 1996, 1999 and 2001, respectively), Paul Harmon and
Alexei Vranich (QalaYampu expedition, 2009), Dominique Goerlitz
(Abora 2 and 3 expeditions, 2002 and 2012 respectively), Phil Buck
(Viracocha 1 and 2 expeditions, 2000 and 2003, respectively) (Allen,
n.d.; Buck, 2017; Tangen, 2007), and recently Phil Buck have set up the
Viracocha 3 expedition, which is expected to travel from Chile to
Australia and thus cover more than 10,000 M, which would be the
longest sea trip made on a reed ship (Buck, 2017). Most of these ex-
perimental journeys have lasted more than 2 months, which is im-
portant evidence of the strength of bound totora bundles considering
the great strain of the constant shock of sea waves and the crew loads
during these journeys.

Another interesting experience concerning the constructive possi-
bilities of totora bundles was the “Totora Project” created by the
Professor George Teodorescu as part of the International Master
Program of Integral Innovation developed in collaboration between the
SAdBK-Germany, and the PUCP-Peru during the course 2009-2010.
The totora-bound bundle technique was used to create a series of ex-
perimental constructions that addressed the possibilities of using totora
to build structures that could house some cultural and communitarian
activities of the Uros people (PUCP, 2010). The structures consisted of
lashed totora bundles of different dimensions and shapes, some of
which more than 60-cm in diameter, to make approximately 4-m high
arches (Figs. 16 and 17) (PUCP and SAdBK, 2010). Although informa-
tion on the mechanical strength of these structures was not docu-
mented, they demonstrated that using this technique allowed the con-
struction of complicated structural shapes that were able to support
themselves and the eventual extra loads during the building process,
such as the workers. More extensive research on this subject could be of
interest to evaluate the structural behavior of totora bundles and its
potential applications.

Another example of the use of bound totora bundles is presented by
the work of Ricardo Geldres, who designed the “Silla Totora” chair
made with a metallic framework to which round-shaped totora bundles
were tied to form the seat and the backrest (Geldres, 2008).

6. Treatments and processes applied to totora
6.1. Experimentation using new techniques

Hidalgo-Cordero (2007), in his research conducted at the Uni-
versidad de Cuenca-Ecuador, experimented with several possible uses
of totora as contemporary architectural finishes. The main purpose of
this research was to potentiate the social and environmental benefits
the use of totora could generate for its communities by proposing the
diversification of the possible uses of this material in the contemporary
architecture and industrial design field (Hidalgo-Cordero, 2008). In this
research, tests to define some physical properties of totora culms were
conducted. These tests showed that the dry weight of totora culms in-
creased four times at the date of saturation. The initial absorption
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capacity showed a 7% increase in the weight per minute during the first
20 min of immersion. This absorption capacity was considered to be of
interest because it could save energy during the treatment application
of the culms. The axial compressive strength of a single culm was
1.47 N/mm?, and the axial compressive strength of a lashed bundle was
3.90 N/mm?. The tension strength of a single culm was 3.70 N/mm?.
Hidalgo-Cordero developed several techniques for treating and using
this material in the industrial design field and produced some design
objects illustrating the wide variety of treatments of totora (Telerama,
2013). Among the innovative productive processes studied in his work
was the “totora textile”, a sheet made of short totora culms with a
length of approximately 1.50 cm that is glued on one side to a natural
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Fig. 16. The biggest arches made out of totora being
placed together. Totora Project, by Prof. George
(2009-2010) Program of
Integral Innovation — SAdBK and PUCP, Lima-Peru.
Photo: Rosemary Teodorescu.

Teodorescu. Master

rubber sheet. This totora sheet behaved as a flexible textile when bent
outwards and as a stiff surface when bent inwards. The spongy tissue of
the aerenchyma plays an important role in this case because it allows
the achievement of almost perfect interlacing of the totora shapes,
minimizing the air space between the culms and thus conferring, in the
one case, textile rigidity. The combination of the stiffness and flexibility
properties of this totora textile has been used in some furniture such as
the totora flexible lounger (Fig. 18), the shape and rigidity of which can
be changed to obtain different forms.

Other experimental designs of interest are the malleable totora
surfaces consisting of a wooden mesh that holds totora culms placed
perpendicularly to the mesh plane. The internal spongy tissue of totora

Fig. 17. The inauguration ceremony starts. Totora
Project, by Prof. George Teodorescu. (2009-2010)
Master Program of Integral Innovation — SAdBK and
PUCP, Lima-Peru. Photo: Rosemary Teodorescu.
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Fig. 18. Totora flexible lounger (Hidalgo-Cordero).

exerts a certain pressure among the culms, but their waxy rind si-
multaneously allows them to move independently in the longitudinal
direction, rendering the effect of a malleable surface made of small
movable particles. This malleable surface concept has been used for the
malleable totora table, the boards of which are able to change shape to
hold different objects (Fig. 19).

Another study examining the applications of totora in the industrial
design sector analyzed the use of Polyvinyl acetate (PVA) glues to form
agglomerated blocks, which were then sanded and modeled into bowls
or furniture parts (Culcay, 2014). Strength tests conducted by Culcay
showed a higher flexural strength for the agglomerated board sample
made with cross laminated culms compared with the board made with
parallel-oriented culms. The results of these tests provided values of
0.81 N/mm? and 0.16 N/mm?, respectively.

6.2. Insulation capacity of totora

Aza-Medina (2016), in her research investigating the thermal in-
sulating capacity of totora in the Universidad Politécnica de Catalunya-
Spain, studied several totora samples using crushed and whole culms
agglomerated with natural glues. The thermal conductivity was ana-
lyzed using the thermal analyzer Quickline TM-30. However, the
samples that were made with crushed totora culms showed the best
thermal conductivity values, with an average of 0.055 W/mK compared
with the ones made with whole culms with an average of 0.066 W/mK.
Conductivity values of the different totora elements are shown Table 2.

The samples were also tested for fire resistance according to the
“UNE 23723:1990 Tests for determining the reaction to fire of building
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Table 2
Conductivity values of totora elements.

Material Thickness cm  Conductivity W/ Reference
mK
Quesana 5.00 0.083 Ninaquispe et al.
(2012)
Ground totora 1.60 0.055 Aza-Medina (2016)
Agglomerated culms  1.50 0.066 Aza-Medina (2016)

”

materials...” (AENOR (Asociacién Espanola de Normalizacion y
Certificacion), 1990). This test revealed that crushed totora samples
had ignitions that lasted 2.50 s and a mass loss of 31.60% on average.
The samples consisting of full culms had ignitions that lasted 5.13 s and
a mass loss of 23% on average. However, the samples consisting of
ground and full culms that received a treatment based on potassium
alum and borax salts showed no durable ignitions and were considered
null. The mass loss of the treated ground totora samples was 27% on
average, and the mass loss of the full culms samples was of 28% on
average. The hygrothermal performance of the samples was also tested
according to the standard “UNE-EN ISO 12572: 2016 Hygrothermic
properties of construction products and materials, and water vapor
transmission” (AENOR (Asociacién Espanola de Normalizacion y
Certificacion), 2016). This test showed that the samples made with
ground totora had a vapor resistance factor of u = 4.35 on average,
which was similar to other insulating materials such as wool or wood
fiber. The flexural resistance of the samples was tested using Zwick
Roell equipment. In this case, the average dimensions were 150-mm
long, 37-mm wide and 12-mm thick. The support distance was 100 mm,
and the load was applied at the center of the samples. The results
showed that the ground totora sample MoR was 0.48 = 0.16 N/mm?.
The complete culm samples showed resistances of 7.46 + 1.07 N/
mm? In conclusion, this study is of interest because it demonstrates
that totora boards can achieve a good balance between thermal con-
ductivity and mechanical resistance in one layer, which is an interesting
feature for materials in the contemporary construction sector (Krus
et al., 2014). The mechanical strenght values of the different totora
elements are reported in Table 3.

6.3. Innovative applications of traditional weaving techniques

The Anti-Kiosk project developed by the Ecuadorian architecture
firm odD+ architects is an interesting example of the use of woven

Fig. 19. Totora malleable table board holding a glass
cup (Hidalgo-Cordero).
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R totora in contemporary architecture and design. The project consists of
o o
e 988 a round-shaped kiosk made of different wedges that can open like a
g8 - puzzle to configure different spaces. Each wedge has a metallic fra-
g :?’ E E g EE mework to which the totora culms were woven by local artisans from
3’5 88558 29 Ecuador to create the external skin (odD + architects, 2015).
E, _E’ E == § g The Totora Cube-Archqid developed by Lerner F., Fuentes A., Jara
E| 552235 EE O, and Jones V. in Imbabura-Ecuador in 2016 is another interesting
project that uses traditional weaving techniques from the local com-
munity of San Rafael de la Laguna, developed in collaboration with the
g8 community-enterprise Totora Sisa, to make a series of mats that are
EEE used as envelopes for an architectonic cubic structure. This cubic
g g2gg structure is made of wood panels that are hinged and can be opened to
= =88s use the space in different ways (Franco, 2016). As stated by the authors,
2 § 2 % ;: ;: this is an experimental project with a main objective of cataloguing
g= 255§ traditional weaving techniques for the community and providing in-
'~§ f % § 8§ centive for the creation of new ways of thinking about this material and
-§:: S § § % the possibilities it can offer to the contemporary architecture and
3 %g % %“ g‘ g‘ construction field.
3] aoa a0 O O

7. Pulp potential of totora

Although few studies have addressed the pulp potential of totora,
the available data has reported an amount of holo-cellulose of ap-
proximately 40-60%, which could be of interest to the pulp production
industry and the cyclability of totora construction materials (Condori,
2010; Dick et al., 2017; Simbana, 2006).

The NaOH, sulfite and Kraft processes for producing totora cellulose
pulp have been analyzed and reported by Simbana (2003). The pulp
yield percentages of totora culms from the San Pablo Lake in Imbabura-
Ecuador were 26.10%, 38.20%, and 31.80%, and the bursting strength
was 0.30kg/cm? 0.85kg/cm? and 0.99kg/cm? respectively
(Simbana, 2003). This study did not report the concentration of the
solutions used and indicated that the totora had a low pulp yield and
that the obtained paper was of lower quality than those obtained from
other natural fibers.

Another study on this subject was conducted in Puno by Condori
(2010) using totora from Lake Titicaca to evaluate its suitability for
producing glassine paper. In this case, a solution with a concentration
of 8% NaOH provided a higher yield (44.20%) than the experiment
mentioned above, which should presumably have been higher than 8%,
potentially dissolving part of the useful cellulose and hemicellulose of
the pulp and causing the lower pulp yield. The tensile index of the
glassine paper produced was 0.11 Nm/g. This study also analyzed the
average lignin content of the plants at different phenological stages:
before flowering (3-month-old), during flowering (6-month-old), and
after flowering (12-month-old). The lignin content of the plants col-
lected before, during, and after flowering were 34.99%, 25.30%, and
23.57%, respectively (Condori, 2010).

Another study conducted by Dick et al. (2017) in Rio Grande, Brazil,
analyzed the chemical characteristics of totora culms, its kraft pulp
yield, and the physical properties of its fibers. This study reported holo-
H cellulose contents of 55.89%, lignin contents of 22.19%, total extract
contents of 11.98%, acetone extracts of 3.60%, solubility in acid of
2.70%, uronic acid content of 1.85%, ash content of 7.67% and silica
content of 4.80%. Based on the physical analysis of the totora fibers, it
was stated that although their length was similar to eucalyptus fibers,
their width was smaller, which could reduce the final resistance of the
totora paper. This study stated that the high level of total extracts, silica
content, and hexuronic acid content, and the smaller width of the totora
fibers could be unfavorable during the cellulose production process.
The cellulosic pulp of the short fiber was produced with the Kraft
method and provided a Kappa number of 45.74 and purified yield of
45.85%. (Table 4).

Some artisanal projects have been performed to assess totora paper
production, e.g., the case of Bertha Soto from Bolivia, or the commu-
nity-enterprise Totora Sisa from Ecuador are two current examples of

Compressive strength N/mm?

0.60
1.47
3.70

Flexural strength N/mm?

0.48 = 0.16
7.46 *+ 1.07

0.81
0.16

Polyvinyl Acetate
Polyvinyl Acetate
natural adhesives
natural adhesives
Polyvinyl Acetate
Mid tension thread

Binder

Thickness mm
50

112

13 = 2

13

125

50

100

Cross laminated totora culm board
Parallel oriented totora culm board
Ground totora board

Cross laminated totora culm board
Parallel oriented totora culm board

Single culm
Lashed totora bundle

Material description

Mechanical strength of different totora elements.

Table 3
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Table 4
Chemical analysis and pulp yield of totora culms.
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Material description Holo-cellulose  Lignin% Pulp yield Kappa no. Strength Method Reference
% %
Totora culms 55.89 - - - - HPLC-PAD" according to (Wallis et al., 1996) Dick et al. (2017)
Totora culms - 22.19 - - - TAPPI T 222 om-98-adapted Dick et al., (2017)
Totora culms - - 45.85 - - Kraft. AA®=7% Na,O, sulfide 25%, liquor/reed = 5/1, max. Dick et al. (2017)
temp.“=170°C, time to max. temp.“ = 90 min.
Totora cellulose pulp - - - 45.75 - TAPPI T 236 om-85 Dick et al. (2017)
3-month-old totora - 34.99 - - Acid Detergent Lignin. (Van Soest, 1963) Condori (2010)
culms
6-month-old totora - 25.30 - - - Acid Detergent Lignin. (Van Soest, 1963) Condori (2010)
culms
12-month-old totora - 23.57 - - - Acid Detergent Lignin. (Van Soest, 1963) Condori (2010)
culms
Totora culms - - 44.20 - - 8% NaOH for 24 h Condori (2010)
Totora-based glassine - - - - 0.11 Tear strength according to (Casey, 1990). Nm/g Condori (2010)
paper
Totora culms 66.79 27.80 - - - - Simbana (2006)
Totora culms - - 26.10 - 0.30 NaOH pulp yield bursting strength kg/cm? Simbaiia, (2003)
Totora culms - - 38.20 - 0.85 Sulfite pulp yield bursting strength kg/cm? Simbafa (2003)
Totora culms - - 31.80 - 0.99 Sulfate pulp yield bursting strength kg/cm? Simbafa (2003)

2 HPLC-PAD. High-performance Liquid Chromatography with Pulsed Amperometric Detector.

" AA. Active alkali load.
¢ Max. temp. Maximum temperature reached during the process.

artisanal producers of paper and decorative envelopes made from totora
culms (Alvarez, 2011; Bautista and Sanchez, 2015). Although produc-
tion is at a very low scale, the ability to produce paper or cardboard
from totora using relatively simple methods could be an indicator of the
recyclability potential of the material, which could lead to a closed-loop
system. Further research is needed in this field of study to accurately
assess this subject.

8. Conclusions

The current demand for forest products from the building sector is
increasing, which has led to a surge in research and developments that
have made it possible to use a wider range of materials for the high
demand of construction needs, e.g., fast-growing conifer wood in
structures. These advances suggest that other forest products could be
studied and improved to fulfill some of the needs of the current con-
struction industry, which could lead to a reduction of pressure on
conventional wood forests and plantations.

Totora is an emergent macrophyte with a habitat, anatomy, growth
rate, phytodepuration capacity, physical properties, and traditional
uses for which studies and recent experimentation support its potential
for use in the industry to diversify sources of biomass-based materials.
Since totora can grow in many climate zones, it would be possible to
generate short-term local material sources in parts of the world where
the climate is not suitable for growing wood forests, which could lead to
a more balanced resource distribution. The traditional techniques and
new experiments conducted using totora indicate that it is a versatile
material that can be subjected to different procedures to improve its
properties. Totora could be a reliable material source that is renewable
and, when managed correctly, it can provide material for a long time
with minimal potential environmental impacts, as demonstrated in the
Uros Islands in Lake Titicaca.

Despite the long traditional use of totora by several communities,
the available published data are scarce. The goal of this review was to
organize and promote this information to foster further research on this
material and identify potential advantages and possible limitations that
must be solved to benefit from this material in the contemporary in-
dustrial field.

Conflict of interest
The authors declare there are no conflicts of interest.
Acknowledgments

This study has been supported by the Secretaria de Educacién
Superior, Cienca, Tecnologia e Innovacién (SENESCYT)-Ecuador.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.indcrop.2017.12.029.

References

Alvarez, H., 2011. Papel De Juncos De Totora [WWW Document]. Grito Grafias En Red.
URL http://www.gritografiasenred.org/index.php/component/k2/item/110-bolivia-
el-papel-de-totora-de-berta-soto#startOfPageld110 (Accessed 4 October 2017).

ABTEMA, UOB, 2000. 21.02 Evaluacién de los totorales en el &mbito Boliviano del sis-
tema TDPS. La Paz.

ADESU, 2001. 21.03 Técnicas de reimplante de totora ambito Boliviano. La Paz.

AENOR (Asociacién Espaiiola de Normalizacion y Certificacién), 1990. UNE 23723:1990.
Ensayos de reaccién al fuego de los materiales de construccién. Ensayo del quemador
eléctrico aplicable a los materiales flexibles de un espesor inferior o igual a 5 mm.

AENOR (Asociacién Espafiola de Normalizacién y Certificacién), 2016. UNE-EN ISO
12572:2016. Prestaciones higrotérmicas de los productos y materiales para edificios,
determinacién de las propiedades de transmisién de vapor de agua.

ASTM, 2013. ASTM C1155-95:2013, Standard Practice for Determining Thermal
Resistance of Building Envelope Components from the In-situ Data. http://dx.doi.
org/10.1520/C1155.

Allen, J., A Reed Boat History [WWW Document]. URL http://www.atlantisbolivia.org/
areedboathistory.htm (Accessed 13 June 2017).

Apéstolo, N.M., 2005. Caracteres anatémicos de la vegetacién costera del Rio Salado
(Noroeste de la provincia de Buenos Aires, Argentina). Boletin de la Sociedad
Argentina de Botanica 40, 215-227.

Araya, F., Vera, I, Séez, K., Vidal, G., 2016. Effects of aeration and natural zeolite on
ammonium removal during the treatment of sewage by mesocosm-scale constructed
wetlands. Environ. Technol. 37, 1811-1820. http://dx.doi.org/10.1080/09593330.
2015.1133715.

Arreghini, S., de Cabo, L., Serafini, R., de Iorio, A.F., 2017. Effect of the combined ad-
dition of Zn and Pb on partitioning in sediments and their accumulation by the
emergent macrophyte Schoenoplectus californicus. Environ. Sci. Pollut. Res. 24,
8098-8107. http://dx.doi.org/10.1007/s11356-017-8478-7.

Aza-Medina, L.C., 2016. La totora como material de aislamiento térmico: Propiedades y
potencialidades. Universitat Politécnica de Catalunya Master’s thesis.

Baigtin, C.R.M., Puig, A., Minotti, P.G., Kandus, P., Quintana, R., Vicari, R., Bo, R., Oldani,
N.O., Nestler, J.A., 2008. Resource use in the Parana River Delta (Argentina): moving
away from an ecohydrological approach? Ecohydrol. Hydrobiol. 8, 245-262. http://


https://doi.org/10.1016/j.indcrop.2017.12.029
http://www.gritografiasenred.org/index.php/component/k2/item/110-bolivia-el-papel-de-totora-de-berta-soto#startOfPageId110
http://www.gritografiasenred.org/index.php/component/k2/item/110-bolivia-el-papel-de-totora-de-berta-soto#startOfPageId110
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0010
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0010
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0015
http://dx.doi.org/10.1520/C1155
http://dx.doi.org/10.1520/C1155
http://www.atlantisbolivia.org/areedboathistory.htm
http://www.atlantisbolivia.org/areedboathistory.htm
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0040
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0040
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0040
http://dx.doi.org/10.1080/09593330.2015.1133715
http://dx.doi.org/10.1080/09593330.2015.1133715
http://dx.doi.org/10.1007/s11356-017-8478-7
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0055
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0055
http://dx.doi.org/10.2478/V10104-009-0019-7

J.F. Hidalgo-Cordero, J. Garcia-Navarro

dx.doi.org/10.2478/V10104-009-0019-7.

Bajwa, D.S., Sitz, E.D., Bajwa, S.G., Barnick, A.R., 2015. Evaluation of cattail (Typha spp.)
for manufacturing composite panels. Ind. Crops Prod. 75, 195-199. http://dx.doi.
org/10.1016/j.indcrop.2015.06.029.

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

Banderas, F., 2015. Utilizacién de un sistema constructivo con aislante térmico vegetal en
viviendas de interés social rural en la regién andina del Ecuador. Universidad
Politécnica de Madrid Master’s thesis.

Barrientos, E.A., Feijéo, M.S., Peneff, R.B., Laztra, E., Gratti, A.C., 2014. Estudios
anatémicos y analisis fitoquimicos preliminares de Monocotiledéneas hidréfitas en
mallines de la estepa patagénica. Dominguezia 30, 27-33.

Barros, M., 1942. Notas ciperoldgicas II. Darwiniana 6. pp. 122-126. http://dx.doi.org/
10.2307/23211569.

Bautista, J., Sanchez, D., 2015. Plan de negocios que permita a la empresa comunitaria
Totora Sisa, ubicada en la Parroquia San Rafael — Cantén Otavalo, ampliar su mer-
cado hacia New York — Estados Unidos de América. Universidad de Otavalo
Bachelor’s thesis.

Beetle, A.A., 1941. Studies in the genus scirpus L. III. The American species of the section
lacustres clarke. Am. J. Bot. 28, 691. http://dx.doi.org/10.2307/2436967.

Broadbent, G., 2008. The ecology of the mudhif. Tran. Ecol. Environ. 113, 15-26. http://
dx.doi.org/10.2495/ARC080021.

Buck, P., 2017. Buck Expeditions — The Longest Raft Voyage [WWW Document]. URL
http://buckexpeditions.com/en/ (Accessed 22 September 2017).

Carpenter, H.M., 2007. Caballitos and Totora: The Story of the Sedge Schoenoplectus
Californicus. University of California.

Casas Ledén, Y., Rivas, A., Lépez, D., Vidal, G., 2017. Life-cycle greenhouse gas emissions
assessment and extended exergy accounting of a horizontal-flow constructed wetland
for municipal wastewater treatment: a case study in Chile. Ecol. Indic. 74, 130-139.
http://dx.doi.org/10.1016/j.ecolind.2016.11.014.

Casey, J.P., 1990. Pulpa y papel (quimica y tecnologia quimica), limusa. ed. Mexico.

Centro Interamericano de Artes Populares, 2015. Catalogo virtual CIDAP: Totora sisa
[WWW Document]. URL http://catalogovirtual.cidap.gob.ec/es/artesanos/20/
totora-sisa (Accessed 22 September 2017).

Collot, D., Koriyama, F., Garcia, E., 1983. Répartitions, biomasses et productions des
macrophytes du lac Titicaca. Revue d’Hydrobiologie Tropicale 16, 241-261.

Collot, D., 1980. Les macrophytes de quelques lacs andins (lac Titicaca, lac Poopo, lacs
des valees d’Hichu Kkota et d’Ovejhuyo), multigr. ed. O.R.S.T.O.M., Paris.

Condori, D., 2010. Evaluacién de las propiedades fisicas quimicas y 6pticas del papel tipo
glassine obtenido a partir de fibras de totora (Schoenoplectus tatora). Universidad
Nacional del Altiplano Bachelor’s thesis.

Corsino, B., Torres, M., Maranho, L., 2013. Arquitetura do escapo de Schoenoplectus
californicus (C.A. Mey.) Sojak (Cyperaceae), Iheringia Serie Botanica 68. pp. 27-35.

Costantini, M.L., Sabetta, L., Mancinelli, G., Rossi, L., 2004. Spatial variability of the
decomposition rate of Schoenoplectus tatora in a polluted area of Lake Titicaca. J.
Trop. Ecol. 20, 325-335. http://dx.doi.org/10.1017/50266467403001214.

Culcay, A., 2014. Experimentacién con la fibra de totora. Universidad del Azuay
Bachelor’s thesis.

Diaz, O., Chavez, J., Laguna, P., Hombres de Totora [WWW Document]. URL https://
sites.google.com/site/machagmara/hombresdetotora (Accessed 10 October 2017).

Daniels, J.S., Cade, B.S., Sartoris, J.J., 2010. Measuring bulrush culm relationships to
estimate plant biomass within a Southern California treatment wetland. Wetlands 30,
231-239. http://dx.doi.org/10.1007/513157-010-0018-x.

de Lange, P.J., Gardner, R.O., Champion, P.D., Tanner, C.C., 2008. Schoenoplectus cali-
fornicus (Cyperaceae) in New Zealand. N. Z. J. Bot. 36, 319-327. http://dx.doi.org/
10.1080/0028825X.1998.9512573.

Denson, K., Langford, F., 1982. Expansion of transplanted giant bulrush in central Florida
lakes. In: Proceedings of the 36th Annual Conference Southeastern Association of Fish
and Wildlife Agencies. Southeastern Association of Fish and Wildlife Agencies,
Knoxville. pp. 287-293.

Dick, V.K., Pedrazzi, C., Ludtke, R., Gatto, D.A., Coldebella, R., 2016. Produtividade e
descri¢ao morfolégica das fibras de junco (Schoenoplectus californicus (C.A.Mey.)
Sojék — Cyperaceae) para producgao de polpa e papel. Revista Ciéncia da Madeira
—RCM 7, 36-41. http://dx.doi.org/10.12953/2177-6830/rcm.v7nlp36-41.

Dick, V.K., Pedrazzi, C., Colodette, J.L., Chaves de Oliveira, R., Coldebella, R., Mohr
Giesbrecht, B., de Oliveira Saccol, A.F., 2017. Cellulose pulp produced from bulrush
fiber. Ciéncia Rural 47. http://dx.doi.org/10.1590/0103-8478cr20160652.

Duchicela, V., Toledo, M., 2013. Determinacién de eficiencia de especies vegetales: totora
— achira implementadas en biofiltros para agua de riego en Punin 2013. Escuela
Superior Técnica de Chimborazo Bachelor’s thesis.

Eduardo Palominio, C.L., Zegarra Lazo, L.E., 2015. Tabiqueria ecolégica, empleando to-
tora con revestimiento de yeso o mortero, como técnica de bioconstruccion en la
ciudad de Puno. Universidad Nacional del Altiplano Bachelor’s thesis.

FAO, 2006. Global planted forests thematic study: results and analysis, by A. Del Lungo, J.
Ball and J. Carle., Planted Forests and Trees Working Paper 38, Rome.

FAO, 2015. 2015 Global forest products facts and figures.

Flores, J.A., Pastor, J.J., Martinez-Gabarron, A., Gimeno-Blanes, F.J., Rodriguez-Guisado,
1., Frutos, M.J., 2011. Arundo donax chipboard based on urea-formaldehyde resin
using under 4 mm particles size meets the standard criteria for indoor use. Ind. Crops
Prod. 34, 1538-1542. http://dx.doi.org/10.1016/j.indcrop.2011.05.011.

Franco, J., 2016. The Totora Cube Investigates the Techniques of Incan-era Craftsmanship
[WWW Document]. archdaily. URL http://www.archdaily.com/802481/the-totora-
cube-investigates-the-techniques-of-incan-era-craftsmanship (Accessed 4 October
2017).

Industrial Crops & Products 112 (2018) 467-480

Garcia-Navarro, J., Gonzéiles, M., de Isla, A., Macias, M., Martinez, H., Nieto, O., Rivela,
B., Tenorio, J., Teso, A., 2013. Sostenibilidad en la construccién. Instituto de Ciencias
de la Construccién Eduardo Torroja, Madrid.

Geldres, R., 2008. Geldres Design [WWW Document]. Geldres design. URL http://www.
geldres.com/ (Accessed 4 October 2017).

Gilson, C.H., 1937. The percy sladen expedition to lake titicaca. Geog. J. 91, 533-538.

Gonzalez, A.M., 2002. Anatomia del véstago en especies selectas de plantas hidroéfilas, in:
Flora Del Iberd. pp. 431-450 Buenos Aires.

Green, M., Karsh, E., 2012. The Case for Tall Wood Buildings. Canadian Wood Council on
behalf of the Wood Enterprise Coalition by Forestry Innovation Investment, North
Vancouver, BC, Canada.

Hall, S.J., 2009. Cultural disturbances and local ecological knowledge mediate cattail
(typha domingensis) invasion in lake Patzcuaro, México. Hum. Ecol. 37, 241-249.
http://dx.doi.org/10.1007/s10745-009-9228-3.

Heiser, C., 1974. Totoras, taxonomy and thor. Plant Sci. Bull. 20, 22-25.

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

Heredia, F.G., 2014. Re-significaci6én de la Totora, a través del disefio y la innovacién de
técnicas, usos y formas (Mater‘s thesis). Universidad Catélica de Cérdoba Argentina.

Hester, M.W., Willis, J.M., Sloey, T.M., 2016. Field assessment of environmental factors
constraining the development and expansion of Schoenoplectus californicus marsh at
a California tidal freshwater restoration site. Wetlands Ecol. Manage. 24, 33-44.
http://dx.doi.org/10.1007/s11273-015-9448-9.

Heyerdahl, T., 1971. In: Alle, Gerge (Ed.), The Ra Expeditions. George Allen & Unwin
Ltd., London, Great Britain.

Hidalgo C, A.P., 2015. Turismo Sostenible: Una Propuesta Para El Desarrollo Local De La
Comunidad De Paccha. Universidad del Azuay Master’s thesis.

Hidalgo C, P., 2016. Disefio Interior Biosostenible Aplicado a La Ciudad De Cuenca.
Universidad del Azuay Master’s thesis.

Hidalgo-Cordero, J.F., Garcia-Navarro, J., 2017. Review on the traditional uses and po-
tential of totora (Schoenoplectus californicus) as construction material. IOP
Conference Series: Materials Science and Engineering. pp. 22068. http://dx.doi.org/
10.1088/1757-899X/245/2/022068.

Hidalgo-Cordero, J.F., 2007. Aprovechamiento de la Totora como material de con-
struccién. Universidad de Cuenca Bachelor’s thesis.

Hidalgo-Cordero, J.F., 2008. Juan Fernando Hidalgo — Web Site [WWW Document]. URL
http://www.juanfernandohidalgo.com/home/design (Accessed 21 September 2017).

Honaine, M.F., Borrelli, N.L., Osterrieth, M., del Rio, L., 2013. Amorphous silica biomi-
neralizations in schoenoplectus californicus (cyperaceae): their relation with ma-
turation stage and silica availability. Boletin de la Sociedad Argentina de Botanica 48,
247-259.

Iltis, A., Dejoux, C., 1991. El lago Titicaca sintesis del conocimiento limnoldgico actual, El
Lago Titicaca, sintesis del conocimiento limnolégico actual. La Paz.

Intergovernmental Panel on Climate Change, 2014. Climate Change 2014: Synthesis
Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change [Core, IPCC., ed, IPCC. Cambridge
University Press Geneva, Switzerland.

Kadlec, R.H., Roy, S.B., Munson, R.K., Charlton, S., Brownlie, W., 2010. Water quality
performance of treatment wetlands in the Imperial Valley. Calif. Ecol. Eng. 36,
1093-1107. http://dx.doi.org/10.1016/j.ecoleng.2010.04.028.

Kanagy, L.E., Johnson, B.M., Castle, J.W., Rodgers, J.H., 2008. Design and performance of
a pilot-scale constructed wetland treatment system for natural gas storage produced
water. Bioresour. Technol. 99, 1877-1885. http://dx.doi.org/10.1016/j.biortech.
2007.03.059.

Kim, G.H., Park, S.J., Um, B.H., 2016. Response surface methodology for optimization of
solvent extraction to recovery of acetic acid from black liquor derived from Typha
latifolia pulping process. Ind. Crops Prod. 89, 34-44.

Knox, A.S., Nelson, E., Halverson, N., Gladden, J., 2010. Long-term performance of a
constructed wetland for metal removal. Soil Sediment Contam. 19, 667-685. http://
dx.doi.org/10.1080/15320383.2010.515628.

Koyama, T., 1963. The genus scirpu linn.: critical species of the section pterolepis. Can. J.
Bot. 41, 1107-1131. http://dx.doi.org/10.1139/b63-091.

Krus, M., Theuerkorn, W., GroRkinsky, T., Kiinzel, H., 2014. New sustainable and in-
sulating building material made of cattail. Nordic Symposium on Building Physics
(NSB) < 10. pp. 1252-1260.

Lépez, D., Septlveda, M., Vidal, G., 2016. Phragmites australis and Schoenoplectus ca-
lifornicus in constructed wetlands: development and nutrient uptake. J. Soil Sci. Plant
Nutr. 16, 763-777.

Lima Silveira, T.C.L., Goncalves Rodrigues, G., Coelho de Souza, G.P., Wiirdig, N.L., 2011.
Effects of cutting disturbance in Schoenoplectus californicus (C. A. Mey.) Sojck on the
benthic macroinvertebrates. Acta Scientiarum Biol. Sci. 33, 31-39. http://dx.doi.org/
10.4025/actascibiolsci.v33i1.6383.

MEDMIN, 2003. 21.06 Uso De Totorales Para La Descontaminacién En Bolivia. La Paz.

Macia, M.J., Balslev, H., 2000. Use and management of totora (Schoenoplectus cali-
fornicus, cyperaceae) in Ecuador. Econ. Bot. 54, 82-89. http://dx.doi.org/10.1007/
BF02866602.

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

Mallison, C.T., Thompson, B.Z., 2010. Planting strategies to establish giant bulrush. J.
Aquat. Plant Manage. 48, 111-115.

Mardorf, M.C., 1985. Artesania y ecologia de la totora (Scirpus sp.) en la provincia de
Imbabura: Ecuador. Sarance. Revista del Instituto Otavalefio de Antropologia 10,
11-78.

Margolin, M., 1978. The Ohlone Way: Indian Life in the San Francisco- Monterrey Bay


http://dx.doi.org/10.2478/V10104-009-0019-7
http://dx.doi.org/10.1016/j.indcrop.2015.06.029
http://dx.doi.org/10.1016/j.indcrop.2015.06.029
http://dx.doi.org/10.1663/0013-0001(2004)058[0011:ICACOT]2.0.CO;2
http://dx.doi.org/10.1663/0013-0001(2004)058[0011:ICACOT]2.0.CO;2
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0075
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0075
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0075
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0080
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0080
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0080
http://dx.doi.org/10.2307/23211569
http://dx.doi.org/10.2307/23211569
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0090
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0090
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0090
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0090
http://dx.doi.org/10.2307/2436967
http://dx.doi.org/10.2495/ARC080021
http://dx.doi.org/10.2495/ARC080021
http://buckexpeditions.com/en/
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0110
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0110
http://dx.doi.org/10.1016/j.ecolind.2016.11.014
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0120
http://catalogovirtual.cidap.gob.ec/es/artesanos/20/totora-sisa
http://catalogovirtual.cidap.gob.ec/es/artesanos/20/totora-sisa
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0130
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0130
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0135
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0135
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0140
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0140
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0140
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0145
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0145
http://dx.doi.org/10.1017/S0266467403001214
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0155
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0155
https://sites.google.com/site/machaqmara/hombresdetotora
https://sites.google.com/site/machaqmara/hombresdetotora
http://dx.doi.org/10.1007/s13157-010-0018-x
http://dx.doi.org/10.1080/0028825X.1998.9512573
http://dx.doi.org/10.1080/0028825X.1998.9512573
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0175
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0175
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0175
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0175
http://dx.doi.org/10.12953/2177-6830/rcm.v7n1p36-41
http://dx.doi.org/10.1590/0103-8478cr20160652
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0190
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0190
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0190
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0195
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0195
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0195
http://dx.doi.org/10.1016/j.indcrop.2011.05.011
http://www.archdaily.com/802481/the-totora-cube-investigates-the-techniques-of-incan-era-craftsmanship
http://www.archdaily.com/802481/the-totora-cube-investigates-the-techniques-of-incan-era-craftsmanship
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0220
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0220
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0220
http://www.geldres.com/
http://www.geldres.com/
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0230
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0235
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0235
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0240
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0240
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0240
http://dx.doi.org/10.1007/s10745-009-9228-3
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0250
http://dx.doi.org/10.1007/BF02864698
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0260
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0260
http://dx.doi.org/10.1007/s11273-015-9448-9
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0270
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0270
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0275
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0275
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0280
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0280
http://dx.doi.org/10.1088/1757-899X/245/2/022068
http://dx.doi.org/10.1088/1757-899X/245/2/022068
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0290
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0290
http://www.juanfernandohidalgo.com/home/design
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0300
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0300
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0300
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0300
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0305
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0305
http://dx.doi.org/10.1016/j.ecoleng.2010.04.028
http://dx.doi.org/10.1016/j.biortech.2007.03.059
http://dx.doi.org/10.1016/j.biortech.2007.03.059
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0325
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0325
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0325
http://dx.doi.org/10.1080/15320383.2010.515628
http://dx.doi.org/10.1080/15320383.2010.515628
http://dx.doi.org/10.1139/b63-091
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0340
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0340
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0340
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0345
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0345
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0345
http://dx.doi.org/10.4025/actascibiolsci.v33i1.6383
http://dx.doi.org/10.4025/actascibiolsci.v33i1.6383
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0355
http://dx.doi.org/10.1007/BF02866602
http://dx.doi.org/10.1007/BF02866602
http://dx.doi.org/10.1016/j.chemosphere.2010.02.006
http://dx.doi.org/10.1016/j.chemosphere.2010.02.006
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0370
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0370
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0375
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0375
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0375
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0380

J.F. Hidalgo-Cordero, J. Garcia-Navarro

Area. Heyday Books, Berkley.

Mendoza Pérez, L.A., 2008. La Petatera, un ejemplo del espiritu del lugar, la identidad,
patrimonio y su relacién con los habitantes del lugar. 16th ICOMOS General
Assembly and International Symposium: Finding the Spirit of Place — between the
Tangible and the Intangible 5.

Miglioranza, K., de Moreno, J., Moreno, V., 2004. Organochlorine pesticides sequestered
in the aquatic macrophyte Schoenoplectus californicus (C.A. Meyer) Sojak from a
shallow lake in Argentina. Water Res. 38, 1765-1772. http://dx.doi.org/10.1016/j.
watres.2004.01.017.

Mudge, C.R., Netherland, M.D., 2014. Response of giant bulrush, water hyacinth, and
water lettuce to foliar herbicide applications. J. Aquat. Plant Manage. 52, 75-80.

Murray-Gulde, C.L., Huddleston, G.M., Garber, K.V., Rodgers, J.H., 2005. Contributions
of Schoenoplectus californicus in a constructed wetland system receiving copper
contaminated wastewater. Water Air Soil Pollut. 163, 355-378. http://dx.doi.org/10.
1007/s11270-005-1297-3.

Neill, R., 2007. Plant Fact Sheet 2 The U.S. Department of Agriculture.

Neubauer, M., Plaza de los Reyes, C., Pozo, G., Villamar, C., Vidal, G., 2012. Growth and
nutrient uptake by Schoenoplectus californicus (CA Méyer) Séjak in a constructed
wetland fed with swine slurry. J. Soil Sci. Plant Nutr. 12, 421-430. http://dx.doi.org/
10.4067/50718-95162012005000004.

Ninaquispe, L., Weeks, S., Huelman, P., 2012. Totora: a sustainable insulation material for
the andean parts of Peru. PLEA2012 - 28th Conference, Opportunities Limits & Needs
Towards an Environmentally Responsible Architecture.

odD + architects, 2015. The Anti-Kiosk — OdD + Architects [WWW Document]. URL
http://oddarchitects.com/01_01/ (Accessed 4 October 2017).

PELT, ADESU, 2001. 21.03 Programa De Capacitacion Sobre El Manejo De La Totora,
Proyecto 21.3. La Paz.

PELT, ADESU, 2003. 21.04 Plantacién de totora en comunidades. Puno.

PELT, 2000a. 21.02 Evaluacién de la totora en el Perti (Ambito Peruano del sistema
TDPS) Parte 1. Puno.

PELT, 2000b. 21.03 Técnicas de reimplante de totora en el &mbito Peruano. Puno.

PELT, 2002. 21.03 Validacion de las tecnicas de plantacién, corte y cosecha de totora.
Puno.

PUCP(Pontificia Universidad Catolica del Pert), SAdBK(Stuttgart State Academy of Art
and Design), 2010. Totora project | Peru: Exploring three current realities [WWW
Document]. URL https://peruexploring.wordpress.com/totora-poject-_panels/
(Accessed 4 October 2017).

PUCP, 2010. Estudian la totora para mejorar calidad de vida de los uros — YouTube
[WWW Document]. URL https://www.youtube.com/watch?v = AishwP61uZ8&t =
95s (Accessed 21 September 2017).

Pearson, J., 1938. Relationships of the Tasmanian Canoe-Raft. Pap. Proc. Roy. Soc.
Tasmania 221-225.

Podesto, L., Breneman, S., 2014. CLT research: available and accesible to North American
building designers. Wood Des. Focus 26, 1-5. http://dx.doi.org/10.1007/513398-
014-0173-7.2.

Popovski, M., Gavric, 1., 2016. Performance of a 2-Story CLT house subjected to lateral
loads. J. Struct. Eng. 142, E4015006. http://dx.doi.org/10.1061/(ASCE)ST.1943-
541X.0001315.

Portugal Alvizuri, A., 2017. Misteriosos navegantes aymaras del Lago Titicaca — YouTube
[WWW Document]. URL https://www.youtube.com/watch?v = ayqm7WgID1M&t =
215s (Accessed 21 September 2017).

Pratolongo, P., Kandus, P., Brinson, M.M., 2008. Net aboveground primary production
and biomass dynamics of Schoenoplectus californicus (Cyperaceae) marshes growing
under different hydrological conditions. Darwiniana 46, 258-269.

Prieto, G., 2016. Balsas de totora en la costa norte del Perti: Una aproximacion etnografica
y arqueolégica. Quingnam 2, 141-188.

Ramage, M.H., Burridge, H., Busse-Wicher, M., Fereday, G., Reynolds, T., Shah, D.U., Wu,
G., Yu, L., Fleming, P., Densley-Tingley, D., Allwood, J., Dupree, P., Linden, P.F.,
Scherman, O., 2017. The wood from the trees: the use of timber in construction.
Renew. Sustain. Energy Rev. 68, 333-359. http://dx.doi.org/10.1016/j.rser.2016.09.
107.

Rearte, T.A., Bozzano, P.B., Andrade, M.L., Fabrizio de Iorio, A., 2013. Biosorption of Cr
(I11) and Pb(II) by schoenoplectus californicus and insights into the binding me-
chanism. ISRN Chem. Eng. 1-13. http://dx.doi.org/10.1155/2013/851602.

Rodriguez Larrain, S., Meli, G., 2015. Aislamientos con totora (CTIERRA — PUCP). In: GIZ,
MCVS, PNVR (Eds.), Abrigando Hogares, Experiencias Con Medidas De Confort
Térmico En Viviendas Rurales Altoandinas. PUCP, Lima pp. 32-33-37.

Rodriguez, M., 2010. 22.1.10 De junco y totora — YouTube [WWW Document]. Presencia
Cultural. URL https://www.youtube.com/watch?v=Xf381JF14¢eE (Accessed 21

480

Industrial Crops & Products 112 (2018) 467-480

September 2017).

Rojas, K., Vera, 1., Vidal, G., 2013. Influencia de la estacién y de las especies Phragmites
australis y Schoenoplectus californicus en la eliminacién de materia organica y nu-
trientes contenidos en aguas servidas durante la operacién de puesta en marcha de
humedales construidos de flujo horiz. Revista Facultad de Ingenieria 289-299.

Rondén, X.J., Banack, S.A., Diaz-Huamanchumo, W., 2003. Ethnobotanical investigation
of caballitos (Schoenoplectus californicus: cyperaceae) in Huanchaco. Peru Econ. Bot.
57, 35-47. http://dx.doi.org/10.1663,/0013-0001(2003)057[0035:EIOCSC]2.0.
CO;2.

Scholz, M., Lee, B., 2005. Constructed wetlands: a review. Int. J. Environ. Stud. 62,
421-447. http://dx.doi.org/10.1080/00207230500119783.

Sepulveda-Mardones, M., Lépez, D., Vidal, G., 2017. Methanogenic activity in the bio-
mass from horizontal subsurface flow constructed wetlands treating domestic was-
tewater. Ecol. Eng. 105, 66-77. http://dx.doi.org/10.1016/j.ecoleng.2017.04.039.

Simbana, A., 2003. Hacia el aprovechamiento sustentable de la totora (Schoenoplectus
californicus), en el Imbakucha provincia de Imbabura. Pontificia Universidad
Catélica del Ecuador — Sede Ibarra Master’s thesis.

Simbafia, A., 2006. Usos y aprovechamiento actual de la totora (Schoenoplectus cali-
fornicus) en Imbabura.

Sloey, T.M., Willis, J.M., Hester, M.W., 2015. Hydrologic and edaphic constraints on
Schoenoplectus acutus, Schoenoplectus californicus, and Typha latifolia in tidal
marsh restoration. Restor. Ecol. 23, 430-438. http://dx.doi.org/10.1111/rec.12212.

Stevens, M., Hoag, C., 2003. California Bulrush Schoenoplectus Californicus (C.A Mey.).
Palla. Usda Nrcs.

Sundberg-Jones, S.E., Hassan, S.M., 2007. Macrophyte sorption and bioconcentration of
elements in a pilot constructed wetland for flue gas desulfurization wastewater
treatment. Water Air Soil Pollut. 183, 187-200. http://dx.doi.org/10.1007/s11270-
007-9368-2.

Tangen, O.J., 2007. A Modern High Seas Adventure in a Reed Boat | Germany | DW
[WWW Document]. DW Made for minds. URL http://p.dw.com/p/BDJS (Accessed 28
September 2017).

Telerama, 2013. Muebles De Totora — YouTube [WWW Document]. URL https://www.
youtube.com/watch?v = 26cvmM85_nc&list =
PLCIVzXVydzFiU2AZaVynmADwsTWe84rO8&index =3 (Accessed 21 September
2017).

Thullen, J.S., Nelson, S.M., Cade, B.S., Sartoris, J.J., 2008. Macrophyte decomposition in
a surface-flow ammonia-dominated constructed wetland: rates associated with en-
vironmental and biotic variables. Ecol. Eng. 32, 281-290. http://dx.doi.org/10.
1016/j.ecoleng.2007.12.003.

Universidad del Pacifico, 2015. Totorales: Accesorios Corporales [WWW Document]. URL
http://web.upacifico.cl/noticias/disenadoras-de-vestuario-la-u-del-pacifico-
exponen-en-el-centro-cultural-las-condes/ (Accessed 23 September 2017).

Van Soest, P.J., 1963. Use of detergents in the analysis of fibrous feeds. II. A rapid method
for the determination of fiber and lignin. 830. J. A.0.A.C. 46, 829-835. http://dx.doi.
org/10.1016/j.biortech.2015.10.078.

Villamar, C.A., Neubauer, M.E., Vidal, G., 2014. Distribution and availability of copper
and zinc in a constructed wetland fed with treated swine slurry from an anaerobic
lagoon. Wetlands 34, 583-591. http://dx.doi.org/10.1007/s13157-014-0527-0.

Vymazal, J., 2013. Emergent plants used in free water surface constructed wetlands: a
review. Ecol. Eng. 61, 582-592. http://dx.doi.org/10.1016/j.ecoleng.2013.06.023.

WCSP, 2017. World Checklist of Selected Plant Families. Facilitated by the Royal Botanic
Gardens Kew.P ublished on the Internet; http://apps.kew.org/wesp/ [WWW
Document]. URL http://apps.kew.org/wcsp/namedetail.do?name_id = 262943
(Accessed 13 July 2017).

Wallis, A.F.A., Wearne, R.H., Wright, P.J., 1996. Chemical analysis of polysaccharides in
plantation eucalypt woods and pulps. Appita J. 49, 258-262.

Watson, E.B., Byrne, R., 2012. Recent (1975-2004) vegetation change in the San
Francisco Estuary, California, Tidal Marshes. J. Coastal Res. 279, 51-63. http://dx.
doi.org/10.2112/JCOASTRES-D-09-00137.1.

Wichmann, S., K6bbing, J.F., 2015. Common reed for thatching-a first review of the
European market. Ind. Crops Prod. 77, 1063-1073. http://dx.doi.org/10.1016/j.
indcrop.2015.09.027.

World Wildlife Fund, 2012. Chapter 4, forests and wood products. Living Forests Report
2012. Gland.

Wuzella, G., Mahendran, A.R., Bitge, T., Jury, S., Kandelbauer, A., 2011. Novel, binder-
free fiber reinforced composites based on a renewable resource from the reed-like
plant Typha sp. Ind. Crops Prod. 33, 683-689. http://dx.doi.org/10.1016/j.indcrop.
2011.01.008.


http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0380
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0385
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0385
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0385
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0385
http://dx.doi.org/10.1016/j.watres.2004.01.017
http://dx.doi.org/10.1016/j.watres.2004.01.017
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0395
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0395
http://dx.doi.org/10.1007/s11270-005-1297-3
http://dx.doi.org/10.1007/s11270-005-1297-3
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0405
http://dx.doi.org/10.4067/S0718-95162012005000004
http://dx.doi.org/10.4067/S0718-95162012005000004
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0415
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0415
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0415
http://oddarchitects.com/01_01/
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0425
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0425
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0430
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0435
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0435
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0440
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0445
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0445
https://peruexploring.wordpress.com/totora-poject-_panels/
https://www.youtube.com/watch?v=AishwP61uZ8%26t=95s
https://www.youtube.com/watch?v=AishwP61uZ8%26t=95s
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0460
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0460
http://dx.doi.org/10.1007/s13398-014-0173-7.2
http://dx.doi.org/10.1007/s13398-014-0173-7.2
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0001315
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0001315
https://www.youtube.com/watch?v=ayqm7WgID1M%26t=215s
https://www.youtube.com/watch?v=ayqm7WgID1M%26t=215s
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0480
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0480
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0480
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0485
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0485
http://dx.doi.org/10.1016/j.rser.2016.09.107
http://dx.doi.org/10.1016/j.rser.2016.09.107
http://dx.doi.org/10.1155/2013/851602
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0500
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0500
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0500
https://www.youtube.com/watch?v=Xf38lJF14eE
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0510
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0510
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0510
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0510
http://dx.doi.org/10.1663/0013-0001(2003)057[0035:EIOCSC]2.0.CO;2
http://dx.doi.org/10.1663/0013-0001(2003)057[0035:EIOCSC]2.0.CO;2
http://dx.doi.org/10.1080/00207230500119783
http://dx.doi.org/10.1016/j.ecoleng.2017.04.039
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0530
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0530
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0530
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0535
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0535
http://dx.doi.org/10.1111/rec.12212
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0545
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0545
http://dx.doi.org/10.1007/s11270-007-9368-2
http://dx.doi.org/10.1007/s11270-007-9368-2
http://p.dw.com/p/BDJS
https://www.youtube.com/watch?v=26cvmM85_nc%26list=PLCIVzXVydzFiU2AZaVynmADwsTWe84rO8%26index=3
https://www.youtube.com/watch?v=26cvmM85_nc%26list=PLCIVzXVydzFiU2AZaVynmADwsTWe84rO8%26index=3
https://www.youtube.com/watch?v=26cvmM85_nc%26list=PLCIVzXVydzFiU2AZaVynmADwsTWe84rO8%26index=3
http://dx.doi.org/10.1016/j.ecoleng.2007.12.003
http://dx.doi.org/10.1016/j.ecoleng.2007.12.003
http://web.upacifico.cl/noticias/disenadoras-de-vestuario-la-u-del-pacifico-exponen-en-el-centro-cultural-las-condes/
http://web.upacifico.cl/noticias/disenadoras-de-vestuario-la-u-del-pacifico-exponen-en-el-centro-cultural-las-condes/
http://dx.doi.org/10.1016/j.biortech.2015.10.078
http://dx.doi.org/10.1016/j.biortech.2015.10.078
http://dx.doi.org/10.1007/s13157-014-0527-0
http://dx.doi.org/10.1016/j.ecoleng.2013.06.023
http://apps.kew.org/wcsp/
http://apps.kew.org/wcsp/namedetail.do?name_id=262943
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0595
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0595
http://dx.doi.org/10.2112/JCOASTRES-D-09-00137.1
http://dx.doi.org/10.2112/JCOASTRES-D-09-00137.1
http://dx.doi.org/10.1016/j.indcrop.2015.09.027
http://dx.doi.org/10.1016/j.indcrop.2015.09.027
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0610
http://refhub.elsevier.com/S0926-6690(17)30861-0/sbref0610
http://dx.doi.org/10.1016/j.indcrop.2011.01.008
http://dx.doi.org/10.1016/j.indcrop.2011.01.008

	Totora (Schoenoplectus californicus (C.A. Mey.) Soják) and its potential as a construction material
	Introduction
	Anatomy
	Planting methods and harvesting of totora
	Water treatments
	Uses of totora as material
	Quesana
	Single-culm totora sheet
	Totora culms tied directly to the structure
	Esteras
	Bound totora bundles

	Treatments and processes applied to totora
	Experimentation using new techniques
	Insulation capacity of totora
	Innovative applications of traditional weaving techniques

	Pulp potential of totora
	Conclusions
	Conflict of interest
	Acknowledgments
	Supplementary data
	References




