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Abstract

This study investigates the vegetative growth of Schoenoplectus californicus (Totora) cultivated in two
Andean lakes of Imbabura, Ecuador (Yahuarcocha and Imbacocha) which differ in trophic status.
The aim was to evaluate how physiological and morphological factors influence growth under
natural conditions. A 210-day field trial was conducted using periodic sampling and a combination
of classical and functional growth analysis methods. Key growth indices—such as relative growth
rate (RGR), net assimilation rate (NAR), and leaf area ratio (LAR) —were calculated from parameters
like photosynthetic surface area and dry biomass. Results showed that plants from Yahuarcocha, a
hypereutrophic lake, exhibited significantly higher biomass production (up to 2,380 g m=2) and
photosynthetic area (8.68 m?) compared to those from Imbacocha. Yahuarcocha plants also reached
their growth peak earlier (at 150 days) than Imbacocha plants (at 180 days). Strong correlations were
found between RGR and both NAR and LAR in Yahuarcocha, while in Imbacocha, growth was
primarily driven by NAR. The study concludes that both nutrient availability and anthropogenic
pressures like harvesting history influence Totora’s growth dynamics. These findings support the
use of physiological indicators to optimize harvesting schedules and promote sustainable
cultivation strategies in highland wetland systems.

Keywords: andean wetlands; biomass yield; eutrophication; net assimilation rate; plant physiology;
relative growth rate; Schoenoplectus californicus; trophic status

1. Introduction

Totora, scientifically known as Schoenoplectus californicus (C.A. Meyer) Séjak and belonging to
the Cyperaceae family, is a plant that has been used since before the arrival of the Spanish in the
Americas [1,2]. Due to its great significance, it has been employed by various social groups for both
practical and symbolic purposes, many of which persist to this day [3,4]. However, despite its
biological and cultural importance, Totora has received less scientific attention regarding its biology
and physiology than it truly deserves. Most studies on Schoenoplectus californicus have been conducted
in laboratories or artificial wetlands under controlled conditions [3,5], while research in natural
environments remains scarce [5-7]. For this reason, the present study was carried out in natural
habitats, with varying trophic levels, in two lakes of the Andean highlands.

In Ecuador, Totora primarily grows in the Andean region, at altitudes above 2,000 meters above
sea level [8]. Specifically, in the province of Imbabura, located in the northern Ecuadorian Andes, this
plant is found in lakes bearing Kichwa names such as Yahuarcocha and Imbacocha (Figure 1). Among
these, Lake Imbacocha stands out as the oldest, most extensive, and most significant Totora
production area both nationally and regionally [9]. These lakes, located in Imbabura, are associated
with diverse socio-geographic areas that may confer different trophic characteristics [10-12].
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Therefore, analyzing the relationship between these trophic conditions and Totora growth may
contribute to a more comprehensive understanding of the species [13-15].

Totora is a hydrophilic plant that thrives in soils that remain permanently or temporarily
flooded, exhibiting notable resistance to inundation [16]. It is characterized by rhizomatous growth
and erect, tall, conical, and triangular aerial stems that grow in dense clusters. The leaves are reduced
to sheaths at the base of the stems, and the terminal inflorescence consists of numerous spikelets [17].
From an economic perspective, it is the most important species of the Cyperaceae family in countries
such as Argentina, Bolivia, Ecuador, Guatemala, Mexico, Peru, and the United States [17,18], as its
fibers are used to produce a variety of handicrafts (Figure 2) and the traditional reed boats known as
caballitos de totora (Galpon, 1981). In addition, this plant plays essential ecological roles, including
the restoration and stabilization of altered or degraded wetlands, removal of heavy metals and
nutrients in treatment plants, and providing food and shelter for wildlife, among other benefits
[19,20].

~ . T

a

Figure 1. Lakes of Imbabura Province, Ecuador. a) Lake Yahuarcocha (2,192 m a.s.l.), Ibarra City, Ecuador. b)
Lake Imbacocha (2,650 m a.s.l.), Otavalo City, Ecuador.

Vegetative growth analysis is a quantitative method used to understand the development of a
plant or plant population under both natural and controlled environmental conditions [21]. This
technique has been widely applied to study the factors affecting plant growth and yield by
monitoring the accumulation of dry matter over time [22,23]. There are two main approaches to
conducting growth analysis: the first, known as the classical approach, involves taking measurements
at relatively long time intervals using a large number of plants; the second, called the functional
approach, involves more frequent measurements but with a smaller number of plants [24,25]. Studies
with Schoenoplectus californicus in constructed wetlands have applied allometric and classical growth
analysis methods to assess biomass accumulation and nutrient uptake dynamics [16,26,27].
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Figure 2. Left: Totora grower and artisan from the parish of San Miguel de Yahuarcocha. Right: Handicrafts

made from woven Totora stems.

The fundamental concept in vegetative growth analysis is the relative growth rate (RGR), which
is defined as the increase in biomass relative to the existing biomass over a given period of time. In
the early stages of plant development, growth typically follows an exponential pattern, with notable
differences observed among species [28,29]. RGR is influenced by both environmental and genetic
factors [30,31] and it helps determine the types of habitats a species is capable of colonizing [32-34].
Furthermore, RGR can be understood as the result of the interaction between parameters that reflect
the morphology and physiology of growth —factors that may be critical to a species’ survival within
a plant community [23,29,35-37].

Other indices that, like RGR, allow for the evaluation of plant efficiency include the leaf area ratio
(LAR), which represents the ratio between leaf area and total plant mass and is considered a
morphological component [38]; and the mnet assimilation rate (NAR), which reflects average
photosynthetic efficiency by measuring the net gain of assimilates per unit of leaf area and time [23].
NAR is a physiological component that also helps explain interspecific differences in RGR [39,40].

Therefore, the information obtained from the vegetative growth analysis of Totora is highly
valuable for researchers, farmers, and traditional cultivators, as it can help optimize natural fiber
production, improve the craftsmanship process, and ultimately increase the economic returns
derived from its cultivation.

2. Materials and Methods

Totora is cultivated in Lakes Yahuarcocha and Imbacocha as raw material for handicraft
production. Lake Imbacocha stands out as the oldest Totora cultivation area in the country and region
(for over 500 years), highlighting the plant’s significance in the study area [1]. Within this lake, the
cultivation area selected for analysis was Cusin (Cus 1). In Lake Yahuarcocha, the selected area was
located adjacent to the wastewater treatment plant in the parish of San Miguel de Yahuarcocha (Yah
1).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1197.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 August 2025 d0i:10.20944/preprints202508.1197.v1

4 of 19

Figure 3. Virtual projection of the selected area measuring 14 x 2 m (28 m?), with subplots of 2 x 2 m (4 m?) for
evaluations every 30 days. The 1 m? area represents the size of the experimental unit (four replicates). A) Selected
area in Lake Yahuarcocha (Yah 1). B) Selected area in Lake Imbacocha (Imb 1).

At each selected site in Lakes Yahuarcocha and Imbacocha, an area measuring 14 m in length by
2 m in width (28 m? plots) was demarcated, and seven subplots of 2 x 2 m (4 m?) were established.
The first subplot was evaluated at 30 days, the second at 60 days, continuing until the seventh subplot
was evaluated at 210 days (seven months after the start of evaluations). In each subplot, all plants
(tillers) that had grown within 1 m? (four replicates) were collected at the corresponding time (Figure
3) [41]. The study was conducted from November 2024 to May 2025. The variables evaluated for the
comparative analysis of Totora vegetative growth were: a) photosynthetic stem area, defined as the
total photosynthetic surface area of all aerial stems present in one square meter of the plant growth
zone; b) dry mass of the stems; and c) dry mass of the roots [41,42].
The quantitative interpretation of growth was based on descriptive models employing classical
and functional analysis approaches [43]. For this purpose, variables related to leaf area increment (a
measure of the assimilatory system) as well as dry matter variables (a measure of the plant material
present) were taken [23,44]. The growth indices calculated for the two cultivation areas of
Yahuarcocha and Imbacocha were:
¢  Relative Growth Rate (RGR): increase in plant material per unit of existing plant material per
unit of time [45].
e Absolute Growth Rate (AGR): increase in dry mass of plant material per unit of time [23].
e Net Assimilation Rate (NAR): estimates the plant’s photosynthetic capacity; represents the rate
of increase in plant mass per unit of leaf area [46].
e  Leaf Area Ratio (LAR): ratio of leaf area to total plant mass [44].
o  Leaf Weight Ratio (LWR): ratio of leaf biomass to total plant biomass [44].
e  Specific Leaf Area (SLA): ratio between leaf area and dry mass of each leaf [44].
e Leaf Area Index (LAI): instantaneous measure relating assimilatory surface area per unit of
ground surface area [23].
e  Harvest Index (HI): ratio between the yield of the harvestable organ and the plant biomass [23].
e  Crop Yield (R): product of biomass and the harvest index (HI) [23].
For the indices referring to leaf structure (Leaf Area Ratio, Leaf Weight Ratio, Specific Leaf Area,
and Leaf Area Index), data were collected from the aerial stem as the structure responsible for
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photosynthesis (since true leaves are not conspicuous). The acronyms used to identify each index
correspond to their English abbreviations. Definitions of the growth indices were taken from Villar
et al. (2008) [29] and Di Benedetto and Tognetti (2016) [25]. Calculations were performed following
the methodology proposed by Hunt et al. (2002) [23]. Table 1 presents the calculation formulas and
the units in which the results are expressed.

Table 1. Growth indices used in the present study, with their symbols, calculation formulas, and units of

expression. Adapted from Gardner et al. (2003).

Growth Index Symbol Average Value over a Time Interval (t; - t;) Units
(InW-Inl)
Relative Growth Rate RGR RGR=—"——+ g g day!
( rz 'f,,)
Absolute Growth AGR GR W,-Wy) dav
= — av-
Rate (t,- 1) g cay
(W—=W) (InA;-InA,)
Net Assimilation Rate ~ NAR NAR= " ‘ ! g m2day!
(L-1) ( ’42_‘41)
IAR 1 A+A,
1 = — 2 o-1
Leaf Area Ratio LAR 2 W+ cm? g
Wy
Leaf Weight Ratio LWR LWR= - gg!
t
A
Specific Leaf Area SLA SLA= cm? g
h
A . .
Leaf Area Index LAI LA = 5 Dimensionless
Harvest Index HI HI = Harvestable oT‘gan biomass 100 o
Total biomass
Crop Yield R R = Total biomass x HI g m?

Symbols: W = weight, t = time, A = area, S = surface, Wh = leaf weight, Wt = total weight.

The analysis of data related to the estimation of the functional relationship between Net
Assimilation Rate and Relative Growth Rate, and between Leaf Area Ratio and Relative Growth Rate,
in the vegetative growth analysis of cultivated Totora populations from Lakes Yahuarcocha and
Imbacocha, was performed using the Coefficient of Determination (R?) [47-49]. The graphs were
generated using the MS Excel tool.

3. Results

This study on vegetative growth analysis was conducted in Lakes Yahuarcocha and Imbacocha,
where Totora is cultivated and commercially exploited. The averaged values of the traits—
photosynthetic area (stems present in 1 m?), dry mass of the plant, and dry mass of the stems—
corresponding to the Yahuarcocha (Yah 1) and Imbacocha (Imb 1) sites are presented in Table 2.
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Table 2. Values of the main traits used for the vegetative growth analysis of Totora from Yahuarcocha (Yah 1)
and Imbacocha (Imb 1), recorded at 30-day intervals. The means are presented along with their respective
standard deviations (n = 4).

Schoenoplectus californicus in Lakes Yahuarcocha and Imbacocha

Photosynthetic Area Stem Dry Mass
Days Total Plant Dry Mass (g m-2)
PA (m?) (g m2)

Yah 1 Imb 1 Yah1 Imb 1 Yah1 Imb 1
30 1.01£051 0.60+0.15 280 + 88 110 +47 508 +19 223 +18
60 275+059 1.33+0.28 682 +121 214 + 63 1,283 + 55 448 +29
90 6.37+0.70 218+042 1,575+206 397 +115 3,005 + 23 837 £ 59
120  838+0.83 411+045 2,228+188  745+148 4,222 + 54 1,537 £ 62
150  8.68+0.85 537+0.66 2,380+116 977 +103 4,390 + 253 2,038 +123
180  832+070 5.77+0.77 2,240+100 1,050 +99 4,253 + 81 2,068 +177
210 744+052 547+0.62 2234+108 1,026 +69 4,168 + 86 2,061 + 165

In general, the values obtained for Totora plants from Lake Yahuarcocha were significantly
higher than those recorded for plants from Imbacocha. The Yahuarcocha plants reached the greatest
photosynthetic surface area (8.68 m?), the highest stem dry mass (2,380 g m2), and the highest total
plant dry mass (4,390 g m2) at 150 days, which marked the peak of their vegetative growth. In
contrast, Totora plants from Lake Imbacocha reached their maximum values for photosynthetic area
(56.77 m?), stem dry mass (1,050 g m2), and total plant dry mass (2,068 g m2) at 180 days of cultivation.
This indicates that their maximum growth stage occurred 30 days later than that of the Yahuarcocha
plants.

The growth curves of plants from Lake Yahuarcocha and Lake Imbacocha showed different
patterns for the variables of photosynthetic stem area and stem dry mass over the 210-day evaluation
period. As shown in Figure 4a, the dynamics of photosynthetic area growth in Yahuarcocha followed
an exponential increase up to 90 days (with the most pronounced increases between 60 and 90 days);
the linear growth phase occurred between 90 and 120 days; the deceleration phase took place from
120 to 150 days; and the senescence phase began at 150 days.

10
a b

2500

Stem dry mass (g m2)
m »n
g g

Photosynthetic stem area (m?)
g

500

o 30 60 9% 120 150 180 210 240 0 30 60 920 120 150 180 210 240

D
e @ Imbacocha @ Yahuarcocha Bays @ Imbacocha

‘ Yahuarcocha
Figure 4. Vegetative growth curves of Totora (Schoenoplectus californicus) over a 210-day period, based on: a)
photosynthetic stem area; b) stem dry mass. Vertical bars represent standard deviations (n = 10). CExp =
exponential growth, LG = linear growth, D = deceleration, S = senescence. * indicates the interval of greatest
growth.
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In the Imbacocha plants, all growth phases were delayed by approximately 30 days.
Consequently, the exponential growth phase extended up to 120 days, with the maximum expansion
of the photosynthetic area occurring between days 90 and 120. The senescence phase began at 180
days—one month later than in the Yahuarcocha plants. The maximum stem photosynthetic area for
the Yahuarcocha plants was 8.68 m? at 150 days, whereas the Imbacocha plants reached only 5.77 m?
at 180 days.

A similar pattern was observed in the analysis of stem dry mass (Figure 4b). As with the
photosynthetic area, plants grown in Imbacocha exhibited a 30-day growth delay compared to those
from Yahuarcocha. The highest dry mass for Yahuarcocha plants (2,380 g m2) occurred at 150 days,
while the Imbacocha plants reached their maximum dry mass (1,050 g m2) at 180 days.

The Relative Growth Rate (RGR), a key metric in vegetative growth analysis, also showed
variation between the two plant populations (Figure 5a). RGR values were higher in the Yahuarcocha
plants only up to day 90. Beyond that point, values recorded in both sites followed a similar
downward trend. The highest RGR values for the Yahuarcocha plants were recorded between days
60 and 90 (0.029 g g! day!), whereas in Imbacocha plants, the peak occurred from day 60 (0.023 g g™!
day™) to day 120 (0.021 g g™* day™).

i Vi b

0025

RGR (g g*day?)

.
©
°
0,020 (V)
o
0015 g

15,0
0,010
100
00!
0,005 50

0,000 00

60 90 120 1s0 130 210 - = ¥20 150 180 210

@ vahuarcocha O Imbacocha < Yahuarcocha O Imbacocha

Figure 5. a) Relative Growth Rate (RGR) of Totora (Schoenoplectus californicus) cultivated in the lakes of
Yahuarcocha and Imbacocha, measured at regular 30-days intervals. b) Absolute Growth Rate (AGR) under the
same conditions. Vertical bars represent standard deviation (n=4). Data were collected from March to September
2018.

Regarding the dynamics of the Absolute Growth Rate (AGR), as shown in Figure 5b, distinct
values were observed between the two lakes throughout plant development. The highest AGR was
recorded in the Yahuarcocha cultivation at 120 days (35.2 g day), whereas the Imbacocha plants
reached their peak AGR at 150 days (13.6 g day™!), a value less than half that observed in Yahuarcocha.

Through the calculation of various indices associated with the vegetative growth analysis of
Totora, several relationships were established that are relevant for understanding the physiological
performance of this species in the high Andean lakes of northern Ecuador. The Relative Growth Rate
(RGR), for instance, is influenced by two main factors: (1) the physiological component of the
photosynthetic organ, known as the Net Assimilation Rate (NAR), and (2) the morphological
component, referred to as the Leaf Area Ratio (LAR).

Therefore, identifying the contribution and degree of correlation between these indices (NAR
and LAR) is essential for interpreting the species-specific growth dynamics under these
environmental conditions. The correlation analysis (Figure 6a) between NAR and RGR for
Yahuarcocha plants revealed a strong positive linear relationship (R? = 0.9875). Similarly, the
relationship between LAR and RGR (Figure 6b) exhibited a positive linear correlation (R? = 0.8469).
These results indicate that, in Yahuarcocha, both morphological (LAR) and physiological (NAR)
aspects of the photosynthetic apparatus significantly contribute to the relative growth rate of
Schoenoplectus californicus.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Degree of correlation between growth variables for Totora (Schoenoplectus californicus) cultivated in Lake
Yahuarcocha. a) Net Assimilation Rate (NAR) versus Relative Growth Rate (RGR). b) Leaf Area Ratio (LAR)
versus Relative Growth Rate (RGR). The linear regression equations (y) are shown alongside the corresponding

coefficients of determination (R?).

For the Totora plants (Schoenoplectus californicus) from Imbacocha, the results revealed a highly
positive linear correlation between Net Assimilation Rate (NAR) and Relative Growth Rate (RGR),
with a coefficient of determination of R? = 0.9841. In contrast, the relationship between Leaf Area
Ratio (LAR) and RGR was very weak (R? = 0.1038), as shown in Figure 7. Alternative regression
models—such as exponential, logarithmic, polynomial, and power functions—also yielded low
correlations, all with determination coefficients below 10%.

These findings suggest that the growth dynamics of Totora in Lake Imbacocha are primarily
driven by the physiological efficiency of the photosynthetic apparatus (i.e., NAR), rather than by
morphological adaptations of the photosynthetic organ (i.e., LAR).

Imbacocha: NAR vs. RGR a Imbacocha: LAR vs. RGR b

50 y =380,74x + 0,0362

R?=0,9841 0.5 T A
—_ Bn"
"%_ 80 H; 28,0
o D I S I % A =
70 () E 27,0
g | | | | . —_— A.-- A A
) it o A
¥ =4
o 60 — 250
] el
50 [ 250 y=57,896x +25,994
R?=0,1038
40 240
0,010 0,012 0,014 0,016 0,018 0,020 0,022 0,024 0,026 0,010 0,012 0,014 0,016 0,018 0,020 0,022 0,024 0,026
RGR (g g'day?) RGR (g g? day?)

Figure 7. Degree of correlation between growth variables for Totora (Schoenoplectus californicus) cultivated in Lake
Imbacocha. a) Net Assimilation Rate (NAR) versus Relative Growth Rate (RGR). b) Leaf Area Ratio (LAR) versus
Relative Growth Rate (RGR). The linear regression equations (y) are shown along with the corresponding
coefficients of determination (R?).

As previously mentioned, the Relative Growth Rate (RGR) is determined by the dynamic
behavior of both the Net Assimilation Rate (NAR) and the Leaf Area Ratio (LAR), as RGR is
mathematically defined as the product of these two indices. Therefore, in addition to examining their
correlation with RGR, it was pertinent to analyze the absolute values of NAR and LAR throughout
the cultivation cycle. As shown in Figure 8a, both NAR and LAR values for Totora (Schoenoplectus
californicus) plants grown in Yahuarcocha exhibited a proportional decline over the course of the
experiment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Comparative values of Net Assimilation Rate (NAR) and Leaf Area Ratio (LAR) over a 210-day
cultivation period for Totora (Schoenoplectus californicus) populations from two lakes: a) Yahuarcocha; b)

Imbacocha.

However, in the case of Totora (Schoenoplectus californicus) plants grown in Imbacocha, the
behavior of NAR and LAR differed. As shown in Figure 8b, the Net Assimilation Rate (NAR) reached
its peak at 90 days (8.7 g g™ day™), after which its values declined steadily through day 210. In
contrast, the Leaf Area Ratio (LAR) remained nearly constant throughout the duration of the
experiment. As previously discussed, this variable showed limited contribution to the overall growth
performance of Totora in Lake Imbacocha.

Regarding the Harvest Index (HI) —defined as the average proportion between the yield of the
harvested organ (aerial stems) and the total plant biomass [25] —the two cultivation environments
exhibited very similar absolute values. HI ranged from 52.7% to 54.4% in Yahuarcocha, and from
47.6% to 51.0% in Imbacocha. In both cases, the proportion of harvested biomass (stems) relative to
total plant biomass was similar (Figure 9).

Finally, the Crop Yield (R) —calculated as the product of Total Biomass and Harvest Index (HI) —
fit the expected sigmoid growth curve in both environments. This pattern was consistent for Totora
cultivated in Yahuarcocha and Imbacocha (Figure 9). However, in quantitative terms, the plants from
Yahuarcocha displayed higher peak crop yield values (2,380 g m2 at 150 days), compared to the
maximum yield registered in Imbacocha (1,050 g m~2 at 180 days).

Cuicocha 1200 1y
640 Yahuarcocha B0 g 0
1000
635
62,0
2000
B0 800 &
— E
600 “,‘c. 585 2
= 500 o ® s 2
= = I s60 £
5 ]
X se0 E a
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2
56,0 (] 51,0
200
500
540 485
46,0 0
30 50 %0 120 150 180 210
52,0 [
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Days

=ty=HI (%) =CCrop Yield (R)
=t=HI (%) =T=Crop Yield (R)

Figure 9. Variation in Harvest Index (HI) and Crop Yield (R) for Tofora (Schoenoplectus californicus) plants

cultivated in: a) Lake Yahuarcocha; b) Lake Imbacocha.

4. Discussion

The growth responses of Totora (Schoenoplectus californicus) plants from Lake Yahuarcocha were
significantly superior to those of plants from Lake Imbacocha. This differential response may be
attributed to higher nutrient availability in Yahuarcocha, classified as a hypertrophic lake, which
provides elevated levels of nutrients accessible to plants. Totora exhibits greater nutrient uptake
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efficiency compared to fast-growing species such as Typha angustifolia (cattail), Phragmites spp.
(reeds), and Juncus spp. (rushes), commonly used in wastewater treatment [50,51].

At the conclusion of the measurements in both Totora crops (210 days), plants from Yahuarcocha
exhibited 51% more dry biomass in their stems compared to those from Imbacocha, demonstrating
their capacity to respond to increased nutrient availability (Figure 4b). However, the increase in
photosynthetic surface area was only 28% (Figure 4a), suggesting that the photosynthetic organ in
Yahuarcocha plants is more efficient due to physiological factors —namely, enhanced CO, fixation
capacity and reduced respiratory expenditure [25] —rather than morphological differences, as Totora
from both Imbacocha and Yahuarcocha share similar anatomy in their photosynthetic stems [52,53].
Also, S. californicus has been shown to support significant heterotrophic nitrogen fixation in its roots
and rhizomes, contributing between 13.8% and 32.5% of its total nitrogen content, which may
enhance its physiological efficiency under nutrient-rich conditions [54].

In addition to the unequal nutrient availability in both lakes, the recorded phenotypic
differences may be attributed to higher harvesting pressure experienced by Totora plants in
Imbacocha, as this crop has been exploited for hundreds of years, whereas Totora cultivation in
Yahuarcocha began only in the mid-20th century [55]. Similar effects of selective harvesting pressure
on Totora have been documented [56,57]. In Totora crops in southern Peru, biomass removal through
selective cutting acts as a disturbance; if this persists over time, plants fail to adapt, leading to reduced
biomass yield and altered growth dynamics [58-60]. Thus, besides nutrient availability, long-term
harvesting pressure has likely generated pronounced differences in growth dynamics between
Totora crops in Yahuarcocha and Imbacocha.

The growth kinetics of Tofora plants over the seven-month evaluation period followed a
sigmoidal curve in both lakes, with distinct growth stages (phases) clearly identifiable (Figure 4) [61].
Totora plants from Imbacocha Lake exhibited a 30-day delay across all growth phases compared to
those from Yahuarcocha Lake —both in photosynthetic area and stem dry mass—likely due to lower
nutrient availability in the water bodies (Figure 4) [62]. For instance, in Capsicum annuum (chili
pepper) leaves, a greater nutrient supply has been shown to result in increased leaf area [63-65]. The
exponential growth phase (Figure 4) is promoted by the activation of lateral buds and the production
of new stems (tillering), which enhances the plant’s potential photosynthetic capacity [56,66]. The
end of the exponential phase, at 90 and 120 days for Yahuarcocha and Imbacocha crops respectively,
coincides with the onset of flowering.

Flowering involves the redistribution of substances produced during photosynthesis toward
these newly formed structures, thereby reducing the availability of photosynthates for biomass
accumulation. In Oryza sativa plants, for instance, the pre-flowering and post-flowering stages are
critical for total dry matter production and are key determinants of seed yield [67,68]. Additionally,
plants growing in open environments often experience a reduction in their photosynthetically active
area as their leaves overlap, leading to decreased light interception due to self-shading [35,69], which
ultimately lowers overall photosynthetic activity. However, conical arrangements of the
photosynthetic apparatus represent an evolutionary adaptation that minimizes self-shading [70],
particularly when compared to broad-leaved species. Consequently, the dominance of Totora
populations over the associated vegetation the shoreline of the studied lakes may be attributed to this
specific form of structural adaptation.

In Totora crops from both Yahuarcocha and Imbacocha lakes, stems are harvested every six
months. However, data from the present study indicate that maximum biomass accumulation in the
Yahuarcocha Totora crop is reached at five months (Figure 4) [71]. Thus, by the sixth month, the crop
has entered a senescent phase, resulting in reduced biomass levels and a loss of harvestable material
due to this temporal mismatch. This pattern is not observed in the Totora crop from Imbacocha Lake,
where the cultivation period coincides with peak biomass accumulation (six months). This
synchronicity highlights the long-standing ancestral relationship between the cultivators and Totora
in Imbacocha, and also suggests the potential for transferring this knowledge to Yahuarcocha
farmers, encouraging them to adjust their practices and increase their harvested yields [72].
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Describing the growth of a plant or crop requires objective indicators that can be validated. In
this regard, the Relative Growth Rate (RGR) is a key parameter for such analyses. The RGR pattern
indicates that Totora plants in Yahuarcocha exhibit higher values, at least during the first 90 days of
cultivation (Figure 5A). A rapid growth rate can confer ecological and competitive advantages by
enabling plants to attain larger sizes in shorter periods, thereby enhancing their ability to capture
resources such as light, water, and nutrients [29,73]. These advantages depend on the accelerated
production of photosynthetic tissues and allow plants to escape the vulnerable early stages where
small sizes are more susceptible to herbivory. This phenomenon is part of the resource allocation
trade-off between growth and defense [74,75]. Totora plants in Yahuarcocha may have evolved
mechanisms that promote rapid growth during the early, more sensitive stages of development,
where competition is a critical factor for survival [76,77].

After the initial stages critical for the survival of Totora plants have passed, RGR values in both
populations converge, with well-adapted stands forming dense, monospecific herbaceous layers. The
gradual decline in RGR observed after 90 days (Figure 5A) may be attributed to biomass
redistribution mechanisms toward newly forming organs, such as reproductive structures. In rice
plants, for instance, up to 90% of the total dry matter accumulated in the grains originates from post-
flowering redistribution processes, while the remaining 10% comes from the remobilization of dry
matter previously stored in leaves and stems before flowering [67,78].

The Absolute Growth Rate (AGR), which represents the amount of dry mass accumulated by
plants per unit of time, revealed that Totora plants from Yahuarcocha Lake are significantly more
efficient in dry matter accumulation —approximately 150% higher —than those from Imbacocha Lake.
Several factors may explain this difference: (a) extrinsic or environmental factors that constrain
growth, particularly nutrient availability, which differs between the two lakes [26,79]; (b) intrinsic
factors, including morphological and physiological traits that interact to varying degrees and
influence vegetative growth [80]; and (c) synergistic effects, in which Totora plants exhibit high
growth rates due to competitive advantages over coexisting species within the same ecological niche,
especially under the favorable nutrient conditions observed in Yahuarcocha [26,80]. The relationship
between competitive strategies and vegetative growth across species has been well documented [80,
(Grime, 1979).

The onset of the growth deceleration phase (Figure 4), occurring at 120 days for Totora plants in
Yahuarcocha and at 150 days in Imbacocha, appears to be driven by a reduction in AGR values
(Figure 5). This decline is likely the result of an increase in non-photosynthetic tissue and mutual
shading among photosynthetic stems.

The observed differences in RGR and AGR values between the two Totora cultivation sites
initially suggest variation in physiological activity. For instance, the faster-growing plants from
Yahuarcocha may exhibit higher photosynthetic rates, lower respiration rates, or a combination of
both. An alternative explanation could lie in morphological differences —such as a greater proportion
of biomass allocated to stems or a higher specific photosynthetic area in the faster-growing plants. To
evaluate these hypotheses, the Relative Growth Rate (RGR) was partitioned into two components:
the physiological component, Net Assimilation Rate (NAR), and the morphological component, Leaf
Area Ratio (LAR). It is important to recall that RGR is the product of LAR and NAR [82]. Moreover,
variation in RGR among herbaceous species is predominantly explained by LAR, with NAR playing
a secondary role or interacting depending on irradiance and species traits [34,45]. Meta-analyses
consistently show that SLA and LMR contribute strongly to LAR and thereby to RGR differences [83].

The strong positive relationships between the physiological growth component, NAR, and RGR
(R?=0.9875), as well as between the morphological component, LAR, and RGR (R? = 0.8469), indicate
that both components contribute substantially and similarly to the growth of Totora in Yahuarcocha
Lake (Figure 6). In other words, these are plants characterized by high photosynthetic rates (NAR)
and a relatively large photosynthetic area in proportion to total plant biomass (LAR).

The strong positive relationships between the physiological growth component, NAR, and RGR
(R?=0.9875), as well as between the morphological component, LAR, and RGR (R? = 0.8469), indicate
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that both components contribute substantially and similarly to the growth of Totora in Yahuarcocha
Lake (Figure 6). In other words, these are plants characterized by high photosynthetic rates (NAR)
and a relatively large photosynthetic area in proportion to total plant biomass (LAR) [34]. Previous
studies have demonstrated that such traits are common in fast-growing species, where growth is
driven by high net assimilation and expansive leaf area deployment [83,84]. This strategy is especially
advantageous in nutrient-rich environments like Yahuarcocha, where competitive dominance among
aquatic macrophytes is linked to efficient resource acquisition [85].

In the case of the Totora crop from Imbacocha Lake, the relationship between NAR and RGR is
strongly positive (R? = 0.9841), whereas the linear relationship between LAR and RGR is very weak
(R? = 0.1038). This suggests that Tofora growth in Imbacocha is explained almost entirely by the
physiological component (NAR). In other words, the RGR of plants in this lake is primarily
determined by the performance of the photosynthetic apparatus, regardless of its structure or
biomass, within a given period (Figure 7).

High contributions of NAR to species growth also imply a differential allocation of biomass
among plant organs, as well as chemically distinct processes involved in leaf area development [21].
For example, a high foliar nitrogen content is likely to increase the concentration of RuBisCO, thereby
enhancing the contribution of NAR [25,86]. Similar findings in forest trees indicate that variation in
NAR is the primary determinant of RGR across light environments and is strongly associated with
leaf nitrogen content and photosynthetic rate [46].

In the Yahuarcocha crop, both NAR and LAR values gradually declined from the beginning of
the experiment to the final evaluation at 210 days (Figure 8a). The decrease in NAR values is likely
associated with the redistribution of resources toward other metabolic activities related to flowering
and fruiting, and to a lesser extent, the effects of shading. Meanwhile, the decline in LAR (Figure 8b)
may be attributed to a gradual reduction in the ratio of photosynthetic surface area to total plant
biomass, resulting in a corresponding decrease in photosynthetic activity [87,88].

In Totora plants from Imbacocha Lake, as in the previous case, NAR values gradually decline as
a result of resource redistribution toward other metabolic activities. However, LAR remains
relatively constant (Figure 8b). A likely explanation for this phenomenon is a compensatory strategy,
in which the mass of photosynthetically active organs is reduced relative to the plant’s active
photosynthetic surface area. This may be achieved through increased production of aerenchymatous
parenchyma tissue within the stems, a process mediated by ethylene [89-91].

The Totora crops from Yahuarcocha and Imbacocha lakes exhibit very similar Harvest Index
(HI) values, which may be attributed to the fact that both populations belong to the same species.
Additionally, it can be speculated that the Harvest Index is a crop trait that did not respond to the
differing nutrient conditions of the lakes (trophic status) or to other environmental factors, suggesting
that it may be considered a highly stable attribute [92-94].

Finally, Yield (Y) displays the typical sigmoidal curve of vegetative growth, as expected, for
Totora crops from both Yahuarcocha and Imbacocha lakes. However, in absolute terms, the yield in
Yahuarcocha was 227% higher than that of the Imbacocha crop. This difference can be largely
explained by the greater availability of nutrients in Yahuarcocha, a lake classified as hypereutrophic,
compared to the eutrophic conditions of Imbacocha [95,96]. Additionally, Totora plants from these
two lakes have undergone adaptation processes to the specific biological, ecological, and cultural
conditions of their environments, reflecting distinct physiological growth mechanisms and dynamics
[97,98].

5. Conclusions

In Totora populations from Yahuarcocha and Imbacocha, photosynthetic efficiency —defined as
the ratio between NAR and RGR —is a key determinant of vegetative growth. The conical structure
of the photosynthetic apparatus enhances the contribution of NAR to overall growth, in contrast to
what is typically observed in most broad-leaved species.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1197.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 August 2025 d0i:10.20944/preprints202508.1197.v1

13 of 19

The harvesting time of plant material by local communities at Imbacocha Lake coincides with
the period of maximum biomass production of Totora. This reflects the application of ancestral
knowledge to the productive cycles of plant species essential for human subsistence and underscores
the importance of interdisciplinary approaches in scientific research. Furthermore, the information
generated on the mechanisms that promote higher Totora biomass production in Yahuarcocha can be
applied to the development of new cultivation areas and the design of conservation programs aimed
at ensuring the long-term availability of this natural resource for both cultivators and artisans.

Maximizing the harvest index and yield —provided it does not compromise the species’
stability —through a technically informed extraction process that takes into account all the parameters
and indices discussed in this study, should be a primary objective in the management and utilization
of these plants.

The present analysis of vegetative growth of Totora in Yahuarcocha and Imbacocha lakes, located
in Imbabura province, northern Ecuadorian Andes, combined with the incorporation of sustainability
indicators, will enable this natural resource to continue contributing ecologically, economically, and
culturally to the indigenous and mestizo populations that depend on it. Furthermore, when
appropriately communicated to local stakeholders, this information will facilitate endogenous
development processes, empowering community members to become active agents of their own
transformation, enhancing their competitiveness in artisanal activities, and fostering greater
environmental awareness.
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