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ABSTRACT

Freshwater periphytic algae play a vital ecological role in aquatic ecosystems. In this study,
we examined the morphological features of periphytic algae in four rivers of the La Planada
Reserve. We collected samples by scraping rocks, identified the algae, measured their
morphological dimensions, and conducted descriptive and multivariate statistical analyses. We
identified 59 morphospecies, mainly belonging to the classes Bacillariophyceae and
Cyanophyceae. The functional groups identified included mucilage-forming colonies, simple
filaments, hetero-filamentous algae, non-specialized algae, and non-flagellated siliceous algae.
The community-weighted mean and variance (CWM and CWV, respectively) of morphological
variables did not differ significantly between rivers. In the first-order river, the algae tended to
be smaller and had a lower surface-to-volume ratio. Simple filamentous algae and small algae
lacking specialized features seem to indicate nutrient-deficient waters. Non-flagellated, silica-
shelled algae (diatoms) probably serve as indicators of moderate flow rates, higher nutrient
levels, and clearer water. Colonial algae with mucilage tend to prefer waters with moderate to
high nutrient concentrations and faster current speeds. Hetero-filamentous algae appear to
indicate rivers with low light exposure and slow flow velocity. This initial investigation into
the morpho-functional study of periphytic algae suggests that morphology-based groupings
could help reflect river environmental conditions through the ecological responses of functional
algal associations.

Keywords: biogeographic Choco, functional ecology, phycoperiphyton.

Grupos morfofuncionais de algas perifiticas dos rios da Reserva La
Planada e seu papel bioindicador

RESUMO

Algas perifiticas de 4gua doce desempenham fungdes ecoldgicas importantes em
ecossistemas aquaticos. Este estudo analisa a morfologia funcional do ficoperifiton em quatro
rios da Reserva La Planada. As algas foram raspadas de rochas, identificadas e suas dimensoes
morfologicas foram medidas e analisadas por meio de métodos estatisticos descritivos e
multivariados. Foram encontradas 59 morfoespécies, com predominancia de Bacillariophyceae
e Cyanophyceae. Os grupos funcionais foram: colonias com mucilagem, filamentos simples,
heterofilamentos, algas ndo especializadas e algas siliciosas ndo flageladas. A média ponderada
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(MPC) e a variancia ponderada da comunidade (VPC) das varidveis morfoldgicas nao
apresentaram diferencas estatisticamente significativas entre os rios. Algas filamentosas
simples e pequenas, sem caracteristicas especializadas, parecem indicar d4guas com deficiéncia
de nutrientes. Algas ndo flageladas com carapaca de silica (diatoméceas) provavelmente
indicam vazdes moderadas, niveis mais altos de nutrientes e 4guas mais claras. Algas coloniais
com mucilagem tendem a preferir 4guas com concentragdes de nutrientes moderadas a altas e
correntes mais rapidas. Algas heterofilamentosas parecem indicar rios com baixa exposicdo a
luz e baixa velocidade de fluxo. Essa abordagem inicial ao estudo morfofuncional do
ficoperifiton sugere que agrupamentos morfoldgicos podem ser empregados para evidenciar as
condigdes ambientais dos rios por meio das respostas ecoldgicas dessas assembleias de algas.

Palavras-chave: Choco biogeografico, ecologia funcional, ficoperifiton.
1. INTRODUCTION

Aquatic microalgae are photoautotrophic microorganisms that live freely suspended in
water (phytoplankton) or attached to submerged surfaces (phycoperiphyton) (Hamer et al.,
2025). They are excellent indicators of ecological conditions in both lentic and lotic water
bodies, as they respond directly to changes in water's physical and chemical factors (Gokge,
2016). Additionally, they are the primary energy receptors in aquatic ecosystems. Their small
size and rapid life cycles allow them to respond quickly to environmental changes in the water
over short periods (Yong et al., 2016; Agbogidi ef al., 2022). These organisms have developed
various adaptive strategies, some related to their external morphology, to survive in the diverse
environments they inhabit (Jebali ez al., 2022). This enables algae to optimize the use of light
energy and nutrients and, in the case of planktonic algae, to counteract sedimentation (Naselli-
Flores and Barone, 2011). These traits are referred to as “functional morphology” (Mufioz-
Lopez et al., 2017; Zabala-Agudelo et al., 2019).

Microalgae exhibit unique traits that distinguish them from all other organisms, whether
in planktonic or periphytic environments. Certain species have flagella that facilitate
movement, enabling them to cover considerable distances at the microscopic level (Brewer et
al., 2022). However, this movement is limited on a larger scale, making them highly sensitive
to water turbulence (Margalef, 1978; Peters and Marrasé, 2000). For planktonic algae,
sedimentation is a significant factor influencing their growth, as they are denser than water.
Consequently, they develop various strategies to stay suspended, such as secreting mucilage,
accumulating lipids, and forming gas vacuoles, among others. These adaptations help them
control sinking and floating, which is crucial for survival (Naselli-Flores and Barone, 2011).
Additionally, sedimentation helps eliminate dead cells, replenish deep nutrients, and remove
waste (Ramirez, 2000; Bodel ef al., 2025). Whether unicellular or colonial, these adaptations
have evolved over evolutionary time.

Literally, periphyton means "around a plant" (Ramirez-Restrepo et al., 2022). Periphytic
organisms are mostly algae, which do not penetrate the substrate but grow on it (Sladeckova,
1962; Gubelit and Grossart, 2020). Wetzel (1983) defined periphyton as a complex community
of microbiota (algae, bacteria, fungi, animals, and organic and inorganic detritus) attached to a
substrate, whether organic or inorganic, living or dead. Functionally, it is a microcosm in which
internal processes and exchanges with the external environment occur simultaneously. For
easier study, this community is mainly divided into animal (zooperiphyton) and algal
(phycoperiphyton) components (Wu, 2016).

Periphyton plays a vital role in maintaining aquatic ecosystems, mainly by providing
nourishment for various organisms across the food chain. In some environments, like shallow
lakes, it can account for 40% to 97% of total production (Roldan-Pérez and Ramirez-Restrepo,

2008; Wu, 2016). This community also includes many organisms that find shelter and help in

Rev. Ambient. Agua vol. 21, €3099 - Taubaté 2026 RS
IPABH1



Morpho-functional groups of periphytic algae from ... 3

nutrient recycling. Periphytic algae and their biofilms have been used as bioindicators of water
quality (Wu, 2016). The idea of using periphyton for this purpose began with Patrick (1949),
who classified water currents based on this community. Palmer (1977) further categorized
freshwater algae by their environment and forms, including both clean and polluted waters,
algae that affect water flavor and odor, and planktonic algae in lakes and reservoirs. His
classification covered 42 species of algae attached to substrates. The bioindicator role of
periphyton mainly stems from some species preferring oligotrophic conditions and others
thriving in eutrophic environments, as well as from differences in taxa's resilience to chemical
contamination or their ability to withstand it (Roldan-Pérez and Ramirez-Restrepo, 2008;
Lamprecht et al., 2022).

The growth and morphology of algae are important features that help evaluate their
survival success under specific physical conditions (Margalef, 1978; Yan et al., 2021). These
features allow organisms with similar survival adaptations to be grouped by their environments
and constraints. Studying these traits through the size and shape of individuals or colonies
enables classification into established groups, forming the basis of functional morphology
(Chen et al., 2015). One of the earliest studies on the functional morphology of algae was
conducted by Munk and Riley (1952), who demonstrated the connection between cell shape,
sinking, and nutrient absorption. Many influential studies followed (Margalef, 1978; Reynolds,
1984; Reynolds et al., 2002), including an examination of the surface area-to-volume ratio in
phytoplankton and its effect on light and nutrient uptake (Lewis, 1976). Analyzing the
morphological flexibility of algae and their relationship to abiotic factors shows that, in
environments with similar physical and chemical features, phytoplankton tend to display
morphological similarities, sometimes even at the taxonomic level (Reynolds, 1984; Naselli-
Flores and Padisak, 2024). This indicates a directional influence of the aquatic environment on
the organization of microalgal communities (Reynolds, 1980; Lukécs et al., 2024).

In Colombia, research on periphyton has primarily focused on its taxonomy and descriptive
structure, providing a comprehensive overview of microalgal communities and their application
as bioindicators (Montoya Moreno and Aguirre R, 2013). Various studies have been conducted
on Colombian fluvial systems, such as the Bogota River (Diaz-Quir6s and Rivera-Rondén,
2004), the La Plata and La Venta Rivers in the Santurban paramo (Ramirez and Plata-Diaz,
2008), and the Anchique River (Huertas-Farias ef al., 2019), among others. However, research
on the morphological and functional aspects of phycoperiphyton is still limited and in its early
stages in Colombia. One of the earliest efforts was made by Guerrero Lizarazo ef al. (2021),
who conducted a preliminary analysis of the morphological features of phycoperiphyton in
several rivers within the La Planada Reserve (Narifio, Biogeographic Choc6). Their work
contributed to ongoing research on the functional morphology of periphytic algae in that reserve
by comparing size and categorical traits with the physical and chemical variables of different
flowing-water systems examined in the region. The main idea of this study was to adapt the
phytoplankton morphofunctional traits to periphyton communities and use this strategy to
bioindicate the environmental conditions of the La Planada Reserve rivers.

2. MATERIAL AND METHODS

2.1. Sampling sites

La Planada Nature Reserve is a 3,200-ha protected area located in the municipality of
Ricaurte, Narifio department, on the western slope of the Western Cordillera, ranging from 300
to 2,500 meters above sea level (Guerrero-Lizarazo et al., 2021). It is part of the Colombian
Pacific region and situated in the Chocd Biogeographic Region, one of the most biodiverse
areas on the planet (Rangel-Ch, 2004). For this study, two rivers and two small streams within
La Planada Reserve, which have significantly different environmental conditions, were
examined (Figure 1). These water systems were visited between May 20 and 24, 2019.
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Figure 1. Location map of the rivers studied in the La Planada Reserve.

The Pialapi River, also known as the San Martin River, is a third-order stream and the most
important in the municipality of Ricaurte (Guerrero-Lizarazo et al., 2021). It flows through the
Andean and sub-Andean cloud forests of the region and is mainly situated in an area with
minimal human impact within the La Planada Reserve. This river provides ecosystem services
to the AWA indigenous community and flows through small towns such as Cuchilla del Palmar,
Pueblo Viejo, Palapi, Casa Grande, Curcuel, and Yaré¢. Its watershed covers 10,990 ha, which
accounts for about 7% of the municipality’s land area. The sampling site on the Pialapi River
was located at coordinates 1°8'3.6" N and 78°1'46.3" W, at an elevation of 1,240 meters above
sea level. The Miraflores River originates in the northeast of the Cumbal municipality and flows
through the Ricaurte municipality, where it joins the Giiiza River. This river faces various
human-made disturbances along its course. The sampling site was located at coordinates
1°10'8.1" N and 77°57'49" W, at an elevation of 1,340 meters above sea level, near a bridge in
the San Isidro area. The site is located in an area influenced by livestock and farming activities,
adjacent to a sugarcane panela production mill. The El Tejon stream is a crystal-clear waterway
within the La Planada Reserve. Much of its course runs through the 25-ha permanent plot
established by the Alexander Von Humboldt Institute inside the reserve. The sampling site in
El Tejon was situated at 1°9'19" N and 77°59'17.2" W, at an elevation of 1,750 meters above
sea level. La Calladita Creek is a first-order stream that originates in the La Planada Reserve
and flows into El Tejon Creek. The sampling point in La Calladita was positioned at coordinates
1°8'47.9" N and 77°59'9.3" W, at an elevation of 1,783 meters above sea level, near its source,
with a mainly clayey substrate and a closed canopy that limited sunlight penetration.

2.2. Sampling and data analysis

Dissolved oxygen, percent oxygen saturation, temperature, pH, electrical conductivity, and
total dissolved solids were measured in triplicate at each river using a Hach HQ40D
multiparameter device probe. Alkalinity and hardness were determined using Hanna titration

kits (HI3811 and HI38033, respectively). Width and mean depth were measured with a
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decameter, and current velocity was assessed through the floating object method. Water
transparency was evaluated using the horizontal Secchi disk technique (Pinilla, 2017). Water
samples for chemical analysis were collected, refrigerated, and analyzed using a Hach DR2000
spectrophotometer at the Ecology Laboratory of the Biology Department at the Universidad
Nacional de Colombia, Bogota. Nutrients such as nitrites (detection via diazotization), nitrates
(reduction with cadmium), ammonium (using Nessler's reagent), orthophosphates (with
ascorbic acid), and sulfates (with SulfaVer 4) were measured following standard APHA
methods (APHA et al., 2012).

Periphytic algae scrapings were collected with a brush from known areas of rocky
substrates (epilithon). For these collections, 150 m sections were selected in each river, and
three sampling sites were established within them. The samples were preserved in Transeau
solution, a mixture of 95% ethanol, distilled water, and 40% formalin in a 3:2:1 ratio (Whitford
and Schumacher, 1969). The algae were photographed at the Optical Equipment Laboratory of
the Biology Department at the Universidad Nacional de Colombia, using a Nikon Eclipse E100
optical microscope. Imagel] software (Rueden ef al.,, 2017) was used for measurements.
Taxonomic keys (e.g., Whitford and Schumacher, 1969; Ramirez, 2000; Bicudo and Meneses,
2006; Necchi, 2016) were employed to identify the organisms. The algae were classified into
the morphofunctional groups proposed by Kruk et al. (2010), with adaptations for the periphytic
microalgal community. Counts were conducted in the Limnology Laboratory of the Biology
Department at the Universidad Nacional de Colombia, using an Advanced Optical XD-202
inverted microscope and the Uterm&hl sedimentation chamber technique (Lund et al., 1958). A
magnification of 40 X 10 was used, and in each sample, counts of organisms from all taxa were
made in random fields of the camera until reaching 100 individuals of the most abundant
morphospecies. The APHA equation (APHA et al., 2012) was used to calculate periphytic
density, which considers the total number of organisms counted, the total area of the base of
the Utermohl chamber used, the surface area of the fields counted in the chamber, and the
volume of settled water. Each unicellular alga or colony (coenobium or filament) was regarded
as an individual. Morphological measurements included volume and surface area (Hillebrand,
1999; Sun and Liu, 2003), the surface-to-volume ratio (S/V), and the maximum linear
dimension. For plasmodial and coenobial forms, the entire colony, including the mucilage, was
examined, and the presence or absence of aerotopes, flagella, mucilage, heterocysts, and silica
exoskeletal structures was recorded.

Each algal taxon was classified into one of the following morphofunctional groups: Group
1, small organisms with a high surface area-to-volume ratio; Group 2, small flagellated
organisms with silica exoskeletal structures; Group 3, long, filamentous organisms with or
without aerotopes; Group 4, medium-sized organisms lacking specialized features; Group 5,
medium- to large-sized flagellated unicellular organisms; Group 6, non-flagellated organisms
with silica exoskeletons; and Group 7, large colonies with mucilage (Kruk et al., 2010). An
additional group, Group 8, composed of hetero-filamentous microalgae, was created; these are
complex organisms that form branching filaments attached to the substrate through specialized
structures or by mucilage (Stevenson et al., 1996).

For numerical data analysis, principal component analysis (PCA) was performed to
identify the most representative abiotic variables, and canonical correspondence analysis
(CCA) was used to examine relationships between abiotic variables and the composition and
abundance of periphytic algae, both from a morphometric and a functional-group perspective.
The free software PAST 4.02 (Hammer ef al., 2001) was used for these statistical analyses. The
community-weighted mean (CWM) and community-weighted variance (CWV) were calculated
according to Hulshof er al. (2013) to assess how morphometric traits vary across sampled
locations within the communities. An ANOVA was performed to verify whether there were
significant differences in CWV and CWM between the rivers.

W Rev. Ambient. Agua vol. 21, €3099 - Taubaté 2026
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3. RESULTS

3.1. Physicochemical environment of rivers

The four water bodies displayed varying physicochemical characteristics (Figure 2). The
Miraflores River had a faster current and showed a high concentration of total dissolved solids
(17.12 mg L"), moderate alkalinity (37 mg CaCOs L), and medium hardness (23.1 mg L!
CaCOs L), indicating a higher level of mineralization compared to the other rivers. The Pialapi
River had elevated levels of phosphates (0.24 mg L) and nitrites (0.008 mg L), along with
greater width and high flow (4.5 m® s'). The La Calladita and El Tejon streams, grouped
together in Figure 2, were characterized by low mineralization, shallower flow and depth, and
limited nutrient availability. These creeks are first- and second-order systems, with low flow
and small basins, and they have minimal ion concentrations, as reflected in their very low
electrical conductivity (9.35 uS cm™ and 9.33 uS cm!, respectively). The physical, chemical,
and hydrological features of the fluvial systems studied are presented in Table 1.
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Figure 2. Principal component analysis of the physicochemical variables of the rivers in La
Planada Reserve.

3.2. General characterization of the phycoperiphyton of the La Planada Reserve

In the rivers of La Planada, 59 morphospecies belonging to 47 genera of periphytic algae
were collected. The most abundant and common species were Cymbella sp., Tabellaria sp.,
Encyonopsis sp., and Diadesmis sp. The most representative algal divisions identified were
Bacillariophyceae and Cyanophyceae. The number of genera in each functional group is shown
in Table 2. Five of the eight proposed groups were present; the missing groups were those of
small organisms with a high S/V ratio, small flagellated cells with siliceous exoskeletal
structures, and medium- to large-sized unicellular flagellated algae. Measurements of the
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morphometric variables of the 47 collected genera are provided as supplementary material
(Table S1).

Table 1. Values of the physical, chemical, and hydrological variables for the rivers studied in the La
Planada Reserve. Data for pH, temperature, electrical conductivity, total dissolved solids, dissolved
oxygen, oxygen saturation, and transparency are reported as averages. ND: not detected.

Miraflores Pialapi El Tejon La Calladita
VARIABLE River River Stream Stream
pH 7.66 7.77 7.05 5.89
Temperature (°C) 18.48 18.86 17.22 17.26
Conductivity (uS cm™) 37.41 30.55 9.35 9.33
Total dissolved solids 20.57 17.12 531 500
(mg/L)
AlKkalinity (mg CaCO; L) 37 27.5 21.66 14.66
Hardness (mg CaCO; L) 23.1 15 6.1 9.9
Oxygen (mg O; L) 8.05 7.93 7.66 7.27
Oxygen saturation (%) 101.61 98.8 98.47 88.21
Secchi transparency (m) 4.01 5.57 43 3.08
Nitrates (mg L' NO;) 0.06 0.04 0.01 0.01
Nitrites (mg L NO) 0.001 0.008 ND ND
Ammonium (mg L' NHy) 0.49 0.22 0.27 0.1
Phosphates (mg L' PO,) 0.08 0.24 0.04 0.13
Sulphates (mg L' SO4) 9 1 1 3
Average c(hlﬁ;‘“el width 15.3 17.77 5.79 3.25
Average depth (m) 1.26 0.61 2.77 2.31
Average currint velocity 126 041 0.16 039
(ms™)
Flow (m?s™) 15.3 4.5 2.7 2.9

Table 2. Algae genera richness within the phycoperiphyton functional groups of the rivers studied at La
Planada Reserve.

Miraflores Pialapi El Tején La Calladita
GROUP River River Stream Stream
Colonies with mucilage 1 1
Single filaments 3 4 5 4
Hetero-filamentous 1 1 3
Non-specialized 1 2 2
Non-flagellated with 12 23 20 2

silica

3.3. Variations in CWM and CWYV of phycoperiphyton between ecosystems

The differences in the morphometric variables, after being transformed to CWM and
CWV, were plotted for the studied rivers (Figure 3). For the CWM, it appears that the maximum
dimension (Figure 3A) was statistically similar across all river systems. In contrast, biovolume
(Figure 3C) was apparently significantly smaller in La Calladita compared to the Pialapi and
Miraflores rivers, while the S/V ratio and surface area (Figures 3B and 3D) seem to be
statistically smaller in La Calladita—specifically, the biovolume compared to the Pialapi and
Miraflores rivers, and the surface area compared to El Tejon stream and the Pialapi River.
However, the ANOVA results do not confirm these differences (Table 3).
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Figure 3. Means and whiskers of the Community-Weighted Mean (CWM) and Community-Weighted
Variance (CWYV) for the morphometric variables. A. CWM - Maximum linear dimension. B. CWM -
Surface area to biovolume ratio. C. CWM - Biovolume. D. CWM - Surface area. E. CWV - Maximum
linear dimension. F. CWYV - Surface area to biovolume ratio. G. CWYV - Biovolume. H. CWYV - Surface
area.

Table 3. Results of ANOVA of the CWM (Community-Weighted Mean)
and CWV (Community-Weighted Variance) between rivers of the La
Planada Reserve.

METRIC F critical F value p value

CWM - Maximum linear dimension 2.678 0.407 0.747
CWM - Surface area to volume ratio 2.678 1.656 0.180

CWM - Biovolume 2.678 1.049 0.373

CWM - Surface area 2.678 1.132 0.339

CWY - Maximum linear dimension 2.654 0.008 0.999
CWYV - Surface area to volume ratio 2.654 0.011 0.998

CWY - Biovolume 2.654 0.005 0.999
CWY - Surface area 2.654 0.006 0.999

Regarding the CWV of the morphometric variables, no morphological traits showed
differences between the water bodies, as indicated by both the boxplots (Figure 3) and the
ANOVA results (Table 3). However, there was considerable variation in the CWV of the
maximum dimension (Figure 3E) and in the CWV of the S/V ratio (Figure 3F) across all
sampling sites. Biovolume (Figure 3G) and surface area (Figure 3H) generally exhibited little
variation, except at the El Tejon stream, where the dispersion of the weighted variance was
notably higher.

3.4. Relationships among the abiotic environment, morphometric features, and
morphofunctional groups of phycoperiphyton

The S/V ratio was associated with large rivers with nitrogen-rich waters; in contrast,
biovolume and surface area were linked to El Tejon creek, an oligotrophic system with low
current velocities (Figure 4A). Therefore, the environmental conditions at El Tejon seem to
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favor a periphytic algal community with higher biovolume and surface area than at the other
sampled sites. Regarding the morphofunctional groups (Figure 4B), colonial algae with
mucilage appear to benefit greatly from nutrient-rich waters with high water velocities; hetero-
filamentous algae are associated with low to medium velocity and oligotrophic waters. Simple
filamentous algae prefer sites with moderate current speeds and low to intermediate trophic
levels. Both non-flagellated algae with silica exoskeletons and non-specialized algae appear to
be found in environments with low current speeds and moderate nitrogen levels.
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Figure 4. Canonical correspondence analysis between the primary environmental variables and the
functional traits of the phycoperiphyton in the La Planada Reserve. A. Morphometric variables. B.
Morphofunctional groups.

4. DISCUSSION

From an environmental perspective, clear differences were observed among the studied
water bodies. The La Calladita and El Tejon are minor streams with small basins that originate
within the La Planada Reserve, which explains their low alkalinity and hardness. Conversely,
water bodies flowing through areas of human settlement — whether indigenous or peasant —
like the Pialapi and Miraflores rivers, are more enriched with ions and nutrients, which might
result not only from human activity but also from soil properties that could contribute to these
elements to the streams (Vallejo et al., 2004; Guerrero Lizarazo et al., 2021). Further detailed
studies are needed to determine the sources of these substances, but they may partly originate
in agricultural activities along the watercourse, as observed in the river Las Piedras, a similar
basin in the Colombian Andes (Ruiz ef al., 2017). There are no studies on the matter, but it is
logical to assume that the waste from the panela mills and the sewage from the human
settlements near these rivers are dumped into them. Additionally, the Miraflores River has a
large basin, originating in Cumbal Lake (Cortés ef al., 2021), which receives a higher influx of
natural mineral inputs, as well as those of anthropogenic origin. The differences between the
use of the Pialapi and Miraflores rivers are influenced by the type of human communities along
their banks. Indigenous communities tend to be less dense and more dispersed than peasant and
urban populations, and also typically have a culture of environmental stewardship, leading them
to limit waste disposal into water bodies (Pai, 2012; Fernandez-Llamazares et al., 2020).

Concerning the morphofunctional traits of algae, the first noticeable point is the absence
of Groups 1 (small organisms with a high surface area-to-volume ratio), 2 (small flagellated
organisms with silica exoskeletal structures), and 5 (medium- to large-sized flagellated
unicellular organisms). The absence of flagellate groups 2 and 5 may be due to the fact that
these algae can only grow in periphytic environments when current velocity is especially low
(Larson and Passy, 2012), which is not the case in the rivers studied. More accurately, the
flagella function as an adaptation for cell movement in the water column (Ramirez, 2000;
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Kierboe et al., 2025), that is, in the planktonic environment. Flagellated algae are not well-
suited to thrive in a river periphytic microhabitat, especially when flow is rapid and strong
(Biggs et al., 1998). As Wetzel (1983) noted, such environments favor microalgae that develop
adhesion strategies to attach to substrates and become part of the biofilm. Therefore, the
ecological niche of flagellated algae is planktonic rather than benthic, as discussed by Raven
and Beardall (2022) and demonstrated in this study.

The absence of Group 1 organisms can be explained in a similar way. Kruk et al. (2010)
described Group 1 as made up of small individuals (maximum linear dimension <2 um),
characterized by a high surface area-to-volume ratio, fast growth and reproduction rates, a
strong ability to acquire resources, and low losses from sinking in the planktonic environment,
which are typical traits in the water column. Some organisms found in the periphyton of the
studied rivers exhibit many of these traits but have a low surface area-to-volume ratio
(<5 um™), likely because in riverbed habitats, very small cells with high S/V ratios can be
dragged by water, while larger algae (with lower S/V ratios) tend to resist current in motion
better. Passy (2007) compared benthic and planktonic diatom sizes in US water bodies, finding
the largest cells in riverbeds and the smallest in plankton. These differences suggest habitat
conditions influence algal size, favoring larger benthic cells and smaller planktonic ones.

Group 3 (simple filaments with or without aerotopes), which was partially associated with
La Calladita stream and the Miraflores River, consists of periphytic genera with high ecological
plasticity (Necchi, 2016). Kruk et al. (2010) included only taxa with aerotopes (simple
filamentous cyanobacteria) in this group. However, in this study, it was deemed important to
also include simple filaments of Bacillariophyceae and Chlorophyceae algae—organisms
without aerotopes—because they, like filamentous cyanobacteria, have high cell biovolume and
share similar morphology. According to Law (2011), filamentous or stalked organisms are
better adapted for nutrient retrieval and light capture. In the original classification by Kruk et
al. (2010), this group is abundant in water bodies with low nitrogen levels due to the nitrogen-
fixing capacity of some filamentous cyanobacteria genera in this association. Since the rivers
of La Planada have low nitrogen concentrations, the modification made here (adding simple
filamentous Chlorophyceae) does not alter the functional response of group three. Nonetheless,
the available data are very limited and do not allow for a definitive conclusion. More detailed,
prolonged, and extensive studies are needed to determine whether the proposed modification to
Kruk et al.'s (2010) classification is valid for phycoperiphyton communities or if it would be
better to create a new group of periphytic filamentous algae without aerotopes.

The El Tejon stream was closely linked with Groups 4 (non-specialized organisms) and 6
(non-flagellated silica-containing algae), which were affected by higher nitrite and phosphate
levels, low flow, and shallow channels. Group 4 includes small organisms with moderate
tolerance to resource limitations (Kruk et al., 2010). Group 6 consists mainly of diatom genera
that sink readily due to their high cell density and lack of motility (Kruk et al., 2010). Therefore,
in planktonic environments, they depend heavily on turbulence. In benthic river habitats,
turbulence is a constant, high-energy process, which favors diatoms (Necchi, 2016; Behrenfeld
et al., 2021). Based on this, the nutrient and hydrological features of the Pialapi River, along
with its transparency, create ideal conditions for Group 6; the system exhibited moderate current
speed and good nitrogen and phosphorus levels, which are typically limiting nutrients for this
type of organism (Rolddn-Pérez and Ramirez-Restrepo, 2008; Yaakob et al, 2021).
Additionally, the high Secchi transparency in this river (5.57 m) could support diatom
photosynthesis, with their growth and spread potentially counteracting entrainment caused by
the current.

Group 7 (colonies with mucilage) was linked to the Miraflores River. According to Kruk
et al. (2010), the colonies in this group produce high amounts of mucilage and lipids, and some
have aerotopes. In the benthic habitat, these features help the algae survive as resting colonies
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in the sediment (Reynolds et al., 1981; Ellegaard and Ribeiro, 2018). Colonial species with
mucilage are sensitive to resource shortages (Kruk ef al, 2010), which aligns with the
physicochemical features of this mid-order (third-order) river, which exhibit moderate nutrient
levels and high flow. The algae in this group include cyanobacterial taxa that can produce toxins
and allelopathic substances (Kruk et al., 2010); their abundance may be linked to the higher
sulfate concentration (9 mg L-1) in this river, since the increase in this element seems to help
decrease nitrogen availability, which promotes the growth of diazotrophic cyanobacteria
(Patifio et al., 2023).

The La Calladita stream was clearly linked to Group 8 (hetero-filamentous algae). This
group was defined and included in the present study as a set of branching filamentous
microalgae that grow epilithically (on rocks). The grouping did not depend on any specific
environmental variable. However, the ecosystems where these hetero-filamentous algae were
found (La Calladita and El Tejon) received very little sunlight due to the closed canopies
covering the channels. Therefore, this group seems to thrive in low-light and low-flow
conditions. More research is needed on the presence and adaptations of this hetero-filamentous
algal group in the periphyton of Colombian rivers to better understand their responses to
environmental changes.

The link between high S/V ratios and sites with greater mineralization may stem from the
fact that these environments support large mucilaginous colonies (Group 7), which may also
prosper at high ion and nutrient levels (Kruk ef al., 2010). A similar pattern was observed in
shallow lakes of the Salado River basin (Argentina), where colonial morphofunctional groups
of cyanobacteria and chlorophytes were associated with waters of higher conductivity (Sanchez
et al., 2021). Conversely, the connection between lower current velocities and reduced
mineralization, along with increased biovolume and surface area—characteristics typical of
filamentous and hetero-filamentous algae—appears to arise from the fact that these
morphofunctional groups thrive better at low speeds and moderate nutrient levels (Horner et
al., 1990), and some of them (filamentous diazotrophic cyanobacteria) can even fix atmospheric
nitrogen (Kruk et al., 2010).

The lack of significant differences in CWM and CWV occurs because these metrics
represent the average traits of a community. Therefore, this absence of significance might be
due to these metrics masking the underlying dynamics of species and being influenced by
factors like individual variation and sampling bias. Thus, it can be inferred that the studied algal
communities have similar mean trait values (CWM) and trait dispersion (CWV), which could
result from compensatory changes among species (Gatizére ef al., 2019).

S. CONCLUSIONS

Although this study is a preliminary step in examining the morphofunctional aspects of
phycoperiphyton in Colombia, organizing algae into groups based on functional morphology
appears suitable for representing how algal assemblages respond ecologically to environmental
conditions. Therefore, the original model proposed by Kruk et al. (2010) for planktonic algae
in lentic environments appears applicable to periphyton algae in flowing-water systems.
However, some of the morphofunctional groups proposed by Kruk et al. (2010) for planktonic
algae are not appropriate for periphytic environments, as their development primarily occurs in
still water systems. This is especially true for very small algal associations (Group 1) and
flagellated algae (Groups 2 and 5). Moreover, the presence of hetero-filamentous algae in the
periphyton indicates the need to include them as a new group within the morphofunctional
classification, since they are not present in plankton.

Concerning the bioindication of morphofunctional groups, some initial generalizations are
as follows: Group 3 (simple filaments) and Group 4 (small algae lacking specialized features)
seem to signal nutrient-deficient waters. Diatoms (Group 6) suggest moderate flow rates,
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increased nutrient levels, and clearer water. Algae in Group 7 (mucilaginous colonies) are
linked to moderate to high nutrient concentrations and slower currents. Group 8 (hetero-
filamentous algae) seems to indicate rivers with low light exposure and slow flow velocity.
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Supplementary Material

Table S1. Morphometric variables in pm (maximum linear dimension), pm”2 (surface area) and pm”3 (biovolume) of 47 genera of periphytic algae from the rivers studied in the La Planada Reserve.

La Calladita Pialapi Miraflores El Tejon
Genus Max. Lin.  Ratio Surface Biovolume Max. Lin. Ratio Surface Biovolum Max. Lin. Ratio Surface Biovolume Max. Lin. Ratio Surface Biovolume
Dim. SV area Dim. \Yi4 area e Dim. \Yi4 area Dim. SV area
Achnanthidium 31,52 1,56 472,53 303,59 30,92 1,06 559,31 525,56
Amphora 23,29 0,55 1198,17 2184,16
Aulacoseira 110,68 0,21 23286,59  111903,9 157,03 0,13 47764,32 354281’8 200,45 0,45 185290,69 409593.,6
Bulbochaete 67,17 0,12 4369,8 37955,96
Chamaesiphon 59,53 1,05 588.,7 558,63
Closterium 11,27 1,81 345,92 191,33
Cocconeis 40,16 0,8 1460,18 1828,33
Cosmarium 22,88 0,87 920,35 1057,32 14,06 1,2 216,88 179,99
Cyclostephanos 32,83 0,18 3385,42 18522,18
Cylindrocapsa 121,99 0,27 26636,2 99409,27
Cymbella 28,7 0,29 906,34 3125,33 38,1 0,4 660,23 1658,01 36,38 0,23 1478,93 6422,06 34,44 0,5 485,74 979,55
Desmidium 95,08 1,06 24012,11  22569,18 51,43 1,04 6142,73 5922,09
Diadesmis 13,4 1,92 58,05 30,22 24,66 0,99 226,89 228,67 18,64 0,99 183,96 186,37
Diatoma 13,24 1,3 81,94 62,99 19,17 1,06 277,36 262,06
Diatomella 13,1 0,88 359,27 410,58 23,29 0,69 750,59 1088,19
Dictyosphaerium 3,8 1,65 53,78 32,57 7,03 0,9 188,95 210,83
Encyonema 39,41 0,4 711,99 1799,45 35,56 0,61 591,12 964,5 32,23 0,59 353,19 598,87
Encyonopsis 22,27 1,41 135,5 95,89 23,63 0,77 4379 570,6 24,93 0,79 185,11 233,53
Eunotia 32,84 0,65 425,07 655,97
Fragilaria 139,59 0,93 7036,72 7526,97 60,42 0,84 1643,11 1960,99 77,01 0,78 2430,3 3128,06
Frustulia 47,75 0,86 1187,34 1381,92
Geissleria 36,17 0,29 3543,55 12388,73 35,19 0,4 3153,95 7925,39
Gomphoneis 18,3 2,51 181,79 72,29
Gomphonema 22,62 1,38 222,08 160,86 24,63 1,35 206,44 153,12 23,56 1,35 189,16 139,6 21,62 1,39 222,21 160,34
Gonatozygon 83,84 0,2 15641,65 76415,43
Hapalosiphon 121,87 0,1 5839,29 59132,06
Luticola 22,54 1,41 301,19 213,02 34,02 0,96 608,61 630,79
Lyngbya 28,12 0,21 564,18 2735,43 42,8 0,12 1404,57 11254,51
Mastogloia 41,3 1,22 1358,62 1110,95 41,13 0,76 1472,04 1933,8
Melosira 97,08 0,06 5140,19 85669,78 90,71 0,06 6211,86 100455,3 246,55 0,23 102622,84  440213,97
Navicula 25,39 0,87 563,79 646,97 40,02 1,18 1052,81 888,82 24,37 0,89 454,89 513,5

Continue...

Rev. Ambient. Agua vol. 21, €3099 - Taubaté 2026 AR
IPABH1



Morpho-functional groups of periphytic algae from ...

19

Continued...
Nitzschia 21,35 0,74 325,97 441,93 31,07 0,81 42424 524,52 26,12 0,86 470,11 545,24
Nostoc 33,19 1,19 2230,86 1875,64
Oedogonium 134,76 0,14 4727,2 33142,7 2258 0,28 113649,78  403114,66
Oscillatoria 34,23 0,19 730,78 3766,91 90,72 0,82 19768,66  24179,92 39,94 0,12 2031,82 17547,1 37,29 0,6 4278,79 714447
Phormidium 147,21 0,21 3308,6 15945,04
Phymatodocis 190,3 0,9 16092,27  17975,16 113,55 1,54 8976,51 5818,33
Pinnularia 155,95 0,42 8029,34 19117,48 4281 0,55 1874,17 3416,09 134,17 0,46 5914,33 12976,88 39,57 0,63 1497,23 2376,21
Rabdoderma 4,51 2,47 47,74 19,33 8,1 1,8 89,57 49,66
Rhoicosphenia 31,67 1,33 271,77 203,93
Sirogonium 262,47 0,56 116145,79  207928,48
Sternopterobia 24,15 1,39 106,61 76,57 37,9 0,64 301,93 468,57
Stigoclonium 196,48 0,12 6670,07 56053,16 1276,89 0,23 2597004,34 114679243’6
Synedra 59,18 1,42 1623,34 11404 41,13 1,89 495,03 262,56 31,97 1,16 702,15 605,81
Tabellaria 68,23 0,47 24223 5117,54 29,54 0,79 1685,28 2133,79
Tolypothrix 144,32 0,12 52342 44184,77
Zygnema 115,97 0,32 23652,72 73254,64
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