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AssTrACT. Effects of altitudinal gradient on benthic macroinvertebrate assemblages in two hydrological
periods in a Neotropical Andean river. The altitudinal gradient and the hydrological dynamics affect the
establishment and distribution of organisms in Andean rivers. Benthic macroinvertebrates, an essential
component of lotic ecosystems, are useful to assess the influence of the altitudinal gradient and changes in
environmental characteristics. We analyzed the effects of altitudinal gradient on benthic macroinvertebrates
assemblages in the Chillén River (Lima, Perti), and tested two hypotheses: 1) taxa richness decreases with
increasing altitude, while dominance increases, and 2) altitude is the primary driver of variation in community
composition. We found 47 taxa, being the class Insecta (Arthropoda) the richest and the densest in both
hydrological periods. Taxa richness had a negative linear relation with altitude, while dominance had a positive
linear relation. The RDA showed that communities varied along the altitudinal gradient. Our results showed
that altitude is the main driver of variation in taxa composition; however, more studies must be carried out
to understand what factors are essential in organism’s distribution and how they operate in Andean lotic
ecosystems.
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ResuMeN. Efectos del gradiente altitudinal sobre las comunidades de macroinvertebrados benténicos en dos
periodos hidrolégicos en un rio altoandino neotropical. El gradiente altitudinal y la dindmica hidroldgica
afectan el establecimiento y la distribucion de organismos en los rios altoandinos. Los macroinvertebrados
benténicos, un componente esencial en los ecosistemas 16ticos, son titiles para evaluar la influencia del gradiente
altitudinal y los cambios en las caracteristicas ambientales. Analizamos los efectos del gradiente altitudinal
sobre las comunidades de macroinvertebrados benténicos del Rio Chillén (Lima, Perti) y pusimos a prueba dos
hipétesis: 1) la riqueza de taxones disminuye con el aumento de la altitud, mientras que la dominancia aumenta,
y 2) la altitud es el factor principal de la variaciéon en la composicién de la comunidad. Registramos 47 taxones,
siendo la clase Insecta (Arthropoda) el mas diverso y con alta densidad en ambos periodos hidrolégicos. La
riqueza de taxones tuvo una relacién lineal negativa con la altitud, mientras que la dominancia mostré una
relacién lineal positiva. El andlisis de redundancia evidencié que las comunidades benténicas variaron a lo
largo del gradiente altitudinal. Nuestros resultados muestran que la altitud es el principal conductor de la
variacién en la composicién de taxones; sin embargo, serfa necesario realizar mas estudios para dilucidar qué
factores son esenciales en la distribucién de organismos y como operan en ecosistemas l6ticos andinos.

[Palabras clave: distribucién de especies; rios de alta montafia; patrones de elevacién; invertebrados
dulceacuicolas]

INTRODUCTION

Andean rivers are located at more than 2000
m a. s. 1. (Acosta et al. 2009), governed by a
marked hydrological dynamics constituted by
a fast and turbulent water flux (Jacobsen 2008),
which makes it difficult for the establishment
and migration of organisms (Brown et al.
2007). The altitudinal gradient also plays
a crucial role in organisms’ distribution
(Jacobsen 2003, 2004, 2008; Jacobsen and
Brodersen 2008) and determines the
physicochemical water variability (Jacobsen
et al. 1997; Carrera and Gunkel 2003). Along
with strong environmental gradients driven
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by altitude and topography, spatial isolation
makes Andean rivers to exhibit a high number
of endemic species (Sarkinen et al. 2012). For
that reason, these ecosystems are considered
biodiversity hotspots (Myers et al. 2000).

Several studies show that species richness
decreases at local and regional scales with
increasing altitude (Jacobsen 2003, 2004;
Rahbek 2005). One possible explanation for this
reduction is the Andean rivers hydrological
dynamics, determined by glacial melting and
rains, which produces catastrophic effects on
aquatic communities (Rios-Touma et al. 2012).
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The fast and turbulent water flux during rainy
season removes benthic organisms, and then,
just the adapted ones can persist (Lytle and
Poff 2004). Changes in water physicochemical
variables also influence species richness. Water
temperature and oxygen saturation affect the
benthic macroinvertebrates communities
(Jacobsen 2008). These two variables decrease
with increasing altitude, influencing the
survival of the organisms (Jacobsen et al.
2003). As well as affecting oxygen solubility,
the temperature is a critical environmental
variable determining the organisms’
metabolic rate (Culler et al. 2014). Despite
oxygen solubility increases with decreasing
temperature, oxygen availability decreases
with altitude due to reducing atmospheric
pressure and the water viscosity (Jacobsen
1998), which leads to the selection of organisms
adapted to live in low oxygen levels (Jacobsen
et al. 2003), being benthic macroinvertebrates
the most representative group.

Benthic macroinvertebrates inhabit the
sediment and other substrates on the bottom
of the freshwater ecosystems, being the
main groups found in these environments
flatworms, annelids, mollusks, crustaceans,
and insects (APHA 2012). They are essential
components in lotic ecosystems, are a nexus
in the transference of matter and energy
from producers (e.g., periphyton) to superior
consumers (e.g., fish) (Hussain and Pandit
2012), and have life cycles synchronized with
hydrologic dynamics (e.g., reproduction and
growth), mainly aquatic insects (Lytle and Poff
2004). In addition, benthic macroinvertebrates
are an excellent tool to assess the influence
of the altitudinal gradient and changes in
environmental characteristics (Muhlfeld et
al. 2011; Khamis et al. 2014). For example, it
has been registered a decrease in the richness
of sensitive species to oxygen deficiency
(Ephemeroptera, Plecoptera, and Trichoptera
(EPT)), and an increase of tolerant organisms
(Oligochaeta and Chironomidae) with the
increase of altitude (Jacobsen 1998, 2003).

In this work, we analyze the effects of the
altitudinal gradient on the diversity and
composition of the benthic macroinvertebrates
community at two hydrological seasons. Also,
we analyze the influence of environmental
variables along an altitude gradient on benthic
macroinvertebrates community composition.
We test the following hypothesizes: 1) taxa
richness decreases with increasing altitude,
while dominance increases, and 2) altitude
is the main driver of variation in community
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composition. The first hypothesis implies
that, as altitude increases, Shannon index and
evenness decrease. The second hypothesis is
based on the assumption that some taxa are
capable of tolerating low oxygen levels and
fast water flux due to the altitudinal gradient
and hydrodynamic features of the area. These
conditions will be the drivers of the differences
in species composition of the communities at
lower and higher altitudes.

MATERIALS AND METHODS

Study area

The study was carried out in the high-altitude
zone of the Chillén River (11°28’S-76° 38" W;
11° 24’ S - 76° 25" W), which is located in the
high mountain region of Canta (Lima, Pert),
with an area of 456.43 km?” and a range altitude
between 2500 and 4850 m a. s. I. (Figure 1).
This river section has an irregular and
turbulent water flux, with two hydrological
periods: dry (June - November) and rainy
(December - May). Geographically, this area
is encompassed in two ecological regions:
highlands steppes (from 1000 to 3500 m a. s.
1., with riparian vegetation composed of trees
and shrubs) and puna grasslands (above 3500
ma.s. 1., with cold temperatures, intense solar
radiation, and riparian vegetation dominated
by poaceous plants).

Field sampling and samples analysis

We established 12 points along the
main channel, downstream of tributaries,
considering the altitude range (2600 to 4100
m a. s. 1), its accessibility and performed the
samplings in dry (July 2014) and rainy season
(January 2015). In general, all the samplings
points did not suffer the direct impact of
anthropic activities, although there are fish
farming activities. At each point, we measured
water physicochemical variables such as water
temperature (°C), dissolved oxygen (DO;
ppm), pH, electrical conductivity (EC; uS/cm),
and total dissolved solids (TDS; ppm), using
a multiparameter probe (HANNA model
HI 98129). We used data of water level and
flux measured from June 2014 to May 2015
by the Servicio Nacional de Meteorologia e
Hidrologia del Pert (SENAMHI), which has
two hydrological stations in Chillén River at
the villages Obrajillo and Pariacancha (2706
and 3842 m a. s. L. respectively). These data
are available at snirh.ana.gob.pe/SCCRH.
In addition, we registered environmental
variables as river depth and width and
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Figure 1. Geographic location of sampling points at the high-altitude zone of Chillén River (Lima, Pert).

Figura 1. Localizacién geografica de los puntos de muestreo en la zona alta del Rio Chillén (Lima, Peru).

predominant substrates to perform an
environmental characterization.

We collected benthic macroinvertebrates
using a Surber bottom sampler (0.09 m?
and 500 um net size), which is designed for
shallow watercourses less than 50 cm deep

(Merritt et al. 2008; APHA 2012). Considering
two hydrological seasons, we obtained 24
samples after sampling 0.27 m? of the rocky
substrate, mainly pebble and gravel, which
are the highly dominant and primary focus
of benthic macroinvertebrates colonization
(Dominguez and Fernandez 2009). We placed
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the samples in 500 mL plastic pots, fixed with
70% alcohol. Benthic macroinvertebrates
identification was performed using a
stereomicroscope to the lowest possible
taxonomic level, following of specialized
taxonomic keys (Manzo 2005; Borkent and
Spinelli 2007; Manzo and Archangelsky
2008; Merritt et al. 2008; Dominguez and
Fernandez 2009; Huamantinco and Ortiz
2010). All the classified organisms were
labeled and deposited in the Departamento
de Limnologia, Museo de Historia Natural
(MHN), Universidad Nacional Mayor de San
Marcos (UNMSM), Lima, Peru.

Data analysis

We used a principal component analysis
(PCA) to characterize the variation of
environmental variables considering the two
hydrological seasons (dry and rainy). All
variables were transformed by logarithmic
function (In[x+1]), except pH. We used the
function prcomp of the package stats (R Core
Team 2017). To assess the effect of altitudinal
gradient on environmental variables, we
performed simple linear regressions, being
the altitude the predictor variable, and depth,
water temperature, pH, dissolved oxygen,
electrical conductivity, and total dissolved
solids the variables response.

To characterize the benthic
macroinvertebrates community, we made a
list of all the identified taxa. As identifying
benthic macroinvertebrate to species level is
difficult due to the lack of taxonomic keys to
some groups, we obtained the values of taxa
richness (not species richness) and benthic
macroinvertebrates density (individuals/m?).
Also, we analyzed the structure of benthic
macroinvertebrates community by Shannon’s
diversity (H’), evenness (J’), and Simpson’s
dominance (D) indexes and their variation
along the altitude gradient (2600 - 4100 m a.
s. 1.). We performed a Mann-Whitney U test
using Statistica 7.0 (StatSoft Inc, USA) to test if
there were statistically significant differences
(P<0.05) between dry and rainy seasons. We
used the function diversity from the vegan
package (Oksanen et al. 2017) to calculate all
diversity indexes.

To assess the effect of altitudinal gradient on
benthic macroinvertebrates community, we
performed simple linear regressions, being
the altitude the predictor variable, and taxa
richness, density, Shannon index, evenness,
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and dominance the variables response. The
density of organisms was transformed by a
logarithmic function (In[x+1]) to achieve the
assumptions of linear regression. We used
the Shapiro-Wilk test to assess the residual
normality. In addition, we analyzed the
residuals homogeneity graphically.

Finally, we conducted a Redundancy
Analysis (RDA) to investigate whether the
variation in community composition was
related to environmental variables. As most
of the taxa showed a linear relationship with
altitude, RDA is the most appropriate analysis
for our data (Legendre and Gallagher 2001).
Thus, the first two PCA axes were used as
descriptors of environmental variability and
the density of organisms (log-transformed) as
the response variables. The RDA analysis was
carried out using the function ‘rda’ of vegan
package (Oksanen et al. 2017). The significance
of the RDA axes describing the relationship
between environment and communities was
tested through 499 Monte Carlo permutations,
considering P<0.05. This permutation test was
performed with the function “permutest” of
package vegan (Oksanen et al. 2017).

REsuLTs

Environmental characterization

In general, water temperature, electrical
conductivity, and total dissolved solids did
not differ markedly between rainy and dry
seasons (Table 1). However, mean values of
pH in rainy season were slightly higher than
in dry season (Table 1). Dissolved oxygen
values were higher in the rainy season (mean
8.8+0.4 SD) than in the dry one (mean 5.9+0.2
SD) (Table 1). Water level and flux were lower
in July 2014 than in January 2015, showing a
remarkable difference between dry and rainy
seasons (Figure S1). Regarding the effect
of altitudinal gradient on environmental
variables, all measured variables had a
negative linear relation with altitude (Figure
S2).

The PCA ordination showed the
environmental variability among seasons
and along the elevational gradient (Figure 2).
The first axes of PCA (PC1 and PC2) explained
45.20% and 32.23% of the environmental
variation, respectively. The first axis (PC1)
was correlated positively with altitude (0.41),
depth (0.74), pH (0.82), and DO (0.79), and
negatively with EC (-0.73) and TDS (-0.76).
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Table 1. Environmental variables and physicochemical water parameters by sampling points and hydrological seasons
in the high-altitude zone of the Chillén River (Lima, Per).

Tabla 1. Variables ambientales y parametros fisicoquimicos del agua para cada punto de muestreo y periodo hidrolégico

en la zona alta del Rio Chillén (Lima, Pera).

Sampling  Altitude(m Mean Width(m) Predominant WT DO pH EC(uS/cm) TDS
point a.s.l)  depth(m) substrate &) (ppm) (ppm)
Dry E1 2699 0290 10.5 Pebble 10.6 5.6 7.96 400 333
season (Jul E2 2719 0.230 122 Pebble 117 5.6 7.85 797 401
2014) E3 2742 0.200 104 Gravel 134 59 7.88 712 359
E4 2740 0.150 85 Pebble 14.2 5.8 7.80 674 333
E5 3384 0.165 8.6 Pebble 10.8 57 773 810 405
E6 3428 0.250 114 Gravel 11.8 6.2 7.62 790 395
E7 3587 0.130 9.3 Pebble 74 6.0 7.87 615 307
E8 3689 0.240 9.2 Gravel 7.6 6.0 7.77 584 293
E9 3776 0.220 89 Gravel 79 5.8 7.67 524 261
E10 4040 0.190 7.8 Pebble 10 6.0 7.68 187 99
El1 4045 0.190 7.3 Pebble 119 6.2 7.63 195 96
E12 4046 0.170 6.3 Gravel 123 6.2 7.63 188 93
Rainy El 2699 0.358 15.7 Pebble 141 92 8.58 505 250
season E2 2719 0.298 14.6 Pebble 134 9.0 8.56 550 276
(Jan 2015) E3 2742 0.297 133 Gravel 13.1 8.6 8.54 558 279
E4 2740 0.262 11.3 Pebble 13.2 9.1 8.50 567 285
E5 3384 0.366 10.2 Pebble 85 94 8.54 583 291
E6 3428 0.245 145 Gravel 9.3 9.2 8.33 588 281
E7 3587 0.266 11.6 Pebble 89 82 8.45 454 224
E8 3689 0.326 113 Gravel 94 8.6 8.58 427 211
E9 3776 0.306 9.7 Gravel 104 8.6 8.66 376 185
E10 4040 0.276 10.3 Pebble 125 8.6 8.70 216 109
Ell 4045 0.348 8.8 Pebble 123 84 8.69 213 104
E12 4046 0.333 8.1 Gravel 134 82 8.76 213 107

On the other hand, the second axis was
correlated positively with depth (0.49), pH
(0.49), EC (0.59), TDS (0.59), and DO (0.49), and
negatively with altitude (-0.83). In addition,
the sampling points ordinated closer together
in the PCA plot in rainy season than in dry
season, indicating a homogenization of the
environmental variables in the rainy period.

Benthic macroinvertebrates community
structure

We found 47 benthic macroinvertebrates
taxa, of which one was identified at the level of
phylum, 7 to class, 1 to subclass, 10 to family,
10 to subfamily, and 18 to genus (Table 2). The
class Insecta (Arthropoda) was the richest (35
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Figure 2. Principal component analysis
(PCA) of sampling points in the high-
altitude zone of Chillén River (Lima, Perd)
using environmental variables. Alt=altitude
(m a. s. 1.); Temp=water temperature (°C);
DO: dissolved oxygen (ppm); EC=electrical
conductivity (uS/cm); TDS=total dissolved
solids (ppm).

Figura 2. Andlisis de componentes
principales (ACP) de los puntos de muestreo
en la zona alta del Rio Chillén (Lima,
Pert) usando las variables ambientales.
Alt=altitud (m s. n. m.); Temp=temperatura
del agua (°C); DO: oxigeno disuelto (ppm);

25
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EC=conductividad eléctrica (uS/cm);
TDS=s6lidos disueltos totales (ppm).
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Table 2. Benthic macroinvertebrates community taxa composition and total density of organisms (individuals/m?)
collected in dry (July 2014) and rainy seasons (January 2015) from the high-altitude zone of the Chillén River (Lima,
Peru).

Tabla 2. Composicion taxondmica y densidad total de macroinvertebrados benténicos colectados en las épocas seca
(julio 2014) y lluviosa (enero 2015) en la zona alta del Rio Chillén (Lima, Pert).

Density (individuals/m?)

Taxonomic categories Dry season Rainy season

Class Hydrozoa 18.52 37.04
Phylum Platyhelminthes

Class Turbellaria 100.00 759.26
Phylum Nematoda 325.93 200.00
Phylum Annelida

&ass Oligochaeta 6948.15 4122.22

Phylum Mollusca
lass Gastropoda
Order Basommatophora

Family Lymnaeidae 37.04 2222
Family Physidae
Genus Physa Draparnaud, 1801 14.81 40.74
Phylum Arthropoda
8iass Ostracoda 255.56 166.67
Class Malacostraca
Order Amphipoda
Family Hyalellidae
Genus Hyalella Smith, 1874 548.15 248.15
Class Arachnida
Subclass Acarina 6374.07 103.70
Class Collembola
Morf. 1 14.81 11.11
Morf. 2 3.70 0
Morf. 3 7.41 14.81
Class Insecta
Order Ephemeroptera
Family Baetidae
Genus Andesiops Lugo-Ortiz & McCafferty, 1999 9155.56 3881.48
Genus Baetodes Needham & Murphy, 1924 737.04 655.56
Family Leptophlebiidae
Genus Meridialaris Peters & Edmunds, 1972 266.67 203.70
Family Leptohyphidae
Genus Tricorythodes Ulmer, 1920 62.96 14.81
Order Plecoptera
Family Gripopterygidae
Genus Clgudioper n Illies, 1963 1088.89 374.07
Order Trichoptera
Family Helicopsychidae
Genus Helicopsyche Siebold, 1856 0 81.48
Family Hydropsychidae
Genus Smicridea McLachlan, 1871 14.81 18.52
Family Hydrobiosidae
Genus Atopsyche Banks, 1905 137.04 148.15
Genus Cailloma Ross & King, 1951 337.04 237.04
Family Hydroptilidae
Genus Metrichia Ross, 1938 1348.15 440.74
Family Limnephilidae
Genus Anomalocosmoecus Schmid, 1957 148.15 337.04
Order Coleoptera
Family Staphylinidae 18.52 11.11
Family Elmidae
Genus Austrelmis Brown, 1984 4314.81 2766.67
Genus Austrolimnius Carter & Zeck, 1829 3.70 0
Genus Cylloepus Erickson, 1847 3.7 0
Genus Neoelmis Musgrave, 1935 18.52 0
Genus Stethelmis Hinton, 1945 25.93 3.70
Family Curculionidae 7.41 0
Order Diptera
Family Blephariceridae 33.33 81.48
Family Simuliidae 1170.37 348.15
Family Tabanidae 100.00 11.11
Family Tipulidae
Subfamily Tipulinae 14.81 3.70
Subfamily Limoniinae 11.11 3.70
Family Ceratopogonidae
Subfamily Ceratopogoninae (morph. 1) 3.70 3.70
Subfamily Ceratopogoninae (morph. 2) 55.56 37.04
Subfamily Forcipomyiinae 3.7 0
Subfamily Leptoconopinae 25.93 0
Family Psychodidae 33.33 0
Family Empididae 2214.81 100.00
Family Chironomidae
Subfamily Tanypodinae 100 3.70
Subfamily Podonominae 2592.59 22.22
Subfamily Chironominae 4577.78 55.56
Subfamily Orthocladiinae 54959.26 6837.04
Family Muscidae 29.63 0

Family Ephydridae 118.52 0
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taxa) and presented high values of density in
both hydrological seasons. Within this class,
the order Diptera was the richest (17 taxa)
and the most abundant (73556 individuals/
m?). According to the Mann-Whitney test,
taxa richness, the density of organisms and
evenness differed between dry and rainy
seasons (U=24.5, P=0.0045; U=2.0, P<0.001;
U=23, P=0.004; respectively). In general, the
dry season presented the highest values of
taxa richness (5=46, mean 23.83+4.45 SD) and
density of organisms (98381.48 individuals/
m?, mean 8198.46+4178.96 SD) (Figure S3),
while evenness was the highest in rainy
season (mean 0.565+0.089 SD) (Figure S3).
The Shannon index (H") (U=55; P=0.35) and
dominance (D) (U=23; P=0.29) did not differ
according the Mann-Whitney test. In spite of
it, we observed that the Shannon index was
high in the rainy season (mean 1.642+0.32
SD), while dominance (D) was high in the
dry season (mean 0.391+0.16 SD) (Figure S3).
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Effect of altitude on the benthic
macroinvertebrates community

The attributes of the benthic
macroinvertebrates community responded in
different ways along the altitudinal gradient.
Taxa richness, Shannon diversity and
evenness had a negative linear relation with
altitude (R ,=0.311, P<0.01;R ,=0.389, P<0.01;
R ,.0.201, P]<O 05, respectlvely Figures 3a, c,
d) On the other hand, dominance presented a
positivelinearrelation withaltitude (R ,=0.366,
P<0.01 Figure 3e). Density of organisms did
not present relation with altitude (R ;=-0.039,
P=0.723), with values oscillating along to
altitudinal gradient (Figure 3b). In general,
values of taxa richness, Shannon diversity,
and evenness were highest at lower altitudes
(Figures 3a, ¢, d). Conversely, values of
dominance were highest at higher altitudes
(Figure 3e).
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Figure 3. Regression analysis between altitude and
taxa richness (a), organisms density (b), Shannon
index (c), evenness (d), and dominance (e) of benthic
macroinvertebrates community in the high-altitude
zone of Chillén River (Lima, Pert). Black circles represent
sampling points at dry season; grey circles represent
sampling points at rainy season.

Figura 3. Analisis de regresion entre altitud y riqueza de
taxa (a), densidad de organismos (b), indice de Shannon
(c), equitabilidad (d) y dominancia (e) de las comunidades
de macroinvertebrados benténicos en la zona alta del Rio
Chillén (Lima, Per). Los circulos negros representan a los
puntos de muestreo en la época seca; los circulos grises,
en la época lluviosa.
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Figure 4. a) Redundancy analysis (RDA) showing sampling points in relation to environmental variables
and benthic macroinvertebrates in two hydrological periods. Taxa abbreviations in (a): Hydro=Hydrozoa;
Turb=Turbellaria; Ostra=Ostracoda; Ande=Andesiops sp.; Baet=Baetodes sp.; Neo=Neoelmis sp.; Podo=Podonominae;

Ortho=Orthocladiinae.

Figura 4. a) Andlisis de redundancia (RDA) mostrando los puntos de muestreo en relacion a las variables ambientales
y los macroinvertebrados benténicos en ambos periodos hidrolégicos. Abreviaturas de los grupos taxonémicos en
(a): Hydro=Hydrozoa; Turb=Turbellaria; Ostra=Ostracoda; Ande=Andesiops sp.; Baet=Baetodes sp.; Neo=Neoelmis sp.;

Podo=Podonominae; Ortho=Orthocladiinae.

The relationship between benthic
macroinvertebrates community composition and
environmental variables

The RDA showed that macroinvertebrates
community varied along the altitudinal
gradient (RDA1 36.6% of explained variance;
F=3.44, P=0.02), as well as among seasons
(RDA2 8.9% of explained variance; F=14.06,
P<0.001) (Figure 4). Thus, the first RDA axis
showed that communities varied in response
to altitude (r=0.80), dissolved oxygen (r=-
0.51) and pH (r=-0.45). On the other hand,
the second RDA axis showed the variation
in composition among seasons in response
to pH (r=0.76), dissolved solids (r=-0.74), and
dissolved oxygen (r=-0.69). This variation
in composition was related to changes in
abundances of few taxa. At low altitudes of
the sampling gradient, communities were
characterized by having a higher density of
Baetodes (Ephemeroptera) and Turbellaria,
while high altitude communities had a
higher density of Chironomidae, mainly
Orthocladiinae (Diptera).

DiscussioN

Our results showed changes in
macroinvertebrates community (richness,

Shannon, evenness, and dominance), which
were driven by the environmental gradient
related to the altitude, confirming our first
hypothesis. Thus, while richness and Shannon
decreased, dominance increases with altitude,
also validating our second hypothesis. This
fact agrees with Jacobsen (2004), who analyzed
the Andean rivers of Ecuador and showed
a notable decrease in invertebrate orders
(e.g., Diptera, Coleoptera, Trichoptera)
with increasing altitude. Likewise, many
studies have shown a monotonic reduction
of benthic macroinvertebrates diversity
with the altitude (e.g., Kuhn et al. 2011;
Loayza-Muro et al. 2013). Another possible
explanation to low macroinvertebrates
diversity is food availability, which usually
decreases because primary productivity has
a negative relationship with an increase in
altitude (Simpson 1983). Andean rivers at
higher altitudes are surrounded by small
vegetation, mainly gramineous plants, which
do not support exogenous organic matter;
while in low and middle elevations, there
are shrubs and trees, providing organic
matter like decaying leaves and so more food
availability to macroinvertebrates (Jacobsen
2008). Previous theoretical and experimental
studies had shown a positive relationship
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between productivity and diversity (e.g.,
Tilman 1999; Tilman et al. 2001), which was
affected by altitude in our study. Thus, our
findings reinforce that this is a general pattern
in ecology.

It is known that the reduction in dissolved
oxygen availability with altitude affects
sensitive taxa like Trichoptera and
Ephemeroptera; however, the families
Baetidae and Leptohyphidae (Ephemeroptera)
tolerate a wide range of temperature and, to
a certain point, organic pollution (Flowers
and De la Rosa 2010). That would explain
the dominance of Andesiops sp. (Baetidae) in
the sampling points located at low altitudes,
which might be influenced by domestic and
fish farming wastewater. Also, high altitude
can promote the dominance of some aquatic
insects in the communities. For instance, we
found several organisms with adaptations to
low temperatures, as the family Chironomidae
(Diptera), which has a freezing tolerance
(Semme and Zachariassen 1981), and with
adaptations to fast water flux like Claudioperia
sp., a genus that has strong tarsal claws
(Froehlich 1969). Thus, it is suggested that
high altitudes act as an environmental filter,
selecting well-adapted species.

Furthermore, contrary to taxa richness,
Shannon index, and evenness, organisms
density did not suffer the effect of the
altitudinal gradient. This may be explained
by some tolerant species, such as the family
Chironomidae, which replace the sensitive
ones at higher altitude, decreasing the
species diversity. Besides of Orthocladiinae,
other organisms also were abundant at
higher altitude, such as the class Oligochaeta
(Annelida), the family Empididae (Diptera),
and the genera Hyalella (Amphipoda),
Meridialaris (Ephemeroptera), and Claudioperla
(Plecoptera). These organisms would have
contributed to an increase in dominance.
On the other hand, several organisms were
present at low and middle elevations, such
as the genera Physa (Mollusca), Baetodes, and
Trichorythodes (Ephemeroptera), Smicridea,
Atopsyche, and Metrichia (Trichoptera),
and Neoelmis (Coleoptera). This species
distribution along the altitudinal gradient
might be produced by oxygen availability,
temperature, or an effect of both, or water
flux (Crespo-Pérez et al. 2016). Indeed, Dos
Santos et al. (2018) showed that the genera
Andesiops and Baetodes are cold- and warm-
adapted, respectively. Thus, the temperature
is a critical factor acting on Ephemeroptera

species distribution and could affect the
presence of other groups.

High altitude constitutes a barrier for species
dispersal and imposes extreme environmental
conditions to which some organisms cannot
resist (Jacobsen 2004). In our study, for
example, the distribution range of Baetodes
sp. (Ephemeroptera) is restricted to altitudes
lower than 2800 m a. s. 1., which agrees with
previous results obtained by Villamarin
(2008) and Acosta (2009) for Andean streams
in Ecuador and Pert. The genus Claudioperia
was the unique organism belonging to the
order Plecoptera reported in our study.
Villamarin (2008) and Acosta (2009) also
reported this genus with a distribution range
restricted to Western Andes. Regarding the
order Trichoptera, Acosta (2009) also found
the same families in the high-altitude zone
of the Cafiete River (Lima), in the similar
altitudinal gradient (2500-4500 m a. s. 1.). The
genus Anomalocosmoecus (Limnephilidae) was
abundant at higher altitudes, which agrees
with the results of Huamantinco and Ortiz
(2010), who pointed out that the distribution
of this genus is strongly influenced by the
altitude, inhabiting rocky substrates. The
genus Austrelmis (Elmidae, Coleoptera) was
found along the altitudinal gradient. Acosta
(2009) reported the same distribution range
for this genus. In general, the orders Diptera,
Coleoptera, and Trichoptera showed the
highest richness (17, 7, and 6, respectively),
in agreement with observations of Rios-Touma
(2008), Villamarin (2008), and Acosta (2009)
in Andean lotic environments. Also, Balian
et al. (2008) highlighted these three orders
as the most representative in freshwater
ecosystems.

In the Chillén River, environmental variables
varied with the hydrological period, showing
remarkable changes in water level at all
sampling points in rainy season. This seasonal
variation explained changes in composition
between seasons, and it is typical of Andean
rivers, where temporal patterns in water flux
determine the structure and function of the
fluvial ecosystem (Rios-Touma 2008). It is
known that glacial ice melting and rain in
summer contribute to the sudden rise in water
level, which is reflected in a turbulent water
flux (Allan et al. 2006). This water flux at rainy
season is crucial because it transports nutrients,
substrate, and organisms across the stream
(Death 2008). As evidence, we registered
high values of electrical conductivity and total
dissolved solids in the rainy season, which is
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the product of the erosion of the stream bed by
water turbulence. On the other hand, during
the dry season, the reduced water flux could
isolate some stream sections, changing the
environmental variables and enhancing the
environmental heterogeneity (Allan et al.
2006), which was evidenced by the difference
in water temperature and total dissolved
solids between samplings points at low and
high altitudes. For that reason, we argue that
rainy season acts as a natural disturbance,
affecting environmental characteristics (Lake
2003), and combined with altitude produces
an environmental gradient.

Overall, our results have important
implications for the understanding of
the diversity patterns and organisms
distribution in high altitude stream,
showing that the altitude is the main driver
of diversity and variation in composition
for the macroinvertebrates communities.
Nevertheless, seasonal variation also leads to
changes in community composition over time.
That is, although communities mainly differed
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in the altitudinal gradient, they also were
dissimilar among seasons due to the influence
of environmental factors. Our findings show
that at spatial scale, the altitudinal gradient
plays a vital role in environmental features
and water physicochemical, affecting richness,
abundance and distribution range of benthic
macroinvertebrates. At temporal scale, the
change in water level and flux had a significant
influence on water physicochemical and
habitat stability, being the dry season the most
stable, when we found the highest values of
taxa richness and abundance. However,
more studies would be necessary to elucidate
what factors are essential in organisms
distribution and how they operate according
to the scale (local or regional) in Andean lotic
ecosystems.
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