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The Chilean Patagonian lakes are characterized by their marked oligotrophic or oligomesotrophic status
and low zooplankton species abundances, many of these lakes with oligomesotrophic status is associated
to human intervention due towns in their shores. The aim of the present study was determine the rela-
tions between spectral properties (LANDSAT/OLI), chlorophyll and plankton abundances in two north
Patagonian lakes, Villarica, that has two towns in its shore, and Caburgua, that has native forest in its
shores as basis of environmental pollution monitoring tools. The results revealed that Villarica lake
has high reflectances in near infrared, red and green bands, high chlorophyll (a, b and c) concentrations,
and high bacterial and plankton abundances, whereas Caburgua lakes has low reflectance in the same
bands, and low chlorophyll concentrations, low bacterial and plankton abundances, with exception to
high mixotrophic ciliates. The obtained results agree with limnological observations about both lakes,
and the comparison with spectral properties agree with similar observations for glacial north
Patagonian lakes about spectral properties and zooplankton community.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Patagonian lakes are located close to Andes mountains
between 38 and 51� S in Argentina and Chile, and are characterized
by their glacial and/or volcanic origin, marked oligotrophy and low
zooplankton species richness (Soto and Zúñiga, 1991; Modenutti
et al., 1998; Woelfl, 2007; De los Ríos-Escalante, 2010).

Some of these lakes, in Chile have marked human interventions
in their surrounding basins, due agriculture or forestry activities,
and tows in their shores (Soto and Campos, 1995; Oyarzún et al.,
1997; Soto, 2002; De los Ríos-Escalante et al., 2017). These alter-
ations, due replacement of native forest with agriculture, forestry
and towns, generate increase of nutrients inputs from the basin
to the lake with consequent chlorophyll increase in some specific
sites of the lake, such as small bays (Campos et al., 1983; Soto,
2002; Woelfl et al., 2003; De los Ríos-Escalante et al., 2017). This
situation was reported too for Llanquihue lake (41� S, Chile), where
it was described chlorophyll and nutrients variations concentra-
tions in groups of sites with towns, aquaculture activities and
non-altered (Soto, 2002), that was supported with zooplankton
data (De los Ríos-Escalante et al., 2017).

On the basis of exposed antecedents, the objective is the use of
remote sensing techniques and its relations with trophic statis in
Chilean North Patagonian lakes. The use of remote sensing for Chi-
lean Patagonian lakes and its relations with temporal trophic sta-
tus were described for Riñihue lake (De los Ríos-Escalante et al.,
2018), this lake has data from two decades, where it was described
transition from oligotrophy to mesotropy (Campos et al., 2001;
Woelfl, et al., 2003). Also, De los Ríos-Escalante et al. (2013); De
los Ríos-Escalante and Acevedo (2016a); (2016b;), described rela-
tions between zooplankton community and spectral variations
due coloured glacial sediments in different sites in Chilean central
Patagonian lakes, it is because the kind of zooplankton community
can be indicator of trophic state in lakes, in Patagonian lakes under
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oligotrophic status have zooplankton community with low species
number and individual abundance (Woelfl, 2007). The aim of the
present study is do a first descriptions of spectral properties,
chlorophyll (a, b, c) concentrations, bacterial and plankton abun-
dances in two northern Patagonian lakes one with marked human
intervention (Villarrica) and the second with low human interven-
tion (Caburgua), using LANDSAT/OLI, considering that it is a
relatively easy access and management satellite image De los
Ríos-Escalante et al. (2013); De los Ríos-Escalante and Acevedo
(2016a); (2016b;).
2. Material and methods

Study sites: lake Caburgua is located in Andes mountains in
Araucania region, its surrounding basin has perennial native forest
with mountains, and very few human altered zones, this lake is
oligotrophic with marked mixotrophic Stentor protozoa abun-
dances (Woelfl et al., 2010, Table 1, Fig. 1). Lake Villarrica is located
at west of Caburgua lake, its surrounding basin is characterized by
the presence of Villarrica and Pucon towns, small recreational res-
idences at south, native forest at north, and the presence of Villar-
rica volcano (Table 1, Fig. 1).

Sampling procedures: both sites were visited between Novem-
ber 2018 and January 2019 that is the period with maximum zoo-
plankton abundances (Wölfl, 1995). For Caburgua lake, four sites
were sampled in a transect of 4 km at north of the lake (Fig. 1),
whereas for Villarrica lake it considered two bays with towns (Vil-
larrica and Pucon), one site at center of the lake, and the fourth site
in the northern shore of the lake where there is native forest
(Fig. 2). For each site was measured in situ temperature, pH, total
dissolved solids using sensor YSI Pro Plus, at surface, concentration
of total bacteria and coliform bacteria (TC), were taken at surface in
sterile bottles, incubated at cold storage from field works to labo-
ratory (2–4 h), these were quantified in according to APHA
(1989), and expressed in colonies forming units. Chorophyll a, b
and c samples were analysed using acetone extraction (Strickland
and Parsons, 1972), whereas mixotrophic ciliates were quantified
Table 1
Spectral properties, temperature, pH, total dissolved solids (TDS), conductivity, aerobic mes
c, carotenoids, and margalef index, for sites in two lakes considered in the present study.

Villarrica lake

North littoral Centre Villarrica port Pucon bay

Geographical
location

39�12040.30 ’ S;
72�08026.90 ’W

39�14039.20 ’ S;
72�08006.30 ’W

39�16005.50 ’S;
72�23029.10 ’W

39�16033.70

71�59047.50

Band 01 0.108 0.104 0.104 0.104
Band 02 0.084 0.081 0.081 0.082
Band 03 0.058 0.054 0.055 0.056
Band 04 0.029 0.026 0.028 0.027
Band 05 0.014 0.013 0.013 0.012
Band 06 0.006 0.004 0.004 0.004
Band 07 0.004 0.002 0.003 0.003
Temperature

(�C)
13.27 14.00 13.90 14.30

Ph 8.30 7.61 7.47 7.57
TDS (mg/L) 38.68 38.68 38.68 39.65
Conductivity

(lS/cm)
44.00 44.15 44.60 45.25

AMR (CFU) 3.50 5.50 13.50 17.00
TC (CFU) 13.25 17.00 23.00 60.50
FC (CFU) 4.00 2.00 7.50 14.00
Chl a (lg/L) 2.11 1.52 5.04 1.19
Chl b (lg/L) 3.33 1.06 6.79 1.08
Chl c (lg/L) 1.15 0.80 1.75 1.45
Carotenoids

(lg/L)
0.34 0.55 0.38 0.54

Margalef
index

1.46 1.48 0.98 2.58
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and identified in according to Woelfl and Geller (2002). Finally
the zooplankton samples were collected by vertical hauls (20 m
to surface) of plankton net (20 cm diameter and 30 lm mesh size),
zooplankton specimens were identified in according to Araya and
Zúñiga (1985); Reid (1985) and Bayly (1992) and quantified.

The spectral properties were obtained from satellite LANDSAT/
OLI, it got from Land Processes Distributed Active Archive Center
(LP DAAC) from U.S. Geological Survey (http://LPDAAC.usgs.gov).
The visible light bands, near and medium infrared were calibrated
radiometrically to spectral irradiance and to a reflectance using
atmospheric correction (Table 1, De los Ríos-Escalante et al., 2017).

Exploratory multivariate data analysis: all data analysis was
applied using software ‘‘R” (R Development Core Team, 2009). As
first step, data analysis a first step was applied a matrix correlation
analysis using Hmisc R package, (Harrell, 2016) for determine the
associations between studied variables. As second step a principal
component analysis (PCA), this statistical analysis was applied
HSAUR package (Everitt and Hothorn, 2016), factoextra
(Kassambara and Mundt, 2017) and ggplot2 (Wickham, 2009) R
packages.

Null model in ecology data analysis: according to the view point
of null models, that means the absence of regulator factors in com-
munity structure, this mean in determine the random presence or
absence in community structure (Gotelli and Graves, 1996), on this
view point, it was considerer two kind of null models: species co-
occurrence and niche sharing.

A species presence/absence matrix was constructed, with the
species in rows and the sites in columns. First, we calculated a
Checkerboard score (‘‘C-score”), which is a quantitative index of
occurrence that measures the extent to which species co-occur less
frequently than expected by chance (Gotelli, 2000). A community
is structured by competition when the C-score is significantly lar-
ger than expected by chance (Gotelli, 2000; Tondoh, 2006; Gotelli
and Entsminger, 2009; Tiho and Josens, 2007). It compared co-
occurrence patterns with null expectations via simulation. Gotelli
and Ellison (2013) suggested the as statistical null models Fixed-
Fixed: in this model, the row and column sums of the matrix are
ophilic recount (AMR), total coliforms (TC), faecal coliforms (FC), chlorophyll (chl) a, b,

Caburgua lake

Site 1 Site 2 Site 3 Site 4

’S;
’W

39�09.43.80 ’S;
71�47041.00 ’W

39�10014.00 ’S;
71�47047.20 ’W

39�10041.50 ’S;
71�47052.80 ’W

39�11010.20 ’S;
71�47058.70 ’W

0.099 0.097 0.096 0.097
0.078 0.074 0.074 0.075
0.049 0.051 0.048 0.053
0.030 0.028 0.025 0.030
0.020 0.012 0.012 0.012
0.011 0.003 0.003 0.004
0.006 0.002 0.002 0.003
16.55 16.20 15.65 15.75

7.47 7.26 7.24 7.42
23.40 22.75 22.75 22.75
27.70 27.50 27.30 27.20

10.50 5.00 4.00 18.50
9.00 0.00 2.00 1.00
0.00 0.00 0.00 0.00
0.54 0.64 0.88 0.45
0.22 0.53 0.79 0.55
0.49 1.22 1.44 2.30
0.07 0.07 0.04 0.10

2.94 2.71 2.09 3.39

http://LPDAAC.usgs.gov


Fig. 1. Map of included sites in the present study (source: Google Earth; https://www.google.cl/maps/@-39.17049,-71.9648815,36996m/data=!3m1!1e3!5m2!1e1!1e4
Accessed: 25th September 2019).

Fig. 2. PCA results for variables and sites considered in the present study.
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preserved. Thus, each random community contains the same num-
ber of species as the original community (fixed column), and each
species occurs with the same frequency as in the original
3169
community (fixed row). The null model analyses were performed
using the package EcosimR (Gotelli and Ellison, 2013; Carvajal-
Quinteroet al., 2015).

https://www.google.cl/maps/%40-39.17049%2c-71.9648815%2c36996m/data%3d!3m1!1e3!5m2!1e1!1e4
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For niche overlap analysis was built an individual matrix in
which rows and columns represented species and sites respec-
tively and it was tested if niche overlap significantly differed from
the corresponding value under the null hypothesis (in example
random assemblage), it was applied for data of the second field
period. It used Pianka index. This model is based in median table
that show the probability in that the niche sharing is compared
with the niche overlap of the community simulated (Gotelli and
Graves, 1996). The niche amplitude can be retained or reshuffled,
when it is retained it preserves the specialization of each species,
whereas when it is reshuffled normally it used a more wide utiliza-
tion gradient and in fact, it will occurs a wide niche overlap in the
simulated community in comparison to the real community. Also,
the zero states are retained or simulated the zero participation in
the observed matrix is maintained or not in each simulated matrix.
In the present study it used the algorithm RA3 (Gotelli and Ellison,
2013; Carvajal-Quinteroet al., 2015). The model RA3 retains the
amplitude and reshuffled the zero conditions (Gotelli and
Entsminger, 2009). This null model analysis was carried out using
the software EcosimR (Gotelli and Ellison, 2013; Carvajal-
Quinteroet al., 2015).

3. Results

The results revealed that Caburgua lake has low chlorophyll
concentrations (Table 1), and low bacterial and zooplankton spe-
cies richness, but high mixotrophic protozoa abundances, and
low reflectance, whereas Villarrica lake was a markedly opposite
situation, with high reflectance, high values of chlorophyll concen-
tration, bacteria and species richness (Table 2).

The results of correlation matrix revealed direct significant cor-
relations between B1 reflectance with Rotifers, Crustacean and
total species, carotenoids, conductivity, total dissolved solids, pH
and temperature, reflectance of Band 2 with crustaceans and total
species number, carotenoids, conductivity, total dissolved solids,
Table 2
Mixotrophic abundances, phytoplankton groups, rotifer and crustacean zooplankton speci

Villarrica lake

North littoral Centre Villarr

Mixotrophic ciliates
Ophyrydium naumanni 0.00 0.00
S. amethystinus 0.00 0.00
S. araucanus 0.00 0.00
Phytoplankton
Non-indentified phytoplankton 0.00 0.00
Bacillariophyta (non indentified) 0.00 62.91 33
Pyrrophyta (non indentified) 679.41 131.12
Chlorophyta (non indentified) 38137.14 28648.27 22124
Volvox sp 0.00 0.00
Rotifera
Pompolix sp. 0.00 0.00
Synchaeta sp. 0.00 0.00
Asplachna sp. 0.09 0.09
Brachionus sp. 0.00 0.00
Euchalanis sp. 0.00 0.00
Crustacea
Diaphanosoma chilense 0.11 0.07
Daphnia spp. (juvenile) 0.07 0.01
Ceriodaphnia dubia 0.30 0.12
Chydorus sphaericus 0.01 0.00
Alona sp. (juvenile) 0.00 0.00
Neobosmina chilensis 0.00 0.00
Boeckella gracilipes 0.09 0.08
Tumeodiaptomus diabolicus 0.54 0.50
Mesocyclops araucanus 0.10 0.04
Calanoids copepodites 5.41 0.60
Cyclopoids copepodites 0.00 0.04
Nauplius 0.14 0.79
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pH and temperature, reflectance of Band 3 (Table 3). Reflectance
of Band 3 was directly associated with crustaceans and total spe-
cies number, carotenoids, conductivity, total dissolved solids, pH
and temperature, reflectance of B5 with reflectance of bands B6
and B7, reflectance of band B6 with reflectance of band B7, temper-
ature with total mixotrophic abundance, total dissolved solids with
crustacean and total species number (Table 3). pH was directly
related with crustacean and total species number, conductivity
with crustacean and total zooplankton species number, carote-
noids, total coliforms, faecal coliforms and total dissolved solids,
conductivity with Crustacean and Total zooplankton species num-
ber (Table 3). Also direct associations were observed for Total col-
iforms with and carotenoids and faecal coliforms, faecal coliforms
with total coliforms, carotenoids with Crustacean species number
and total species number, total species number with rotifers and
crustacean species number, and finally crustacean species number
with rotifers (Table 2). Also, it was inverse direct associations
between reflectance of Band 1 with mixotrophic abundance, and
temperature, reflectance of Band 2 with mixotrophic abundance
and temperature, reflectance of Band 3 with temperature, temper-
ature with total and crustacean species number, conductivity, total
dissolved solids and pH (Table 3). Also, inverse significant associa-
tions were denoted between total dissolved solids with mixo-
trophic abundances, conductivity with mixotrophic abundances,
chlorophyll c with mixotrophic, carotenoids with mixotrophic,
and finally mixotrophic abundance with crustacean and total spe-
cies number (Table 3). The main contributor variables for axis 1,
were B1, B2, and B3 reflectance, temperature, conductivity, total
dissolved solids, total coliforms, carotenoids, mixotrophic ciliates,
total and zooplankton species (Table 4), whereas for axis 2 the
main contributor variables were B4, B5, B6 and B7 reflectance
and chlorophyll c concentration (Table 4). The PCA results, revealed
that sites in Villarrica northern littoral and center, have high pH
rotifers and zooplankton species number (total, crustacean and
rotifers), and high reflectance of B1, B2, and B3 reflectance,
es abundances (ind/L) for sites considered in the present study.

Caburgua lake

ica port Pucon bay Site 1 Site 2 Site 3 Site 4

0.00 0.00 2.00 2.50 7.00 6.50
0.00 0.00 1.00 2.50 3.50 3.00
0.00 0.00 1.50 2.50 2.50 5.00

0.00 0.00 23.89 18.55 39.81 34.24
0.27 547.30 5.25 5.25 0.00 0.00
0.00 698.28 0.00 0.00 0.00 0.00
7.15 34470.39 0.00 0.00 0.00 0.00
0.00 0.00 1.78 1.33 1.70 0.65

0.00 0.00 0.00 0.00 0.01 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.05 0.19 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

0.05 0.07 0.00 0.00 0.00 0.00
0.00 0.02 0.00 0.00 0.00 0.00
0.07 0.14 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.01 0.09 0.10
0.00 0.00 0.00 0.00 0.00 0.00
0.21 0.34 0.00 0.00 0.00 0.00
0.00 0.09 0.00 0.00 0.00 0.00
0.12 1.41 0.00 0.00 0.00 0.00
0.07 0.07 0.00 0.00 0.00 0.00
0.22 0.41 0.00 0.00 0.00 0.00



Table 3
Correlation matrix for variables considered in the present study, ‘‘p” values are in brackets, (‘‘p” values in bold, denotes significant correlations). Rot = rotifers species;
Crus = Crustacean species; Total = total zooplankton species; Car = carotenoids; Chl = Chlorophyll; FC = faecal coliforms; TC = total coliforms; ARM = aerobic mesophilic recount;
Cond = conductivity; TDS = total dissolved solids; Temp = temperature.

Rot Crus Tot Mix Car Chl c Chl b Chl a FC TC ARM Cond TDS pH Temp B7 B6 B5 B4 B3 B2

B1 0.68
(0.06)

0.88
(<0.01)

0.86
(<0.01)

�0.90
(<0.01)

0.82
(0.01)

�0.20
(0.62)

0.57
(0.13)

0.57
(0.14)

0.61
(0.10)

0.56
(0.14)

�0.07
(0.87)

0.93
(<0.01)

0.94
(<0.01)

0.84
(<0.01)

�0.91
(<0.01)

0.16
(0.69)

0.10
(0.81)

0.03
(0.94)

0.02
(0.96)

0.88
(<0.01)

0.98
(<0.01)

B2 0.61
(0.10)

0.85
(<0.01)

0.83
(0.01)

�0.91
(<0.01)

0.83
(0.01)

�0.25
(0.55)

0.52
(0.18)

0.53
(0.18)

0.66
(0.07)

0.64
(0.08)

0.04
(0.93)

0.92
(<0.01)

0.93
(<0.01)

0.80
(0.01)

�0.86
(<0.01)

0.28
(0.50)

0.22
(0.60)

0.14
(0.74)

0.05
(0.90)

0.83
(0.01)

B3 0.53
(0.17)

0.78
(0.02)

0.75
(0.03)

�0.70
(0.05)

0.76
(0.02)

0.21
(0.62)

0.53
(0.17)

0.49
(0.22)

0.65
(0.08)

0.55
(0.15)

0.20
(0.63)

0.84
(<0.01)

0.85
(<0.01)

0.76
(0.02)

�0.87
(<0.01)

�0.03
(0.94)

�0.17
(0.68)

�0.29
(0.48)

0.16
(0.70)

B4 �0.13
(0.76)

�0.23
(0.57)

�0.22
(0.60)

0.01
(0.98)

�0.30
(0.47)

0.10
(0.81)

0.04
(0.92)

�0.06
(0.87)

�0.17
(0.69)

�0.20
(0.62)

0.41
(0.31)

�0.22
(0.59)

�0.22
(0.60)

0.26
(0.52)

0.23
(0.58)

0.71
(0.05)

0.59
(0.12)

0.51
(0.19)

B5 0.00
(0.99)

�0.14
(0.73)

�0.12
(0.78)

�0.19
(0.65)

�0.23
(0.57)

�0.67
(0.06)

�0.12
(0.77)

�0.12
(0.77)

�0.25
(0.55)

�0.13
(0.75)

�0.05
(0.89)

�0.19
(0.65)

�0.18
(0.67)

0.15
(0.72)

0.32
(0.44)

0.91
(<0.01)

0.98
(<0.01)

B6 0.03
(0.94)

�0.07
(0.86)

�0.05
(0.89)

�0.21
(0.62)

�0.19
(0.64)

�0.60
(0.11)

�0.14
(0.74)

�0.15
(0.71)

�0.17
(0.68)

�0.06
(0.88)

0.03
(0.93)

�0.15
(0.73)

�0.13
(0.75)

0.26
(0.53)

0.26
(0.53)

0.96
(<0.01)

B7 �0.06
(0.89)

�0.09
(0.84)

�0.08
(0.84)

�0.21
(0.61)

�0.18
(0.66)

�0.41
(0.31)

�0.01
(0.98)

�0.06
(0.88)

�0.03
(0.94)

0.03
(0.94)

0.19
(0.65)

�0.09
(0.83)

�0.08
(0.85)

0.33
(0.41)

0.18
(0.66)

Temp �0.66
(0.07)

�0.85
(<0.01)

�0.84
(<0.01)

0.73
(0.04)

�0.83
(0.01)

�0.07
(0.86)

�0.65
(0.08)

�0.65
(0.08)

�0.59
(0.20)

�0.50
(0.20)

0.08
(0.85)

�0.94
(<0.01)

�0.94
(<0.01)

�0.72
(0.04)

pH 0.76
(0.02)

0.77
(0.02)

0.79
(0.02)

�0.59
(0.12)

0.46
(0.25)

�0.20
(0.63)

0.32
(0.44)

0.23
(0.57)

0.26
(0.61)

0.21
(0.61)

�0.22
(0.59)

0.61
(0.10)

0.62
(0.10)

TDS 0.56
(0.14)

0.87
(<0.01)

0.83
(0.01)

�0.89
(<0.01)

0.95
(<0.01)

�0.08
(0.84)

0.59
(0.12)

0.63
(0.09)

0.75
(0.03)

0.71
(0.04)

0.05
(0.89)

1.00
(<0.01)

Cond 0.55
(0.15)

0.86
(<0.01)

0.82
(0.01

�0.88
(<0.01)

0.95
(<0.01)

�0.07
(0.86)

0.60
(0.11)

0.64
(0.08)

0.76
(0.03)

0.71
(0.04)

0.06
(0.89)

AMR �0.53
(0.17)

�0.20
(0.63)

�0.27
(0.51)

0.04
(0.93)

0.15
(0.72)

0.57
(0.13)

0.07
(0.86)

0.08
(0.85)

0.46
(0.25)

0.45
(0.25)

TC �0.02
(0.96)

0.53
(0.17)

0.43
(0.28)

�0.64
(0.08)

0.77
(0.02)

0.00
(0.99)

0.20
(0.63)

0.26
(0.53)

0.96
(<0.01)

FC �0.05
(0.89)

0.49
(0.21)

0.40
(0.33)

�0.64
(0.08)

0.74
(0.03)

0.16
(0.70)

0.41
(0.31)

0.44
(0.27)

Chl a 0.11
(0.79)

0.23
(0.57)

0.21
(0.61)

�0.56
(0.15)

0.45
(0.26)

0.19
(0.64)

0.98
(<0.01)

Chl b 0.11
(0.79)

0.21
(0.61)

0.19
(0.64)

�0.51
(0.20)

0.37
(0.36)

0.26
(0.53)

Chl c �0.39
(0.34)

�0.28
(0.50)

�0.31
(0.45)

0.43
(0.29)

�0.10
(0.01)

Car 0.52
(0.18)

0.86
(<0.01)

0.82
(0.01)

�0.83
(0.01)

Mix �0.51
(0.19)

�0.76
(0.02)

�0.73
(0.03)

Tot 0.89
(<0.01)

0.99
(<0.01)

Crus 0.83
(0.01)

Table 4
Main contributor variables obtained from PCA.

Variable Axis 1 Axis 2

B1 �0.290 0.092
B2 �0.284 0.131
B3 �0.264 �0.045
B4 0.041 0.282
B5 0.040 0.463
B6 0.022 0.473
B7 0.004 0.441
Temperature 0.282 0.087
pH �0.219 0.201
Total disolved solids �0.294 �0.043
Conductivity �0.293 �0.052
RAM 0.002 �0.087
CT �0.196 �0.076
CF �0.208 �0.130
Chlorophyll a �0.172 �0.098
Chlorophyll b �0.166 �0.083
Chlorophyll c 0.036 �0.345
Carotenoids �0.272 �0.079
Mixotrophic abundances 0.264 �0.129
Total zooplankton species �0.261 0.053
Crustacean species �0.270 0.034
Rotifers species �0.191 0.122
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whereas sites in Villarrica port and Pucon bay, differs from two last
sites in high values of faecal coliforms and chlorophyll a and
chlorophyll b concentrations (Fig. 1). For Caburgua lake, the first
site only has high B4, B5, B6 and B7 reflectance values, low zoo-
plankton species number (total, crustacean and rotifers) and low
mixotrophic abundances, whereas sites, whereas in Caburgua lake,
second, third and fourth sites have high temperature, mixotrophic
abundances, and chlorophyll c concentration and low zooplankton
species number (total, crustacean and rotifers) (Fig. 2).

The results of null model co-occurrence revealed that for both
sites together there are structured pattern in species co-
occurrence, whereas for Villarrica and Caburgua lakes the species
co-occurrence revealed that species associations are random
(Table 5), whereas the results of niche sharing revealed that spe-
cies share niche due interspecific competition for both sites and
for Villarrica lake, and for Caburgua lake the species do not share
niche and there are not interspecific competition (Table 5).
4. Discussion

The results revealed the marked difference in both lakes, in
term of trophic status, zooplankton communities and spectral
properties, these results agree with literature descriptions for
northern Patagonian lakes, where it is possible found in



Table 5
Results of null models for lakes considered in the present study.

Species co-occurrence
Site Observed index Mean index Variance Standard effect size P
Total 1.935 1.162 0.006 9.345 0.001
Caburgua 0.000 0.000 0.000 Non detectable 0.999
Villarrica 0.000 0.000 0.000 Non detectable 0.999

Niche overlaping
Site Observed index Mean index Variance Standard effect size P
Total 0.515 0.291 < 0.001 7.857 0.001
Villarrica 0.718 0.629 < 0.001 3.493 0.004
Caburgua 0.469 0.322 0.046 0.682 0.233
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ultraoligotrophic status high mixotrophic abundance (Wölfl, 1995;
Woelfl and Geller, 2002) and low crustacean zooplankton abun-
dances and species number (Woelfl, 2007; Woelfl et al., 2010).
The marked differences observed in spectral properties and zoo-
plankton assemblages due water quality, would not be described
under different trophic status, because these has been described
for lakes with glacier sediment influences that generate different
properties in water transparence that in consequence affect zoo-
plankton communities (De los Ríos-Escalante et al., 2013; De los
Ríos-Escalante and Acevedo, 2016a; 2016b).

The marked differences in Villarrica lake associated to human
intervention, specifically the presence of both towns, would agree
with similar observations for Llanquihue lake, that is characterized
by the presence of towns and aquaculture sites (Soto, 2002; De los
Ríos-Escalante et al., 2017), on this basis, the obtained results prob-
ably would be similar to other lakes with human alterations. The
first report of total bacteria was described without more details
for Riñihue and Pirihueico lakes, that are similar in term of mixo-
trophic ciliates absence and presence respectively (Wölfl, 1995),
in both lakes, bacteria are more abundant under mixotrophic cili-
ates abundances, that would be similar to the observations for
Caburgua lake in the present study, that would be due light regime
(Wölfl, 1995), that would be similar to observations for Argen-
tinean Patagonian lakes (Modenutti, 2014). A different situation
was reported for Villarrica lake with presence of high bacterial con-
centrations, specifically faecal coliforms in Villarica lake due urban
pollution was described only by Brown and Zimmerman (2000),
that would be similar with results obtained in the present study.
A different situation was reported for Caburgua lake, that is mark-
edly oligotrophic and with high mixotrophic ciliates and low zoo-
plankton abundances (Woelfl, 2007; Woelfl et al., 2010), this
situation is similar to observations for northern Argentinean Patag-
onian lakes (Balseiro et al., 2004; Modenutti et al., 2000;
Modenutti, 2014). The absence of mixotrophic ciliates under high
crustacean zooplankton abundances would be due possible grazing
of cladocerans and copepods on mixotrophic ciliates (De los Ríos
et al., 2019).

The use of remote sensing techniques, for water quality studies
(Malenovsky et al., 2012), thus, Atzberger and Richter (2012);
Kallio et al. (2015); Palmer et al. (2015a); (2015b;); Sterckx et al.
(2015); Stratoulias et al. (2015); Briceño et al. and Esse et al.
(2018) proposed marked associations in spectral properties and
chlorophyll concentration. In this context would have marked dif-
ferences in water color due water quality that can be detectable
using remote sensing techniques (Salama and Verhoef, 2015;
Sander et al., 2015). Also, Li et al. (2015); Lunetta et al. (2015);
Oyama et al. (2015), proposed the use of remote sensing tech-
niques for determine potential associations with cyanobacterial
pigments in lakes. The exposed results about associations between
differences in water quality with their respective correspondence
in spectral images, would be similar to the observed results in
the present study. Also, in this scenario, the present results it
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would be possible detect differences within a same lake at large
spatial scales (ten or more kilometers), that can be detectable using
remote sensing techniques.

The exposed results revealed the presence of differences
between two lakes, and within each lake, between water qualities,
specifically in bacterial abundances, chlorophyll concentrations,
would be similar with ecological observations for other northern
Patagonian lakes such as Llanquihue located at 41�S (Soto, 2002;
De los Ríos-Escalante et al., 2017). The integration of limnological
descriptions, specifically trophic status and remote sensing tech-
niques for Chilean lakes has been described only for Vichuquén
lake, that is a coastal central Chilean lake, with marked human
intervention in their surrounding basin, and it was possible pro-
pose a predictive model based in LANDSAT 8 OLI sensor images
considering the spectral properties, chlorophyll and nutrients con-
centrations variation at space-temporal scale (Briceño et al., 2018).
In this scenario it would be possible use remote sensing techniques
for predict water quality in northern Patagonian lakes.
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