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Abstract: The Guayas River basin is one of the most important water resources in Ecuador, but the
expansion of human activities has led to a degraded water quality. The purpose of this study was
(1) to explore the importance of physical-chemical variables in structuring the macroinvertebrate
communities and (2) to determine if the thresholds in stream velocity related to macroinvertebrate
community composition could be identified in the Guayas River basin. Thus, macroinvertebrates
and physical-chemical water quality variables were sampled at 120 locations during the dry season
of 2013 in the Guayas River basin. Canonical correspondence analysis (CCA) was performed to
identify relevant physical-chemical characteristics of the river influencing the distribution of the
macroinvertebrate communities. Threshold indicator taxa analysis (TITAN) was used to discriminate
between the macroinvertebrate community related to stagnant waters (Daule-Peripa reservoir) and
to running waters. CCA indicates that the most important environmental factors influencing the
distribution of macroinvertebrate communities were stream velocity, chlorophyll concentration,
conductivity, temperature and elevation. Tipping points for the macroinvertebrate community
were defined by stream velocity at 0.03 m/s and 0.4 m/s, i.e., stagnant-water (including dam-related
reservoirs) taxa start to quickly decrease in abundance and frequency at 0.03 m/s while running-water
taxa start to quickly increase in abundance and frequency at 0.03 m/s until a stream velocity of 0.4 m/s.
The results provide essential information to define environmental flows to further support water
management plans of the Guayas River basin. Information obtained will be useful for management
of similar rivers in South America, as well as the rest of the world.

Water 2018, 10, 1195; d0i:10.3390/w10091195 www.mdpi.com/journal /water


http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0001-8183-328X
https://orcid.org/0000-0003-4305-0617
http://www.mdpi.com/2073-4441/10/9/1195?type=check_update&version=1
http://dx.doi.org/10.3390/w10091195
http://www.mdpi.com/journal/water

Water 2018, 10, 1195 20f17

Keywords: macroinvertebrates; water quality; stream velocity; Guayas River basin; TITAN;
hydropower dams

1. Introduction

Rivers are ecosystems, which provide great ecological value [1]. They are an important source
of renewable water supply for humans and freshwater ecosystems [2] and provide many ecosystem
services such as sources of drinking water and recreational areas and provide nursing grounds and
food for many organisms [3]. However, the increase in human activities such as industrialization,
urbanization and intensive agriculture has caused river degradation [4]. Freshwater organisms are
impacted via various stressors, such as water pollution, erosion, alterations in stream hydrology and
changing habitat structures [5]. It is estimated that at least 10,000-20,000 freshwater species are extinct
or at risk of extinction [2]. The water needs for human and natural ecosystems are often considered as
competing with each other [6]. At the same time, water managers and political leaders need to manage
water to meet human requirements, protect endangered species and support freshwater ecosystems [6].

There is an increasing interest in the application of ecological thresholds for natural resources
management [7,8]. Baker and King [9] introduced a technique called threshold indicator taxa analysis
(TITAN) to detect changes in taxa distributions along an environmental gradient over space or time.
In previous studies, TITAN has been used to detect thresholds for benthic invertebrates along a gradient
of chloride concentrations [10], salinity [11] and total phosphorus [9]. Berger et al. [3] used TITAN
to look for the relationships between benthic invertebrates and various chemical variables related
to pesticides, wastewater and fossil fuel-associated chemicals. Other TITAN applications include
response analyses of macroinvertebrate communities to changes of the landscape [12]. However, to our
knowledge, there is no research on detecting the critical change point of macroinvertebrate community
composition along the change of stream velocity. Species-specific thresholds provide an indication
of whether and when species are likely to be affected by changing environmental conditions [11].
TITAN reveals the ecological community threshold at which the abundance or frequency of taxa will
quickly increase or decrease along an environmental gradient [13]. Therefore, from a conservation
point of view, it is important to understand which taxa are affected by environmental stressors and
how threshold values for river biota can be identified. Information about species and community
thresholds is useful to further delineate the conservation value of a sensitive species or to predict the
changes in community composition [11]. TITAN is able to inform managers about critical levels of
anthropogenic changes that are related to rapid changes in ecological communities [13]. The TITAN
results have valuable applications for detecting reference condition boundaries and selecting areas at
the greatest risk of significant change [12]. This information could be used for aquatic conservation,
biological invasions, ecosystem restoration and natural resource management [7].

The Guayas river basin is one of the most important river systems in Ecuador [14] and provides a
high contribution to Ecuador’s gross domestic income [15]. The Guayas basin is facing many water
resource problems such as increasing modification of the natural flows by dams and water extractions
for agriculture and urban water supply [16]. The intensive use of natural resources in the Guayas
basin leads to exhaustion and disequilibrium of the ecosystem and the ecological integrity [17].
Because of the Daule-Peripa hydropower dam, discharge in the Daule river is highly variable.
We expected that stream velocity plays a strong role affecting the macroinvertebrate community.
However, the macroinvertebrate community of the Guayas River basin has been limitedly studied
and research investigating the tipping point where species are likely to be affected by changing
stream velocity is lacking. There is a strong need for information about how macroinvertebrate
communities are affected by environmental stressors in the Guayas river basin in order to support
the management for conservation and restoration of aquatic systems. Therefore, the aim of this study
was to explore which physical-chemical water quality variables are most important in structuring
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macroinvertebrate communities. Furthermore, we checked whether thresholds in stream velocity
related to macroinvertebrate community composition could be identified. These threshold values are
needed in order to inform policy makers about critical levels of stream velocity, which can cause rapid
changes in macroinvertebrate communities. The results provide useful information for prioritizing
management actions in the Guayas River basin and it will be particularly useful for management of
similar rivers in South America, as well as the rest of the world.

2. Materials and Methods

2.1. Study Area

The Guayas River basin, with a total area of 34,000 km?, is located in the central western part of
Ecuador and is the largest watershed in the Guayas province [14]. The basin covers nine provinces
with a total population of 4.8 million [14]. The eastern catchment boundary of the basin is the Andes.
The Guayas River basin consists of two large tributaries: the Daule River and the Babahoyo River [14].
The two rivers converge in the Guayas River (Figure 1). The Guayas River is about 55 km in length,
1.5-3 km in width and 5-12 m deep [15]. The mouth is situated near Guayaquil, a city which is located
along the Ecuadorian coast, where the river discharges into the Pacific Ocean at the Gulf of Guayaquil.

The main economic sectors of the Guayas River basin are hydropower, fisheries and agriculture
(e.g., banana, rice, maize, African oil palm and cacao) [18]. These anthropogenic activities are key
issues, which can lead to drastic changes in aquatic ecosystems and heavily impact the water quality
of this river basin [19-21]. The lack of an appropriate management within the basin caused losses in
biodiversity, eutrophication and reduced water availability [15].

The Daule-Peripa hydro-electrical project is located in the upper catchment of the Guayas River
basin. The Daule-Peripa reservoir was constructed in 1987 and receives water from the Daule and
Peripa Rivers [22] and is used for hydropower generation, irrigation, flood protection and drinking

3 a maximum surface area of

water [23]. The reservoir has a water storage capacity of 6000 million m
approximately 30,000 ha and the water depth fluctuates between 70 and 85 m due to the operation
of the dam [24]. At the spillway of the dam, the maximum regulated flow is 3480 m®/s while the
maximum natural flow is 14,350 m3 /s [23]. Due to the operation of the dam, the Daule River transports
significantly less water than the Babahoyo River [15]. Moreover, the dam caused reduction of the river
discharge, causing narrowing of the channel and the unnatural formation and growth of islands at the
confluence of Daule and Babahoyo River [15]. The seasons are well defined. Rainfall is concentrated
in the wet season (December-April) and the dry season months are May—-November [25]. The mean
temperature and annual rainfall of the region vary between 22 °C and 27 °C and 300-4000 mm,

respectively [17].
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Figure 1. Map of the study area in the Guayas river basin with an indication of the ecological water
quality based on the Biological Monitoring Working Party-Colombia (BMWP-Colombia) for each
sampling site. Only the main rivers are shown.

2.2. Sampling and Assessment Methods

The physical-chemical water variables were measured and macroinvertebrates samples were
collected in the Guayas river basin in Ecuador during the dry season (November) of 2013. Seasonality
was considered when designing the sampling campaign. We assumed worst-case conditions in terms
of water quality (e.g., conductivity) during the dry season, possibly accompanied by severe water
quality problems. In total, 120 samples were taken, of which 32 were located in the Daule-Peripa
reservoir and the remaining 88 locations were located along the rivers within the Guayas River
basin, including upstream and downstream locations. The sites were selected along the Daule River,
the Babahoyo River and at the main tributaries with an expected gradient of disturbance from upstream
(mountainous areas with fewer human impacts) to downstream (lowland with more human impacts).

Values of temperature (°C), pH, dissolved oxygen (DO) (mg/L), chlorophyll (ug/L), chloride (mg/L),
turbidity (NTU), conductivity (uS/cm) and total dissolved solids (TDS) (mg/L) were measured at
the surface water layer with a multiprobe (model YSI 6600 V2 and YSI6600 V1, YSI manufacturer).
The elevation of sampling sites was measured using GPS (Global Positioning System) equipment
(Garmin GPS). Surface water velocity was measured using the techniques for estimating stream velocity
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as described in the United States Environmental Protection Agency (USEPA) protocol. [26]. Samples of
macroinvertebrates were collected from each sampling site immediately after the sampling of
physical-chemical water variables. Macroinvertebrates were collected with a standard hand net
consisting of a metal frame holding a 500 um mesh size conical net. Macroinvertebrates were
collected during five minutes of active sampling, including all different microhabitats present at
the sampling site [27]. Samples were sieved (500 um mesh size) in the laboratory and sorted in
white trays. Macroinvertebrates from each location were placed in separate small plastic vials
containing 80% ethanol for preservation. After sorting, organisms were counted and identified
under a stereomicroscope. Macroinvertebrates were identified to family level using the identification
keys developed by Dominguez and Fernandez [28]. Previous research has shown that using
biotic indices based on family level provides sufficient information to assess the biological water
quality [29-32]. It has been shown that macroinvertebrate-based indices better reflect water quality
conditions compared to physical-chemical based indices [33]. Therefore, the biotic macroinvertebrate
index BMWP-Colombia (Biological Monitoring Working Party-Colombia) was calculated according
to the modified method proposed by Zuniga and Cardona (2009). The BMWP-Colombia was
calculated per site based on a summation of all tolerance scores of the macroinvertebrate taxa
present. Each macroinvertebrate taxon received a score that reflects its susceptibility to pollution,
where pollution-intolerant taxa receive high scores, whereas pollution-tolerant taxa were given low
scores [34]. The total score for each site indicated the water quality, with categories ranging from very
bad (0-15), bad (16-35), poor (36-60), moderate (61-100) to good (>100).

2.3. Data Analysis

All statistical analyses, including data exploration and model development were implemented in
the R software (version 3.2.3, The R Project for Statistical Computing). A protocol for data exploration
as described by Zuur et al. [35] was used. Prior to the actual data analysis, the initial data set was
tested for outliers and normality. The Shapiro-Wilk test was used to check the normality of the
data. As the data were non-normally distributed, the Spearman’s correlation coefficient was used to
investigate correlations between physical-chemical variables. Following the procedure suggested by
Zuur et al. [35], TDS and pH were excluded from further analysis because they were highly correlated
to conductivity and DO (r = 0.95, r = 0.75, respectively) and to avoid problems of collinearity.

2.3.1. Relationship between Physical-Chemical Conditions and Macroinvertebrate Communities

Prior to the main analysis, detrended correspondence analysis (DCA) was performed to test the
appropriate response model of the macroinvertebrate metrics to the environmental data. The first axis
of the DCA gradient length was 4.71, which is more than three, therefore, the unimodal ordination
method was used as recommended by Smilauer & Leps [36]. A unimodal relationship was expected
for macroinvertebrate taxa along the gradient defined by the explanatory environmental variables.
The canonical correspondence analysis (CCA) is a constrained ordination technique, in which the
response variable set is constrained by the set of explanatory variables [37]. CCA elucidates the
relationships between macroinvertebrate assemblages and their environment and enables to extract
environmental gradients [38]. Based on the gradients, the habitat preferences of taxa are described
and visualized through an ordination diagram [38]. Thus, CCA was performed to explore which
environmental variables could be important in structuring the macroinvertebrate communities in the
Guayas River basin. One sampling location, where no macroinvertebrates were found, was excluded
from DCA and CCA analysis. As the data were non-normally distributed, all data were logio(x + 1)
transformed prior to the DCA and CCA analysis for normalization. DCA and CCA were performed
using the vegan package [39] in R software (version R.3.2.3).

Subsequently, Kruskal-Wallis tests followed by Dunn’s multiple comparisons test as post hoc
were performed to test whether significant differences existed between the five ecological water quality
classes for the variables that were important in structuring the macroinvertebrate communities based
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on the CCA (i.e., the variables elevation, temperature, conductivity, chlorophyll concentration and
stream velocity). Dunn’s test was used because there was an unequal number of sampling sites in
different water quality classes [40]. The Dunn’s test was performed using the DescTools package [41] in
R software (version R.3.2.3). All tests were determined at the 5% significance level. Boxplots were built
for each variable as a function of BMWP-Colombia water quality classes.

2.3.2. Threshold Change Points and Indicator Taxa

Threshold indicator taxa analysis (TTTAN) was used to detect community responses to stream
velocity in the Guayas River basin. TITAN is a non-parametric technique, which uses indicator species
scores to integrate occurrence, abundance and directionality of taxa responses.

For each value within this gradient, the data is split into two groups: one group consisting of
taxa present at lower values (the so-called negative side of the partition, i.e., the (z—)-group) and
one group consisting of taxa present at higher values (the so-called positive side of the partition,
i.e., the (z+)-group). For each taxon, an optimal change point is determined as the value that maximizes
the association of taxa within both groups. When passing this change point from low to high values,
the abundance and frequency of occurrence of the (z—)-group will decrease, while an increase will
be observed for the (z+)-group. To determine the accuracy of the change point value, bootstrapping
(1000 repetitions) was implemented. This allowed to derive two important diagnostic indices for
evaluating the quality of the response for each taxon: purity and reliability. Purity is defined as the
proportion of response directions (increasing or decreasing) when passing the change point that agrees
with the observed response. Pure indicators are consistently assigned the same response direction.
Reliability is estimated by the proportion of change points that consistently result in the significant
grouping of a taxon. Only taxa with high reliability (>0.95) can be considered as indicator taxa.
Graphical representation of the change point identification is supported by the summation of the
standardized association values for each indicator taxon along the gradient of stream velocity, resulting
in fsum(z—) and fsum(z+) scores. Both scores will obtain a maximum value along the gradient of
stream velocity, representing the change points for both the (z—)-group and the (z+)-group separately
and can be defined as the community change point (of the considered taxa). TITAN was performed in
the package TITAN 2 [42] in R software (version R.3.2.3).

In total, 83 macroinvertebrate taxa were found in 120 sampling sites within the Guayas river
basin. Among these, 54 had five or more occurrences and were included in the TITAN analysis [43].
Taxa names which have more than eight characters were coded as eight character abbreviations
of scientific names. Stream velocity was used as a predictor variable. Abundance data were not
transformed because transformation is unnecessary in TITAN 2. Multiple permutations (e.g., 500 or
1000) are recommended in order to have more precise z scores [42]. Thus, 1000 permutations were
used to determine species-specific z scores. We set as a requirement that the minimum number of
observations on either side of any partition had to be >3. Details of the TITAN method can be found
in Baker and King [9], King and Baker [13] and Baker et al. [42].

3. Results

3.1. Relationship between Physical-Chemical Conditions and Macroinvertebrate Communities

Table 1 summarizes the physical-chemical water quality measured at 120 sampling locations
within the Guayas river basin. The water was stagnant at all sampling sites in the Daule-Peripa
reservoir. There was one sampling site located at the tributary of the Daule River, which had the
highest observed values of DO (13.6 mg/L), chlorophyll (66.8 ug/L) and conductivity (1981 uS/cm).
Conductivity values measured at all sampling sites at the Daule-Peripa reservoir were less than
110 uS/cm.
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Table 1. Median, mean, maximum, minimum values and standard deviation of continuous
environmental variables measured in the Guayas river basin.

Variable Median Mean Max. Min. Std.

Temperature (°C) 26.0 26.0 34.0 19.0 25

pH 7.6 7.7 8.9 6.6 0.5

Dissolved Oxygen (mg/L) 7.7 7.5 13.6 1.9 1.7
Chlorophyll (ug/L) 3.1 5.6 66.8 0.7 8.7
Chloride (mg/L) 25 7.3 181.7 0.5 22.8
Turbidity (NTU) 34 9.8 355.6 0.0 35.1
Conductivity (uS/cm) 123.3 199.9 1981.0 36.5 237.9
Total Dissolved Solids (mg/L) 0.08 0.12 1.27 0.05 0.15
Elevation (m a.s.l.) 82 135 1075 2 187
Stream velocity (m/s) 0.15 0.23 1.50 0.00 0.28

The first two ordination axes of the CCA analysis explained 45% and 22% of the total variance,
respectively (Figure 2, Tables S1-53). The lengths and positions of the arrows in the ordination diagram
(Figure 2) provide information about the relationship between the environmental variables and the
derived axes. The arrow length is proportional to the maximum rate of change in the value of the
associated variable. Variables with long arrows vary across the diagram [38]. Arrows that are parallel
to an axis (e.g., stream velocity and the first axis) indicate a correlation. The correlation between
stream velocity and the first axis was positive while chlorophyll concentration and temperature were
negatively correlated to the first axis (also shown by the direction of the arrows). Large positive scores
on the first axis should have high values for stream velocity and low value for chlorophyll concentration,
whilst large negative values on the first axis should have low values for stream velocity. Likewise,
Perlidae and Psephenidae had high scores at the first axis. Thus, it is expected that Perlidae and
Psephenidae were abundant at sites with high stream velocity and elevation. Furthermore, sampling
sites located at the higher altitude have generally high stream velocity with fewer anthropogenic
disturbances (i.e., low chlorophyll concentration and not turbid). Sampling sites with a high chlorophyll
concentration, conductivity and temperature were collected at the downstream part of both the Daule
and Babahoyo River (Figure 2). Moreover, the second axis was negatively correlated with conductivity.
The few sampling sites at the small tributaries of both the Daule and Babahoyo River, which were
almost dry, were characterized by a high conductivity. CCA analysis indicated strong associations
between macroinvertebrate taxa and chlorophyll, conductivity, temperature, elevation and stream
velocity (Table S3).
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Figure 2. Canonical correspondence analysis (CCA) diagram showing the different macroinvertebrate
taxa (A) or stations (B) and their correlation with environmental variables (blue vectors). Letters
indicate taxa (see Table 54), numbers indicate sampling sites (see Figure 1).

Based on the BMWP-Colombia scores, the sampling sites within the Guayas River basin were
categorized into five water quality classes: good, moderate, poor, bad and very bad (Figure 1).
The result of the Kruskal-Wallis test shows that there was no significant difference in conductivity
between different water quality classes (p > 0.05). However, there were significant differences in
elevation, temperature, chlorophyll concentration and stream velocity between different water quality
classes (p < 0.05). Good water quality was observed for sampling sites characterized by high elevations,
high stream velocities, low temperatures and low chlorophyll concentrations (p < 0.05; Figure 3).
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Figure 3. Boxplots of the different ecological water quality classes for the main environmental variables
(elevation, temperature, stream velocity, conductivity and chlorophyll concentration) in the Guayas
River basin. Bold horizontal lines represent median, boxes represent interquartile ranges (25-75%
percentiles) and range bars show maximum and minimum values, small black dots represent outliers.

3.2. Threshold Change Points and Indicator Taxa

Threshold indicator taxa analysis (TITAN) was implemented to test the macroinvertebrate
community response to stream velocity in the Guayas river basin. The result of TITAN showed clear
tipping points for the thresholds defined by stream velocity at 0.03 m/s and 0.4 m/s. This indicates
that stagnant-water taxa start to quickly decrease in abundance and frequency from 0.03 m/s onwards
while running-water taxa start to quickly increase in abundance and frequency from 0.03 m/s until a
stream velocity of 0.4 m/s. This is presented in Figure 4 (bottom). TITAN revealed 34 taxa (63%) as
reliable indicators of stream velocity, of which 20 taxa are indicated as indicators of high stream velocity
and 14 taxa as indicators of low stream velocity in the Guayas river basin (Figure 4). Among the taxa
that were indicators of high stream velocity were Leptophlebiidae, Calopterygidae, Leptohyphidae,
Perlidae, Psephenidae, and Hydropsychidae while the taxa Hyallelidae, Notonectidae indicated low
stream velocity in Figure 4 (top).
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Figure 4. Threshold indicator taxa analysis and change points (dots) for macroinvertebrate community
response to stream velocity (p < 0.05, purity = 0.95, reliability = 0.95 for five minimum number of
observations, 1000 bootstrap and 1000 permutation replicates). Negative indicator taxa (z—) are
indicated by black dots and lines and positive indicator taxa (z+) are indicated by red dots and dashed
lines in the top figure. The size of change point symbol (dots) is proportional to the magnitude of the
taxa response. Z— species responded negatively to an increase in stream velocity, Z+ species responded
positively to an increase in stream velocity. Horizontal lines in the top figure suggest 5-95% quantiles
from the bootstrapped change point distribution. Black solid and red dashed lines in the bottom figure
are cumulative frequency distributions of sum(z—) and sum(z+) maxima (respectively) across bootstrap

replicates. Abbreviations and tabular results for individual taxa are presented in Table S4.
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4. Discussions

4.1. Environmental Influences on the Macroinvertebrate Community

According to the CCA results, there was a strong association between macroinvertebrate taxa and
chlorophyll concentration, conductivity, stream velocity, temperature and elevation. This suggests
an important linkage between physical-chemical variables and the macroinvertebrate community in
the Guayas River basin. Our results show that good water quality was observed at sampling sites
with a high elevation, low temperature, high stream velocity and low concentrations of chlorophyll.
Those characteristics were observed at upstream sites, which have fewer human impacts. In general,
water quality of rivers often deteriorates as one moves downstream due to the accumulating
effects of different types of anthropogenic activities [44]. Low water quality was observed at sites
with high chlorophyll concentrations and a high conductivity, which is likely related to damming,
water extraction, intensive agriculture and urbanization in the Guayas River basin.

One of the stressors in the Guayas river basin is physical habitat alterations caused by stream
velocity manipulation by the Daule-Peripa hydropower dam. Dams cause fluctuations in flow rate
and accumulation of fine sediment within the reservoir [43]. Stream velocity and sediment substrate
affect taxa distribution, abundance, richness and diversity [18], especially sensitive macroinvertebrate
taxa [45]. It has been shown that changes in the flow regime due to water regulation and desiccation
cause a significant reduction in macroinvertebrate density [46]. The results of our research are
supported by previous relevant studies carried out from different locations with varying climatic and
habitat conditions. For example, in Malaysian streams, stream velocity is one of the most important
variable which influences macroinvertebrate diversity [47]. Moreover, Nelson and Lieberman [48]
reported that stream velocity was the most important factor explaining the community composition
of macroinvertebrates in the Sacramento River (California, USA). In the Kangaroo River (Australia),
stream velocity was the most important characteristic affecting the spatial pattern of macroinvertebrate
abundance and diversity [49].

Our study showed that sites with a good water quality have a median chlorophyll value of
1.7 ug/L, a conductivity of 126 uS/cm and a stream velocity of 0.5 m/s. Algae are good bioindicators for
eutrophication [50]. High chlorophyll concentrations can indicate the occurrence of algal blooms [51].
The growth of algae can provide evidence of eutrophication and degradation of water quality in
streams and rivers [52]. In general, the conductivity values at sampling sites within the Guayas River
basin are quite low (median = 123 uS/cm), except for some locations that were almost dry. Low rainfall
during the dry season causes a decrease in the water level and as a consequence, this may possibly
promote water quality problems (e.g., little water remained and high conductivity values (for instance
the maximum value was 1981 uS/cm)) at some sampling sites.

4.2. The Threshold Responses of the Macroinvertebrate Community to Stream Velocity

Based on the TITAN, we identified the tipping points for the thresholds defined by stream velocity
at 0.03 m/s and 0.4 m/s, i.e., stagnant-water taxa start to quickly decrease in abundance and frequency
from 0.03 m/s onwards while running-water taxa start to quickly increase in abundance and frequency
at 0.03 m/s until a stream velocity of 0.4 m/s. The TITAN method was only developed in 2010
and therefore, only a few studies used TITAN to detect thresholds for changes in macroinvertebrate
community composition. We did not find other studies related to thresholds for stream velocity,
thus, this research is probably the first that identified threshold responses of macroinvertebrates to
stream velocity using threshold indicator taxa analysis. The results obtained during the present study
are in accordance with previous studies. For instance, Theodoropoulos et al. [53] applied boosted
regression tree models which revealed that high macroinvertebrate abundance and diversities were
detected in flow velocities between 0.3 m/s and 0.75 m/s. Moreover, the optimum stream velocity for
certain macroinvertebrate taxa such as Baetis is 0.4 m/s [54]. Furthermore, it was reported that at a
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stream velocity higher than 1 m/s, stream velocity acts as a constraint for most living organisms and
the habitat is colonized only by species that tolerate such a high velocity [55].

TITAN revealed 34 taxa (63%) as reliable indicators of stream velocity, of which 20 taxa are
associated with a high stream velocity and 14 taxa are associated with a low stream velocity in the
Guayas river basin. Everaert et al. [31] found that an increase in stream velocity was correlated with
an increasing probability of occurrence of Leptophlebiidae in the Chaguana river basin in Ecuador.
Our findings are in line with previous studies that the Leptophlebiidae were frequently living at stream
velocities ranging from 0.36 to 0.80 m/s and that increasing stream velocity is correlated to an increased
abundance of mayflies (Leptophlebiidae) in the Bento Gomes River, Brazil [56]. We also found that high
stream velocities are associated with numerous sensitive taxa, which is based on BMWP-Colombia
scoring system, such as Perlidae and Psephenidae (tolerant scores 10), Leptoceridae (tolerant score 8)
and Hydropsychidae (tolerant score 7). These results provide evidence for the possible influence of
stream velocity on the macroinvertebrate community and the water quality.

TITAN revealed that 14 taxa such as Caenidae, Hyalellidae, Notonectidae, Dugesiidae and
Glossiphoniidae displayed a negative response to an increasing stream velocity. When examining the
habitat preferences for those taxa, the majority is strongly associated with vegetation (e.g., Notonectidae,
Hyalellidae, Glossiphoniidae, Mesoveliidae, Aeshnidae, Libellulidae), bottom sediments (e.g., Hyalellidae)
and shallow lakes (e.g., Dugesiidae, Gerridae, Mesoveliidae, Dytiscidae) [57]. The presence of these
taxa could be attributed to the characteristics of the Daule—Peripa reservoir. In particular, it was
reported that about one-third of the Daule—Peripa reservoir was invaded by water hyacinth (Eichhornia
crasssipes) [57,58]. Caenidae are dominant in stagnant water [56]. Nelson and Lieberman [48] found
the highest abundance of Chironomidae was observed at low velocities. Thus, the construction of the
Daule-Peripa dam and its stream velocity manipulation can be one of the main causes of the presence
of these taxa.

Case studies from neotropical regions (e.g., Bento Gomes River, Brazil) emphasized the
seasonal discharge variation and stream velocity fluctuations affect macroinvertebrate (e.g., mayfly)
assemblages [56]. Thus, further study over the wet and dry season is needed to have a full understanding
of how the seasonal stream velocity differences affect the macroinvertebrate community in the Guayas
River basin.

4.3. Recommendations for River Management

The decreasing ecological water quality within the Guayas River basin may be attributed to the
modification of stream velocities (through damming and water abstraction), intensive agriculture and
discharge of domestic wastewater without adequate treatment [18,21,59]. Other than the modification
of stream velocities, agriculture and wastewater discharge are mainly related to the land use within
the basin. Thus, in order to improve the biodiversity and water quality in the Guayas River basin,
firstly, sustainable land management is required. It has been shown that land use has impacted the
ecological quality within the Guayas River basin [19,21,59]. Land use within the Guayas River basin
consists mostly of arable land, plantations (banana, rice, maize, African oil palm Elaeis guineensis and
cacao), urban and semi-urban areas. Intensive agriculture often involves mono-cropping with high
inputs of fertilizers, pesticides and herbicides [60], and may lead to ground water contamination and
reduced biodiversity [61]. It has been shown that pesticides used in banana production [60] may enter
watercourses and bring ecological risks to aquatic ecosystems [62]. Most of the agricultural and urban
sites are located in the lowlands of the basin. The impacts of the activities accompanied by these
land uses are reflected in the CCA wherein high turbidity and chlorophyll concentrations as well
as low dissolved oxygen concentrations are evident at the lowland areas. High turbidity may be a
result of erosion in agricultural areas while high chlorophyll concentration may be due to agricultural
nutrient runoff. Low dissolved oxygen concentrations can be due to wastewater discharge in urban
areas. Therefore, sustainable land use management can improve river water quality (e.g., reduce the
chlorophyll concentration) by nutrient limitation [59] and reducing pesticide run-off into ecosystems.
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However, further studies regarding the impact of land use on water quality and macroinvertebrate
community are needed.

Secondly, stream velocity has been shown to be an important parameter affecting the biological
community. The stream velocity of the Guayas River basin can be managed by the Daule-Peripa
dam. The Daule-Peripa dam was constructed for providing hydropower generation, irrigation,
flood protection and drinking water [23]. The flow of the river is controlled by the dam for various
purposes. During dam operation, the water is released, thus increasing the flow up to 110 m3/s [24]
and causing a high stream velocity in the downstream river. Understanding the effect of variability in
stream velocity on the macroinvertebrate community and the importance of this for the protection of
freshwater biodiversity can provide basic information to define environmental flows. Dam managers
can manipulate dam operating rules to maintain economic benefits while simultaneously conveying
adaptive environmental flows for biodiversity [63]. Information about community thresholds, such as
the one obtained in this study, can be used to adjust stream velocity levels for Ecuadorian rivers.
Acreman & Dunbar [64] suggested that defining the environmental flow is only one step in river
protection; the natural flow of the river and flow needed to maintain for human needs (e.g., navigation,
downstream uses) should also be considered [64]. The Guayas river basin needs to be better explored
in order to improve knowledge regarding the impact of damming and other human activities on
aquatic ecosystems. To our knowledge, no minimum stream velocity required to support aquatic life
in the Guayas River basin has been determined.

Another potential option to improve the water quality is providing sanitation infrastructure
(e.g., waste stabilization ponds and constructed wetlands) [65] in order to treat the wastewater before
discharging it into the river. Although Ecuador has a legal water framework, no standards are available
for chlorophyll concentration and conductivity. In Ecuador, water quality issues, aquatic ecosystems
and ecosystem services have been receiving very limited attention [66]. Nevertheless, conductivity,
chlorophyll concentration and stream velocity should be considered as important ecological drivers
for the protection of the aquatic ecosystem in the Guayas River basin.

Community thresholds can link present conditions or predict the effect of environmental changes
to community composition and thus can help to adjust approaches or prioritize locations of special
conservation need [11]. Indeed, based on the patterns that are characterized in this research,
novel management approaches can be developed and implemented. It might be useful to use TITAN
to detect the thresholds for the response of each taxon and then building strategies to control the
environmental variables in order to manage invasive taxa/species and to protect endangered species.
This research may have important implications for future Ecuadorian environmental regulation. It has
been known that macroinvertebrates are an important food source for numerous fishes [67,68] while
fishes serve as food not only for the locals but also for other organisms such as the birds; it is therefore
of paramount importance to conserve macroinvertebrate communities. However, when extrapolating
the results observed in this study to other similar river basins, it is needed to check whether the
threshold responses of macroinvertebrates to stream velocities are consistent and applicable to these
basins and to confirm the value of the TITAN approach for decision making. This approach gives
a possibility to identify an optimal ecological flow, which will support a high biological diversity
of the river.

5. Conclusions

In conclusion, this study provides additional information about the relationships between
macroinvertebrates and environmental characteristics in the Guayas river basin. Chlorophyll
concentration, conductivity and stream velocity are influential variables that need to be considered
as important ecological drivers for macroinvertebrate communities. The findings of this study
also provide clear tipping points in stream velocity. TITAN was able to discriminate between
the macroinvertebrate community related to stagnant water (Daule-Peripa reservoir) and the
macroinvertebrate community related to running waters. The results of this study indicate the
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importance of multiple factor assessments for reliable predictions of macroinvertebrate responses.
Although it may be emphasized that it is important to identify threshold responses to stream velocity,
these thresholds must be combined with the results of key environmental variables in order to define
the ecological flow and conserve biodiversity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/9/1195/s1.
Table S1: Results of CCA analysis; Table S2: Accumulated constrained eigenvalues; Table S3: Biplot scores for
constraining variables. Biplot scores higher than 0.6 are indicated in bold; Table S4: Threshold Indicator Taxa
Analysis of individual taxa in response to stream velocity (m/s) in the Guayas River basin.
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