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Abstract: Reservoirs are dynamic ecosystems subject to different pressures that influence and com-
promise their ecological structure. The main objective of this study was to evaluate the potential of
using the macroinvertebrate to assess the water quality of four reservoirs (one site in Miranda—M
and Pocinho—P; four sites in Aguieira—Ag1 to Ag4; and five sites in Alqueva—Al1 to Al5). The sites
were sampled in autumn 2018 (A18), spring and autumn 2019 (S19 and A19) and spring 2020 (S20).
In situ physical and chemical parameters were measured and a sample of water and macroinverte-
brate were collected for further analyses. Total phosphorus exceeded the allowed concentrations
(maximum values recorded: M—0.13 mg/L, P—0.09 mg/L, Ag3—0.22 mg/L and Al5—0.18 mg/L).
Total abundance varied between 4 and 3088. Taxonomic richness was always low, between 1 and
12 taxa. The highest Shannon-Wiener value (1.91) was recorded in Agl_A18 and Al2_A18. Pielou’s
evenness varied widely across all reservoirs, from 0.06 to 0.92. Almost all the organisms found were
associated with polluted water, according to the index ratings. Organisms tolerant of disturbances
(e.g., Chironomidae and Oligochaeta) were associated with sites with the worst water quality, ac-
cording to the Water Framework Directive (WFD), (M, Ag3, Ag4 and Al5) while organisms with
moderate tolerance to disturbances (e.g., Cordullidae and Polycentropodidae) were associated with
sites with better water quality (P, Agl, Ag2 and All to Al4). The macrozoobenthos index (MZB) used
proved to be a sensitive tool to Portuguese reservoirs, corroborating most of the results obtained in
the remaining analyses, as well as providing a clear ecological potential complementing the analysis
carried out by the WFD. Based on this, the macroinvertebrate community appeared to be sensitive
and able to characterize the reservoirs’ water quality.

Keywords: ecological quality; heavily modified water bodies; lentic ecosystem; bioindicator

1. Introduction

Over the past few years, a growing concern with the decrease of freshwater qual-
ity worldwide has been acknowledged [1-3]. Indeed, ensuring the waterbody quality
is essential to preserve the ecosystem and conserve the natural structure, function, and
dynamics [4] to guarantee the maintenance of the ecological balance [5]. The construction of
dams in lotic ecosystems promotes the creation of lentic water bodies upstream (identified
as heavily modified and artificial water bodies, such as reservoirs). This latter ecosystem
allows the regulation of water levels for flood control, water consumption, irrigation, and
hydroelectricity production. However, reservoirs can present low water quality due to
changes in the nutrient cycles, promoting the increase of organic matter, nutrient and sedi-
ment accumulation, seasonal variations of oxygen and temperature distribution, variable
water retention times and, consequently, a decrease of the current velocity and water level
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fluctuation [6-9]. Even more, different sedimentological structures may be settled along
the reservoir due to the new physical conditions. The variability in loads of dissolved
or particulate solids, for example, typically reflects geological variations, use of the ad-
jacent land and precipitation [10]. These interferences change the system morphometry,
its physical and chemical characteristics and the functioning and structure of biologi-
cal communities, namely loss of biodiversity and the loss of ecosystem functions (e.g.,
less nutrient recycling) [8,11,12], affecting bacterioplankton [13,14], phytoplankton [15,16],
zooplankton [17,18], benthic macroinvertebrates [19-22], fish and macrophytes [10].

The Water Framework Directive 2000/60/EC (WFD) is European legislation affecting
water policy and quality [23], which established that each member must protect, improve,
and recover all water bodies to attain a good ecological status. According to the WFD
approach, the assessment of lentic ecosystems presents a great lack of biological parameters,
with phytoplankton being the only parameter historically used. Several authors have
already mentioned this scarcity of biological parameters, suggesting other communities
(e.g., bacterial, benthic macroinvertebrate and zooplankton) as potential indicators of
water quality for lentic ecosystems [14,17,21]. The benthic macroinvertebrate community
includes organisms that live or present part of their life cycle on the bottom substrates
of a water body [24]. Their distribution is strongly influenced by physical and chemical
factors and the type of food available [24,25]. For example, the Chironomidae resist at low
concentrations of dissolved oxygen, while the presence of Ephemeroptera, Plecoptera and
Trichoptera can be indicative of low anthropic impact environments, being affected by the
type of substrates, the heterogeneity of habitats, the current velocity, and the availability
of trophic resources [25]. The benthic macroinvertebrate community plays an important
role in benthic and pelagic food webs and the cycle of organic matter and energy flow [20].
In lotic ecosystems (e.g., rivers), there is a great taxonomic and functional diversity of
benthic macroinvertebrates, which allows the development of metrics for the assessment
of the ecological status of these water bodies [26]. In rivers, this community has been
considered a good indicator for the assessment of the water quality [20,27]. Furthermore,
several authors propose that the benthic macroinvertebrate community can also be a good
indicator to assess the water quality in lentic ecosystems [21,28]. However, for reservoirs,
the macroinvertebrate community is poorly studied.

The benthic macroinvertebrate community is an important bioindicator used by WFD,
namely in river assessment. Furthermore, it is one of the biological communities that
the WFD intends to use for the assessment of reservoir water quality, although it is not
used yet. In reservoirs, this community tends to be less complex, with reduced diversity
and abundance [26]. These previous features tend to reflect the adverse environmental
conditions of the reservoirs for these communities [26]. For example, the existence of
fluctuation and amplitude of the water level, in the area exposed by lowering, leads to a
decrease in diversity and abundance [20,21,27,29,30]. On the other hand, organisms with
shorter life cycles and high mobility tend to be able to survive in these conditions, even
with high amplitudes of water levels [21]. Thus, the heterogeneity of the types of substrates
tends to increase the number of benthic taxa, since a heterogeneous environment affords
a greater number of niches [22]. The benthic macroinvertebrate community also tends to
vary with depth, generally being more diverse and abundant close to the reservoir margins
than in deeper waters [20].

Considering this background, our main objective was to assess whether the benthic
macroinvertebrate community can be a good indicator for assessing the ecological po-
tential of heavily modified and artificial water bodies (Miranda, Pocinho, Aguieira, and
Alqueva reservoirs). For doing this, the composition (e.g., abundance, diversity, richness
and evenness) of benthic macroinvertebrates was analysed to assess the water quality
of the target reservoirs. Additionally in each reservoir, specific physical, chemical and
biological parameters (phytoplankton Ecological Quality Ratio—EQR) proposed by WFD
were quantified and analysed.
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2. Materials and Methods
2.1. Study Areas

The present study was conducted in four reservoirs located throughout Portugal:
Miranda (M) and Pocinho (P) in the hydrographic basin of the Douro River, Aguieira (Ag)
in the hydrographic basin of the Mondego River, and Alqueva (Al) in the hydrographic
basin of the Guadiana River (Figure 1). The selection of reservoirs and respective study sites
were defined based on previous studies in these areas by our work team [2,31-33], with
pressures and several other factors already documented (for more detailed information
please see [2,31-33]).

Miranda (M)

SPAIN

ATLANTIC OCEAN

SPAIN

16,73 32km
)

Figure 1. Location of the sampling sites in Miranda (M—41°29/24.802" N, 6°15/55.925" W), Pocinho
(P—41°08'10.884" N, 7°06'39.074" W), Aguieira (Ag1—40°20/27.942" N, 8°11/38.616" W, Ag2—
40°22'01.884"" N, 8°10/28.283" W, Ag3410°24/03.488” N, 8°07/01.150” W and Ag4—40°22/22.256” N,
8°0319.055"” W) and Alqueva (A11—38°12/07.957" N, 7°29'19.717" W, Al2—38°17'35.785" N,
7°33'41.484" W, A13—38°25'58.085" N, 7°21/03.721" W, A14—38°32/49.092" N, 7°18/13.988"” W and
A15—38°44'15.763" N, 7°14’15.144" W).

Miranda reservoir, the first reservoir on the international stretch (bordering Spain)
of the Douro River (Figure 1), started operating in 1960. It is the smallest reservoir of
this study with an area of 1 km? [34]. This reservoir tends to present low water level
fluctuations (<1 m) with no trend along the year [35]. According to the 2nd Planning Cycle
(2016-2021), Miranda reservoir presented a moderate ecological potential [36]. Pocinho
reservoir is the first reservoir on the national stretch of the Douro River (Figure 1), which
started operating in 1983 and occupies an area of 8 Km? [34]. This reservoir also tends to
present low water level fluctuations (<1 m) with no trend along the year [35]. According to
the 2nd Planning Cycle (2016-2021), Pocinho reservoir also presented a moderate ecological
potential [37]. The Aguieira reservoir is inserted in the Mondego River in the Coimbra
district (Figure 1) at the confluence of two secondary rivers, Dao and Criz. This reservoir
started operating in 1981 and occupies an area of 20 km? and was included in the WFD
intercalibration exercise [38]. This reservoir presents huge water level fluctuations (<16 m),
often reaching the minimum quota limit in early autumn and the maximum quota limit in
early spring [35]. According to the 2nd Planning Cycle (2016-2021), the Aguieira reservoir
presented a poor ecological potential [39]. The Alqueva reservoir is located in the Guadiana
River, in the Alentejo region (Figure 1). Alqueva is the largest artificial lake in Europe and
the most recent reservoir, operating since 2004, with an area of 250 km? [40]. This reservoir
presents high water level fluctuations (<4 m), reaching the minimum and maximum quota
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limits at the same time of year as Aguieira [35]. According to the 2nd Planning Cycle
(2016-2021), the Alqueva reservoir presented a moderate ecological potential [41].

One site in Miranda (M), one site in Pocinho (P), four sites in Aguieira (Agl, Ag2, Ag3
and Ag4) and five sites in Alqueva reservoirs (All, Al2, Al3, Al4 and Al5) were selected
to conduct the current study (Figure 1). These sampling sites were selected based on the
dimension of the reservoir, accessibility conditions and types of pressure across reservoirs
(e.g., agriculture, industry). Furthermore, this selection considered the existing monitoring
stations defined by the national agency responsible for the water monitoring program
of each reservoir. Four sampling periods were defined to conduct this study: the end of
October in autumn of 2018 (A18), May in spring of 2019 (519), the end of October in autumn
of 2019 (A19) and May in spring of 2020 (S20).

2.2. Sampling Methods and Analyses

In each site, a few meters of the margin (with accessibility on foot), several sub-
superficially (<0.50 m depth) physical and chemical parameters were measured in water:
pH, conductivity (uS/cm), temperature (°C) and dissolved oxygen (mg/L and %), us-
ing a multiparameter probe (Multi 3630 IDS SET F). Additionally, water samples (1 L)
were collected and transported to the laboratory at 4 °C and under dark conditions for
further analyses.

In the laboratory, the concentration of the following compounds was determined
using chromatographic methods. Concentrations of nitrites and nitrates (mg/L) were
quantified by liquid chromatography of ions [42]. The total Kjeldahl nitrogen (mg/L)
concentration was obtained using the Kjeldahl nitrogen method [43]. The total phosphorus
(mg/L) concentration was determined by the application of inductively coupled plasma
mass spectrometry [44]. Ammonium (mg/L) concentration was quantified by spectropho-
tometric and turbidimetric analyses [45], and the content of dissolved organic carbon
was determined indirectly through the colour of the water (Coloured Dissolved Organic
Carbon (CDOC)) [46]. Turbidity was obtained using a spectrophotometer method using
the protocol of Brower et al. [47].

The phytoplankton sampling and analysis were carried out according to the method-
ology described in [2,48,49]. Only the final values of the Ecological Quality Ratio (EQR)
were considered for the interpretation of the results.

Macroinvertebrate community samples were collected using a hand net (0.5 mm of
mesh; 0.5 m of length) according to standard procedures [50]. In each site, three drags
were performed along one meter of the substrate (essentially sands, gravel, and rocks) and
vegetation, resulting in a composite sample. The samples were preserved in formaldehyde
4%. In the laboratory, the samples were screened with tweezers and the organisms were
conserved in ethanol 96%. The identification procedure was conducted in a binocular
stereoscope and all organisms were identified up to the family taxonomic group, consistent
with the taxonomic level used for specific indexes in Europe [51,52]. Oligochaeta was
identified up to the subclass using Tachet et al. [53] as a dichotomous identification key.

2.3. Statistical Analysis

According to the WFD [23], the physical and chemical parameters are characterized in
two groups, taking into account the reference value: good (green) and moderate (yellow)
ecological potential. The biological parameter can be characterized in two forms according
to the typology of the reservoir: (i) good or more (green) and moderate or less (yellow)
ecological potential for the main course reservoir; and (ii) good or more (green), moderate
(yellow), poor (orange) and bad (red) ecological potential for the north reservoirs.

The macroinvertebrate community was characterized regarding abundances, taxo-
nomic richness, the number of families belonging to the orders Ephemeroptera, Plecoptera,
Trichoptera (EPT). Shannon-Wiener index was used to estimate the diversity and Pielou’s
index was used to estimate the evenness of each sample. The macrozoobenthos index for
dam reservoirs (MZB) was applied at all samples, which focuses on the Average Score Per



Water 2021, 13, 3391

50f 20

Taxon (AST) and Margalef Diversity Index recorded in the macroinvertebrates community.
The results are classified into five groups: excellent (blue), good (green), moderate (yellow)
poor (orange) and bad (red), according to [54].

For each hydrographic basin, clustering patterns were achieved by the construction
of Complete Linkage dendrograms, based on the Bray-Curtis coefficient, using Primer
software v7.0.11. To perceive associations between the environmental variables and the
macroinvertebrates communities, a Canonical Correspondence Analysis (CCA) was con-
ducted using CANOCO 4.5® software. Previously, before the latter analysis, environmental
variables were standardized, and redundant variables were removed for the analysis.

3. Results and Discussion
3.1. Water Chemistry

Table 1 presents the values of physical, chemical, and biological parameters measured
in each site over the sampling period. In general, the four reservoirs tended to present
neutral/alkaline pH, with values between 6.7 and 9.7, being the highest values recorded in
spring samples. The Aguieira reservoir presented low conductivity values in almost all
sites (<100 uS/cm), whereas Miranda and Pocinho reservoirs (>250 uS/cm) and Alqueva
reservoir (>500 puS/cm) presented the highest values. The temperature fluctuated consid-
erably throughout the sampling periods, ranging from 9.4 to 33.3 °C. Dissolved oxygen
(Oy) also fluctuated considerably throughout the sampling periods, showing higher values
in the spring samples in all reservoirs. CDOC values were generally low throughout the
sampling period, with higher values in P_A18, in Ag3_A18, in all sites of Aguieira in S19,
Al2 and Al5 of A18, in all sites of Alqueva in S19 and Al4 and Al5 of 520 (Table 1). Turbidity
had generally low values in all sampling periods. The highest value was observed in
Ag3_A18. In general, nutrient concentrations were below the detection level (Table 1),
which reflects the low concentrations of nutrients recorded. Nitrates (NO3 ™) and total
phosphorus (Pya1) presented the highest concentrations in the upstream sites (Ag3, Ag4
and Al5). Moreover, nitrate (NO3 ™) and nitrite (NO, ™) concentrations showed seasonality
in the Aguieira reservoir with higher values recorded in the spring sampling.

Regarding the threshold values for environmental quality standards according to
the WFD, some of the physical and chemical parameters surpassed the thresholds estab-
lished [23]. The O, (Table 1), in M_A18, and Agl and Ag?2 of Aguieira in A19, presented
values above the environmental quality standards (O, of <5 mg/L and 60%) which means
that these water bodies, in these periods, are in moderate conditions of environmental
quality. Furthermore, Py, (Table 1) tends to be the most problematic parameter, exceeding
the maximum allowed concentrations according to the environmental quality standard
values (<0.05 mg/L for North reservoir [Miranda, Pocinho and Aguieira] and <0.07 mg/L
for south reservoir [Alqueva]) in M of A18 and 520, P of A18 and S20, Ag3 of four sam-
plings, Al4_A18 and Al5 of A18, 519 and S20. The values recorded of pH agreed with the
environmental quality standards, while the concentration of NO3;~ was always below the
maximum allowed limit.
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Table 1. Physical and chemical parameters (FQ): pH, conductivity (Cond), temperature (Temp), dissolved oxygen (O,) dissolved organic carbon (CDOC), turbidity (Turb), nitrites (NO, ™),
nitrates (NO3 ™), total Kjeldahl nitrogen (Nk;), total phosphorus (Pyyta1) and ammonium (NHy); and the biological parameter (BIO): phytoplankton (Ecological Quality Ratio EQR) for each
site and reservoir along the study periods. The highlighted values (in bold) represent the values outside the environmental quality standards. * stands for reference conditions in Miranda,
Pocinho and Aguieira reservoirs; ** stands for reference conditions in Alqueva reservoir; @ [49].

pH Cond Temp 0, 0, CDOC Turb NO,~ NO;~ N;j Piotal NH, Phytoplankton
(uS/cm) ©Q) (mg/L) (%) (m-1) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (EQR)
North
[1.0-0.60]—Good or more
o < O [0.6-0.4]—Moderate
Environmental Quality 1 1 60-120 * 1 <0.05 * [0.4-0.2]—Poor
Standards 69 >50 140 ) <250 <0.07 [0.2-0]—Bad
- Main Course
>0.17—Good or more
<0.17—Moderate or less
?é A18 M 8.1 403 9.4 9.8 89.4 0.000 0.025 0.08 6.9 <0.6 0.10 <0.05 0.68
[
Fg é S19 M 8.8 447 15.6 14.1 149.7 0.046 0.069 0.09 6.4 <0.5 0.03 <0.05 0.11
é k= A19 M 7.9 341 18.3 4.4 50.0 0.023 0.016 0.43 2.3 <0.5 0.01 0.06 0.85
§ 520 M 8.6 438 19.0 11.0 124.1 0.023 0.038 0.16 7.4 <0.5 0.13 <0.05 0.16
g Al8 P 7.9 330 12.2 9.1 84.4 0.219 0.014 0.03 3.9 <0.6 0.08 <0.05 3.10
-
% 5 S19 P 8.8 316 16.5 14.0 144.0 0.000 0.016 <0.01 <0.5 <0.5 0.03 <0.05 0.26
E k=i A19 P 8.0 306 19.2 8.2 90.3 0.002 0.000 <0.04 2.3 <0.5 0.04 <0.05 0.61
‘z“ 520 P 9.2 268 22.8 15.9 185.0 0.097 0.054 0.05 3.5 0.7 0.09 0.05 0.12
Agl 8.4 86 24.5 8.8 106.3 0.059 0.018 <0.01 1.3 <0.5 <0.01 <0.05 0.59
AlS Ag2 7.6 97 23.2 8.0 94.4 0.082 0.036 0.02 <0.5 <0.5 0.03 <0.05 0.53
Ag3 8.1 143 21.0 9.9 112.0 0.151 0.115 <0.01 <0.5 6.3 0.22 <0.05 —0.50
Agi4 7.4 87 24.5 7.4 89.0 0.043 0.038 0.01 2.4 <0.5 0.03 <0.05 0.56
Agl 9.2 83 144 11.9 119.4 0.100 0.072 0.04 2.8 <0.5 0.01 0.07 0.45
519 Ag2 9.0 89 15.0 12.4 124.9 0.230 0.069 0.07 3.3 <0.5 0.01 <0.05 0.73
« Ag3 8.3 112 15.2 11.3 1121 0.148 0.087 0.04 4.0 <0.5 0.09 0.06 0.50
E < Ag4 9.2 78 15.5 12.2 125.2 0.243 0.074 0.02 1.2 0.7 0.02 0.09 0.35
— -
?D ZO Agl 6.8 91 17.7 4.5 47.1 0.014 0.023 <0.01 1.5 <0.5 <0.01 <0.05 0.61
< A19 Ag2 6.7 92 17.9 5.3 55.9 0.037 0.035 <0.01 1.2 <0.5 <0.01 <0.05 0.72
Ag3 6.7 101 16.3 9.0 91.8 0.048 0.046 0.02 2.3 2.2 0.09 <0.05 0.41
Agd 6.8 88 17.3 6.9 72.3 0.030 0.016 0.03 1.0 0.6 <0.01 <0.05 0.50
Agl 9.6 74 21.9 129 150.2 0.056 0.008 0.04 2.7 <0.5 0.02 0.07 0.77
520 Ag2 9.7 85 20.5 14.2 160.1 0.072 0.008 0.04 2.2 0.7 0.03 0.07 0.37
Ag3 9.0 90 20.7 12.4 141.0 0.033 0.015 0.05 3.3 <0.5 0.08 0.18 0.33
Agd 9.4 73 224 13.3 156.5 0.046 0.008 0.01 0.6 <0.5 0.03 0.10 0.61
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H Cond Temp (01 O, CDOC Turb NO,;~ NO;~ N;j Piotal NH,4 Phytoplankton
I3 (uS/cm) O (mg/L) (%) (m—1) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (EQR)
All 7.9 501 16.6 6.6 68.8 0.074 0.002 <0.01 45 <1.00 0.06 <0.05 1.32
Al2 8.0 491 17.2 7.4 78.0 0.138 0.000 0.02 0.5 <1.00 0.03 <0.05 0.72
Al8 Al3 8.1 515 16.8 7.0 73.2 0.067 0.023 0.12 <0.5 <11 0.07 0.17 0.95
Al4 8.0 541 17.6 6.6 69.6 0.090 0.014 0.52 0.8 <1.00 0.08 0.20 0.87
Al5 8.4 692 16.6 11.6 120.9 0.248 0.044 0.08 5.6 1.3 0.16 <0.05 0.15
All 8.5 517 23.0 9.6 114.4 0.380 0.009 0.01 <0.5 0.6 0.01 0.05 0.85
Al2 8.7 515 23.7 9.4 112.8 0.384 0.012 0.02 <0.5 0.6 <0.01 <0.05 1.36
) S19 Al3 8.8 538 23.1 10.0 118.2 0.386 0.002 0.04 0.6 0.6 0.01 0.11 0.83
© § Al4 8.5 570 23.8 12.7 152.6 0.352 0.016 0.07 0.7 0.7 0.01 0.08 0.58
§ 8 Al5 9.1 714 23.0 16.9 199.5 0.460 0.074 1.70 0.9 2.1 0.09 0.58 0.08
=g All 8.2 525 16.6 8.1 83.7 0.041 0.023 0.02 <0.5 <0.5 0.07 <0.05 0.73
< %‘ Al2 8.3 521 16.9 8.0 83.3 0.053 0.021 0.04 <0.5 0.5 0.05 <0.05 0.55
A19 Al3 8.3 545 16.9 8.5 88.8 0.044 0.018 0.04 <0.5 0.7 0.04 0.19 0.79
Al4 8.3 578 16.9 7.5 77.6 0.067 0.021 0.66 0.5 1.0 0.05 0.28 0.78
Al5 8.4 769 14.6 11.0 108.6 0.087 0.092 0.12 1.7 1.6 0.07 0.81 0.12
All 8.8 540 32.0 8.3 114.0 0.056 0.008 0.02 <0.5 <0.5 0.04 <0.05 0.87
Al2 8.9 506 333 8.5 119.1 0.056 0.003 0.02 <0.5 <0.5 0.05 <0.05 0.86
S20 Al3 9.0 558 31.7 8.4 115.2 0.069 0.008 0.09 0.8 0.6 0.03 <0.05 0.72
Al4 9.2 509 32.0 10.0 133.6 0.115 0.038 0.09 <0.5 0.8 0.06 <0.05 0.22
Al5 8.6 588 32.0 7.0 97.0 0.153 0.082 0.04 <0.5 1.0 0.18 0.16 0.10
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According to the evaluation of the physical and chemical parameters, the quality of
the reservoirs tends to show low water quality, especially in the autumn sampling period.
All reservoirs are located in areas exposed to urban and livestock effluent discharges
and agricultural runoff with high use of fertilizers that can cause the accumulation of
nutrients such as Pyyq) and N; in the reservoir, as observed in Pérez et al. (2010) along the
Alqueva reservoir and in the Agéncia Portuguesa do Ambiente [52] along the Aguieira
reservoir. Moreover, all reservoirs were characterized as eutrophic, especially due to
high concentrations of Py, recorded over the last few years [34,55-57], a condition also
observed in the present study. Sande-Fouz et al. [58], in an outlet of an agroforestry
catchment located in north-western Spain, evaluated the phosphorus concentration along
a time scale and observed a slight peak in spring and a high peak in autumn, results
that agree with the results of the current study. Moreover, the low DO levels recorded in
some sites can be associated with the eutrophic conditions already reported. Data from
SNIRH [35] monitoring network show occasionally low O; in all reservoirs, being 2 mg/L,
the lowest concentration observed in Miranda reservoir and 3 mg/L in Pocinho, Aguieira
and Alqueva reservoirs. Bordado et al. [34], in the Miranda reservoir, also reported low
O; levels, being 75% of the average values during the 1992-2001 period. On the other
hand, Miras-Avalos et al. [59], in an outlet of a small catchment located in north-western
Spain, observed that the highest carbon concentrations were characteristic of the autumn
period and seasonality affects the carbon contents and availability. However, in the current
study, the highest values were almost always observed in the spring season, except for the
Pocinho reservoir where no pattern was observed (Table 1).

Overall, the phytoplankton EQR (Table 1) shows that in the Miranda and Pocinho
reservoirs the spring samples presented the worst water quality (moderate or less). The
Aguieira reservoir tended to present low water quality, being the Ag3, the most problematic
site with the lower EQR values recorded. In addition, it is important to highlight the low
quality of the Ag4 site, which in general presented the worst ecological potential. Concerning
the Alqueva reservoir, the Al5 site presented a low ecological quality (moderate or less). These
reservoirs are classified as eutrophic, and our results corroborate this fact since they present
the highest nutrient concentrations (Table 1). The large availability of nutrients favours the
overgrowth of phytoplankton [31], namely Cyanobacteria organisms (e.g., Anabaena and
Microcystis), that was already associated with poor water quality and recurrently reported in
these last two reservoirs [2]. This poor quality can be clearly seen at the Ag3 site where an
EQR of —0.50 was obtained. This result was due to a Cyanobacteria bloom, as mentioned in
Pinto et al. [2], later identified as a bloom of Microcystis aeruginosa FD4 [33].

3.2. Macroinvertebrate Community

Macroinvertebrate abundance, taxonomic richness, diversity and evenness for each
site and sampling period are present in Table 2. In general, no pattern was observed for
these four parameters. However, is important to emphasize that Al5_S520 had the highest
total abundance (3088 individuals per sampling effort) and Al4_S20 had the lowest value
(4 individuals), with both in the Alqueva reservoir. In the Aguieira reservoir, the sampling
period with higher total abundances was S19. Overall, Chironomidae (CHI), Oligochaeta
(OLI) and Corixidae (CORI), organisms that are mainly found in low-quality water bodies,
were the most abundant groups because they tolerate high degrees of pollution [25,60].
Taxonomic richness (Table 2) varied between 1 and 12 taxa, and a higher variation in the
number of families was observed in the Alqueva reservoir. Shannon-Wiener diversity
was generally low in all sites (Table 2), the highest values being observed in Agl_A18
(Aguieira) and Al2_A19 (Alqueva) and the lowest value in A13_S20 when only one taxon
was observed. Regarding Pielou’s evenness (Table 2), the values tended to reflect low
equitability in almost all sites. Al4_S20 (Alqueva) presented the lowest value (0.06) due
to the presence of a dominant taxon, CORI, with 3040 individuals out of 3088 (Table 2).
Studies concerning macroinvertebrates in lentic ecosystems (e.g., reservoirs, lakes) are still
scarce [22,28,61]. However, other studies have observed low diversity and abundance of
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macroinvertebrate communities in reservoirs when compared to natural lakes (e.g., [26]).
Furthermore, these communities tend to be dominated by groups resistant to organic
pollution and pesticides, such as CHI, as mentioned in Palma [4] and Trottier [21].

These results would be biased because organisms associated with good water quality
(sensitive to disturbances) such as Plecoptera, Trichoptera or Ephemeroptera rarely appear
in reservoirs since they are very sensitive to changes in physical and chemical parameters,
climatic changes (e.g., precipitation rate), types of substrates, presence of faecal coliforms
and heavy metals [62]. In contrast, organisms associated with poor water quality such
as CHI and Hirudinea tend to be frequent and sometimes quite dominant [62]. The use
of indexes for lakes can be an asset since these ecosystems show many similarities with
the reservoirs [28]. Ntislidou et al. [28] developed and applied a new multimetric index
(Greek Lake Benthic Macroinvertebrate Index (GLBil)) to assess the water quality of various
lakes based on the WFD approach. This index is based on three ecological quality ratios
estimated: (i) total number of taxa; (ii) Simpson’s diversity index and (iii) the percentage of
CHI in the profundal zone (max depth of the lake). Unfortunately, this type of approach
cannot be applied in our work since the deep zone has not been sampled.

The Bray—Curtis dendrogram of Miranda and Pocinho reservoirs (Figure 2a) revealed
that the compositions of benthic macroinvertebrates in the autumn samplings of Pocinho
were grouped and were different from the remaining sites. The Miranda reservoir tended
to be grouped in a single group except for M_S20 that was more similar to Pocinho, in the
same sampling period.

The Miranda and Pocinho CCA (Figure 2b) first axis explains 40.6% of the total vari-
ance in the data, while the second axis accounts for 25.8%. The Miranda reservoir tended
to be associated with higher nitrate concentrations (NO3 ™), Coleoptera (ELM, HYDRA,
HEL, HYDRO, see taxa abbreviation in Table 2), and Diptera (CER) macroinvertebrate
community, except for M_A19 in which no association was recorded with any parameter
or taxa. Autumn samples for Pocinho reservoir were associated with low DO concentra-
tions and pH values and organisms of Amphipoda (GAM and CORO), Odonata (COE),
Decapoda (ATY), Mollusca (PLA), Ephemeroptera (BAE, CAE) and Trichoptera (POL).
Pocinho at_S19 showed a stronger association with NO3;~ and Coleoptera (HEL and HY-
DRO) macroinvertebrates, while in 520, temperature (Temp) and Diptera (CHI) organisms
were strongly associated.

Additionally, Figure 2c presents the results obtained by the MZB index. According to
the classification [54], Miranda presented lower water quality in autumn and good quality
in spring. On the other hand, Pocinho presented good quality in all sampling periods,
except for S19 where moderate water quality was observed.

Several authors (e.g., [27,60]) have already described that water fluctuations have
a strong relationship to the composition of benthic macroinvertebrates. McEwen and
Butler [27] reported that benthic macroinvertebrates may be particularly susceptible to water-
level changes since they can modify the sediment exposure, temperature regime, wave-
induced sediment redistribution and basal productivity. Miranda and Pocinho reservoirs
are two small reservoirs that do not show large fluctuations in the volume of water stored, as
reported by the SNIRH [35]. Regarding the Miranda reservoir, the water level oscillation is
reduced (<1 m) and no major differences in the macroinvertebrate community were recorded
throughout the sampling period. This situation can be observed in the CCA (Figure 2b),
where almost all Miranda sites tend to be grouped. Moreover, high NO3; ™~ concentrations
and taxa such as HEL, HYDRO, HYDRA, CER, ELM, OLI and CORI are associated with
very polluted waters in which their presence may indicate a high water retention time in the
reservoir. However, this contradicts the results obtained by the MZB index. As previously
mentioned, this reservoir is characterized by eutrophic conditions [31,32], and according to
the results of the WFD evaluation, this reservoir presented a moderate ecological potential
in all seasons (Figure 2c). On the other hand, the evaluation of the macroinvertebrates in this
reservoir presents contradicting results; however, the MZB index was able to distinguish
more sampling sites than the WFD approach itself.
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Table 2. Abundances of macroinvertebrates (number per sampling effort) in each site of Miranda, Pocinho, Aguieira and Alqueva reservoirs. EP—Ephemeroptera; TR—Trichoptera;
DI—Diptera; HE—Heteroptera;, MO—Mollusca; AN—Annelida; CR—Crustacea; CO—Coleoptera; OD—Odonata; EPT stands for Ephemeroptera, Plecoptera and Trichoptera.
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Figure 2. (a) Miranda and Pocinho complete linkage dendrogram of benthic macroinvertebrates
similarity; (b) Canonical Correspondence Analysis (CCA) of the distribution of aquatic invertebrates
(see taxa abbreviation in Table 2); (c) ecological potential according to WFD parameters (* see Table 1
for more information) and macrozoobenthos index for dam reservoirs (MZB) through the sampling

sites, periods, and environmental variables.
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In the case of the Pocinho reservoir, the water level oscillations (<1 m) are also low
according to SNIRH [35], a fact verified in the current study, and the sites are grouped
seasonally (Figure 2b). Autumn is associated with low values of dissolved oxygen and pH
and strongly associated with taxa such as POL, which are organisms related to unpolluted
waters, and also with other organisms that are normally present in moderately polluted
waters (Figure 2b). Moreover, spring samples are associated with higher temperatures,
NO;~ and organisms typical of low ecological water quality (e.g., CHI, OLI, CORI and
HYDRO). The Pocinho reservoir has been characterized as a eutrophic reservoir [55] due
to the highest concentrations of Py, recorded (Table 1). Based on the WFD assessment
(Figure 2¢), and according to other studies, this reservoir has an ecological potential of
moderate/good [31,32]. These results by the WFD approach are in agreement with most of the
macroinvertebrate results recorded since the sites with high ecological potential (e.g., P_A19)
also presented the most sensitive macroinvertebrates to disturbances and better classification
according to the MZB (Figure 2c). Therefore, it is possible to observe that the macroinvertebrate
community has an important role in the water quality of these two reservoirs.

In the Aguieira reservoir, the Bray—Curtis dendrogram (Figure 3a) shows that Ag3_A18
was very different from the other sites. The remaining sites were grouped into two different
groups, in general, according to the sampling season (autumn or spring). The Aguieira
CCA (Figure 3b) first axis was responsible for 31.5% of the total variance in the data while
the second axis was responsible for 28.8%. In general, this reservoir is grouped by seasons,
where spring samplings were associated with high values of DO, pH, CDOC, nitrates
and nitrites, while the autumn samplings, except for Ag3_A18, were associated with high
values of temperature, conductivity, and some nutrients. Regarding the macroinvertebrate
community, the spring samples were associated with a diversity of organisms such as
Heteroptera (CORI), Oligochaeta (OLI), Decapoda (ATY), Coleoptera (HYDRO and ELM),
Diptera (CHI) and Mollusca (PHY). On the other hand, the autumn samples were associated
with Odonata (CORD), Amphipoda (GAM), Mollusca (PLA, LYM), Ephemeroptera (CAE),
Hirudinea (GLO), Trichoptera (POL), Diptera (CER) and Coleoptera (DRY). The MBZ index
(Figure 3c) shows that the spring samples present lower water quality compared to autumn
samples. Moreover, most upstream sites (Ag3 and Ag4) tend to present a lower quality,
which corroborates the remaining results obtained.

The Aguieira reservoir has frequent cyanobacterial blooms as mentioned by Agéncia
Portuguesa do Ambiente [52] and Vasconcelos et al. [57,63], namely in the Ag3 site, which can
alter the macroinvertebrate community present. Furthermore, Cyanobacterial algae blooms
can produce toxins able to interfere with the dynamics of this community by eliminating
sensitive organisms [11]. Pinto et al. [2] observed cyanobacteria bloom in Ag3_A18, and
according to WFD metrics, this site was classified with bad ecological potential. Regarding
the macroinvertebrate community, site Ag3_A18 was the most different, presenting the lowest
richness and abundance (Table 2 and Figure 3a), which may corroborate the poor water
quality observed. Furthermore, Pinto et al. [2] refer that upstream sites (subject to increased
pressure from agricultural activities) tend to have worse ecological potential. According to
the Aguieira CCA (Figure 3b), Ag3 and Ag4 are closer sites and associated with high resistant
organisms (e.g., OLI and CORI) that normally occur in water with poor quality [2,57].

This reservoir showed annually a high-water level oscillation where the stored volume
varies up to about 60% with peaks at the end of the dry and rainy season, representing
a variation of the quota in the order of 16 m [35]. These oscillations promote the occur-
rence of drying mechanisms, changes in the substrate composition and availability of the
organic matter, leading to great variations in the composition and distribution of benthic
organisms [21,28]. The Aguieira dendrogram, CCA and MZB index (Figure 3) showed
an evident separation of the sites between seasons. Autumn samplings were associated
with taxa linked for a better water classification (e.g., CORD, POL and GAM), while in
spring samplings, the taxa recorded were representative of a worse water classification
(e.g., CHI and OLI). In spring, this water classification may be associated with the changes
in the substrate composition, namely in the margin areas that suffer leachate processes,
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leading to a loss of habitat for the macroinvertebrate community. The macroinvertebrate
community appears to be a potential bioindicator in assessing the water quality of the
Aguieira reservoir. Regarding the more polluted sites, they were grouped (Ag3 and Ag4)
and the more tolerant organisms (e.g., OLI and CORI) were recorded.
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Figure 3. (a) Aguieira complete linkage dendrogram of benthic macroinvertebrates similarity;
(b) Canonical Correspondence Analysis (CCA); (c) ecological potential according to WFD parameters
(* see Table 1 for more information) and macrozoobenthos index for dam reservoirs (MZB) of the

distribution of aquatic invertebrates (see taxa abbreviation in Table 2) through the sampling sites,
periods, and environmental variables.
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These different assessments may be due to the wide variation in the CHI taxa, as
they are in abundance in spring. Kaster and Jacobi [64], in a Wisconsin reservoir, USA,
a reservoir with great water level amplitude, observed the same trend in the CHI abun-
dances. The organisms that succeeded to survive the drying and freezing season began to
increase their population density during the reservoir filling period, reaching the maximum
abundance values at the beginning of June, which is in line with the results obtained in the
Aguieira reservoir.

The Alqueva reservoir Bray—Curtis dendrogram (Figure 4a) does not present a clear
pattern of sites distribution. However, some trends observed regarding the Al2, Al3 and
Al4 at 520 were grouped, and the Al5 (the most distant site of the dam) was also grouped for
almost periods (except for A18). In the CCA of Figure 4b, the first axis describes 39% of the
total variance in the data, while the second axis explains 14.8%. Most sites were distributed
over axis 2; however, their distribution does not follow a clear pattern, since a mixture of
the sampling sites and periods was observed (Figure 4a). Only site Al5 presents the four
sampling periods close to each other, associated with almost all physical and chemical
parameters analysed. Al5 was also associated with Hirudinea (GLO, PIS), Mollusca (ANC,
PLA, PHY), Heteroptera (CORI, NEP), Coleoptera (DRY) and Oligochaeta (OLI), essentially
organisms associated with very contaminated waters.

According to the MZB index (Figure 4c), the sites near the dam (All and Al2) tend to
have a better water quality, compared to the other sites, except for All_A18 where a poor
quality was observed.

The results of the mixing of sampling sites and seasons in the Alqueva reservoir
may be due to it being a recently created reservoir (2004) with a large size and very
homogeneous conditions. Voshell and Simmons [64] mention that the lack of studies on
the initial colonization steps of reservoirs is a limiting factor to perceiving the dynamics
of the macroinvertebrates in reservoirs. However, little has been done to understand how
biological communities have settled in a new ecosystem. The same authors clarify that the
benthic macroinvertebrate community follows a clear ecological succession. The organisms
dependent on the terrestrial ecosystem appear first (e.g., Amphipoda), followed by an
increase in diversity and the occurrence of dominant species, which are established over
the first years. According to our results for the Alqueva reservoir, it appears to be still
in an initial phase of ecological succession, with the highest number of taxa (taxa = 25)
when compared to the other studied reservoirs, Miranda, Pocinho and Aguieira (oldest
reservoirs) (Table 2). The Alqueva reservoir does not present great oscillation in water
quotas, having varied only ~ 2 m, which can facilitate and allow greater colonization.
On the other hand, the lack of macrophytes and the homogeneity of the substrate leads
to the existence of smaller habitats that can influence organisms to settle in this area.
Furthermore, this reservoir has been classified as eutrophic due to high concentrations of
Piota1 and concentrations of chlorophyll a, more significantly in the most upstream sites
(as Al5) [65]. Indeed, according to Figure 4a,b, the Al5 was the most stable site along the
sampling period with the occurrence of organisms with a high tolerance of disturbances
(e.g., CORI, PLA, PHY and GLO). Thus, the macroinvertebrate community seems to be able
to characterize the upstream site (Al5) with low environmental water quality. However,
in the remaining sites, it was not possible to observe an evident evaluation. These sites
appeared to be in a similar ecological status, without specific parameters (measured here)
able to affect the water body. Furthermore, the macroinvertebrate community observed
here was diffuse throughout all locations, not distinguishing differences between sites
or seasons. Jorcin et al. [10] also recorded a regular spatial and temporal pattern in the
community of benthic organisms in a recent reservoir in Brazil.
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Figure 4. (a) Alqueva complete linkage dendrogram of benthic macroinvertebrates similarity;
(b) Canonical Correspondence Analysis (CCA); (c) ecological potential according to WFD parameters
(* see Table 1 for more information) and macrozoobenthos index for dam reservoirs (MZB) of the
distribution of aquatic invertebrates (see taxa abbreviation in Table 2) through the sampling sites,
periods, and environmental variables.

4. Conclusions

The current study showed that the benthic macroinvertebrate communities can be a
sensitive tool for assessing the ecosystem dynamics of water reservoirs. Fluctuations in the
reservoir’s water level concomitantly and the availability of diverse habitats are the factors
that seem to most influence these communities. However, the existence of extreme events
such as cyanobacteria blooms or high concentrations of nutrients, such as Py.,1, have been
shown to also affect the macroinvertebrate community, favouring organisms associated
with more polluted areas.
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Despite the low ecological quality reflected in the indexes of macroinvertebrate com-
munities (diversity and evenness), it is possible to observe that sites with better ecological
quality are those where species associated with fewer disturbances are found (e.g., Cordull-
idae and Polycentropodidae). The opposite can be observed for sites with worse quality,
where organisms such as Chironomidae and Oligochaeta are found, reflecting once again
the ability of these taxonomic groups to quantify the ecological status of lentic ecosystems.
The macrozoobenthos index (MZB) for dam reservoirs proved to be useful to apply in
Portuguese reservoirs. Furthermore, it was clearly able to distinguish sites and classify
these water bodies as excellent or poor, which alerts us to disturbances in the dynamics
of these ecosystems. The combination of other biological factors with macroinvertebrates
is an advantage in understanding these ecosystems, as they provide valuable ecosystem
services that are not taken into account by the current WFD assessment. For these reasons,
we encourage that macroinvertebrates would be a reliable and sensitive indicator to assess
the quality of heavily modified water bodies such as reservoirs.
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