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Abstract

We determined the spatial and temporal variation of phytoplankton biomass and diversity in 10
fortnightly sampling journeys verifying five sampling sites in El Pefiol-Guatapé reservoir located
in Antioquia, Colombia. /n situ and ex situ physical and chemical variables were measured and
phytoplankton samples were taken. Richness was dominated by Chlorophyta and biomass by
Dinophyta. This variable was higher in the transition zone while in the riverine zone it showed
average values, the lowest were registered in the lacustrine zone. Diversity was lower in the riverine
zone, but it increased considerably in the transition zone and in the lacustrine zone where it showed
similar values. At the vertical scale, biomass and diversity did not vary widely. Biomass showed a
differential response to the effect of precipitation changes and water levels in the reservoir zones.
Due to the low variability in environmental conditions, diversity was homogeneous time-wise.
These results suggest that factors related to the hydrodynamic such as precipitation and water level
resulting from the dam operation and inflow have a slight influence on the temporal variations of
phytoplankton biomass and structure. There was a direct relationship between these attributes and
physical variables such as turbidity and nutrients concentration at spatial scale while at the vertical
scale, mixing patterns and the influence of the wind explained the absence of the vertical gradient of
biomass and phytoplankton structure.

Keywords: Temporal and spatial variation; Physical chemical variables; Phytoplankton; Structure;
Reservoir.

Resumen

Para determinar la variacion espacial y temporal de la biomasa y la diversidad del fitoplancton,
se realizaron diez campafias de monitoreo quincenales en cinco sitios ubicados en el embalse El
Pefiol-Guatapé en Antioquia, Colombia. Se midieron variables fisicas y quimicas y se tomaron
muestras de fitoplancton. La riqueza fue dominada por Chlorophyta y la biomasa por Dinophyta,
variable que fue mayor en la zona de transicion, en tanto que en la zona riverina present6 valores
medios y en la zona lacustre, los mas bajos. La diversidad fue menor en la zona riverina, pero
aument6 considerablemente en la zona de transicidon y en la zona lacustre, donde sus valores
fueron semejantes. En el perfil vertical, la biomasa y la diversidad no variaron notablemente. La
biomasa respondié de forma diferencial a las variaciones en la precipitacion y el nivel del agua en
las zonas del embalse. Como consecuencia de la baja variabilidad en las condiciones ambientales,
la diversidad fue homogénea en el tiempo. Los resultados sugieren que factores relacionados con
la hidrodinamica, tales como la precipitacion y el nivel del agua resultantes de la operacion del
embalse y del caudal de entrada influyen levemente sobre la variacion temporal de la biomasa y la
diversidad del fitoplancton. Se registro una relacion directa entre estos atributos y variables fisicas
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como la turbidez y la concentracion de nutrientes en la escala espacial, mientras que en la escala
vertical los patrones de mezcla y la influencia del viento explicaron la inexistencia de gradientes
verticales de la biomasa y la estructura fitoplanctonica.

Palabras clave: Variacion temporal y espacial; Variables fisicas y quimicas; Fitoplancton; Estructura;
Embalse.

Introduction

In tropical reservoirs, spatial and temporal variations of some factors as temperature,
light, dissolved oxygen, pH, electric conductivity, and nutrients determine changes in
phytoplankton composition, biomass, and diversity (Padisak, ef al., 2010; Stomp, ef al.,
2011). Likewise, important elements of hydrodynamic, such as water level fluctuations,
hydroelectric generation, and precipitation are some of the main factors that control
phytoplankton biomass and diversity in these systems (Mac Donagh, ef al., 2009). These
factors generate pulses of suspended material and nutrients producing a reorganization in
terms of phytoplankton taxa relative biomass (Calijuri, 1999). Besides controlling light
and nutrients, these factors also affect the maintenance or not of phytoplankton in the water
column (Reynolds, 2006; Bernhardt, et al., 2008). In the particular case of reservoirs for
energy generation, hydrological features vary because of the operation of hydroelectric
power plants. Consequently, variations of inflow and outflow, water level, and water
residence time directly affect physical, chemical, and biological conditions. The riverine
zone receives a high nutrient input but light attenuation, turbulence, and general lotic
conditions reduce primary production. As sedimentation and light availability increase
along the longitudinal gradient, phytoplankton reaches high biomass in the intermediate
zone. Finally, the lacustrine zone characterizes by nutrient limitations and phytoplankton
biomass reduction (Thornton, ef al., 1990).

Factors such as morphometric characteristics, thermal stratification, geographic
location, and residence time may influence the boundaries of these reservoir regions. Thus,
a reservoir might become a fluvial system when residence time is lower than 30 days or
be totally lacustrine when this time is higher than 50 days (Tundisi & Straskraba, 1999).
In this sense, species diversity also varies depending on this complex range of factors
(Wetzel, 1993).

There have been numerous studies employing phytoplankton as an indicator of changes
in ecological conditions of different reservoirs (Figueredo & Giani, 2001; Nascimiento-
Moura, et al., 2007; Lira, et al., 2011; Marti, et al., 2016; Wojciechowski, et al., 2017),
due to its capacity to respond quickly (days and hours) and differentially to these changes.

Given the great number of species that conform phytoplankton and that, potentially,
some of them can dominate and co-dominate in a system (Reynolds, 1997; Reynolds,
et al., 2002), it is necessary to simplify the analysis by using indices that summarize the
structure of this community. Margalef (1994) and Connell (1978) argued that systems
subject to periodic changes of environmental variables or anthropogenic tensions present
higher diversity values because these conditions favor the coexistence of taxa with different
ranges against the available resources (Calijuri, ef al., 2002). On the other hand, more
stable systems characterize by expressing lower values of specific richness and higher
values of dominance due to competitive exclusion in these types of disturbed systems
(Figueredo & Giani, 2001).

In Colombia, phytoplankton analysis in reservoirs has focused on its composition and
structure estimated from numerical abundance (Ramirez, 1986; Duque & Donato, 1988;
Donato, 2001; Aguirre-Ramirez, ef al., 2007; Palacio-Baena, et al., 2013; Rodriguez-
Zambrano, et al., 2014), except for the work by Hernandez-Atilano, et al. (2012),
Leon-Lépez, et al. (2012); Ospina-Calle (2013), Lépez-Muiioz, et al. (2015; 2016),
who considered its biomass. Some studies conducted in El Pefiol-Guatapé reservoir have
centered on the variability of its physical and chemical attributes, as well as its biological
features (Uribe & Roldan, 1975; Roldan, 1978, 1982; Bjork & Gelin, 1980; Palacio-
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Baena & Plazas, 1998; Ramirez, 1989; Aguirre-Ramirez, et al., 2007), but none of them
has considered the evaluation of the phytoplankton structure based on its biomass. In this
context, the aim of this study was to determine the spatial and temporal variation of the
biomass and diversity of phytoplankton in El Pefiol-Guatapé reservoir and its relationship
with some environmental variables. The study question was: {What are the factors that
mainly affect the spatial (horizontal and vertical) and temporal variation of the biomass
and the specific diversity of phytoplankton in the El Pefiol-Guatapé reservoir? At spatial
horizontal scale, our hypothesis was that if the variation of phytoplankton biomass and
diversity were influenced by nutrient concentration and turbidity, in the riverine zone (SS1)
the biomass would be higher and the diversity lower. At spatial vertical scale, we assumed
that if the variation of these attributes between depths was due to the light availability, it
could be expected that the biomass would be higher and the diversity would decreased in
the subsurface.

At the temporal scale, we hypothesized that if the variations of the phytoplankton
biomass and diversity answered to precipitation and water level fluctuations, they would
decrease during high water level seasons.

Materials and methods

Study area

El Peiol-Guatapé reservoir is located at 1887.5 masl in the eastern Antioquia-Colombia
(6°13°20”N - 75°10°11”°W) within the jurisdiction of El Pefiol, Guatapé and, San Rafael
municipalities (Figure 1). At its maximum height, it has an area of 6253.6 has, a capacity

Figure 1. Geographic location of El Pefiol-Guatapé reservoir and of the sampling sites (SS1: riverine zone, SS2 and SS3: transition zone,

SS4 and SS5: lacustrine zone)
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of 1.240 million m?, maximum deep of 52 m, and an average residence time of 82 days
(Bedoya-Cardona, 2017). Its main tributary is the Nare River, which contributes an
average annual flow of 51.8 m%/s. It is mainly used for hydroelectric generation, tourism,
and artisanal fishing. Its catchment area has been subjected to industrial, agricultural,
livestock, and mining developments resulting in the deterioration of the quality of water
(Cuéllar-Marquez, 2009).

We conducted biweekly field surveys (FS1 to FS10) from August to December 2014
in five sampling sites (riverine zone: SS1, transition zone: SS2 and SS3, and lacustrine
zone: SS4 and SS5) (Figure 1). Field surveys were carried out in four periods: Dry season
(August), transition to the rainy season (September), rainy season (October and November),
and transition to the dry season (December) (Figure 2). Water transparency was determined
by measuring Secchi disk extinction depth while water temperature, electric conductivity,
dissolved oxygen, turbidity, pH, and chlorophyll-a were measured in situ using a CTD
profiler. Based on temperature profiles, we estimated the Thermocline Strength Index
(TSI). To quantify total nitrogen (TN), organic nitrogen (ON), sulfates (SO,), carbon
dioxide (CO,), total organic carbon (TOC) concentrations, and turbidity, water samples
were collected with a Schindler bottle at 100% and 1% incident light. Nutrients and sulfates
concentrations were estimated using ionic chromatography, CO, by the titrimetric method,
and COT and turbidity by nephelometry. The climatological information, as well as inflow
and outflow data were provided by Empresas Publicas de Medellin. For the qualitative
analysis of phytoplankton, samples were collected with Schindler bottle at 100% and at
1% E_incident light and then preserved with acetic Lugol’s solution (Ramirez, 2000).
For the quantitative analysis of phytoplankton we followed Uterméhl’s (1958) method
using an Olympus inverted microscope, considering the estimated biovolume per taxa, and
assuming that organisms and water had the same density, biomass was reported in mg/L
(Edler, 1979; Wetzel & Likens, 1991).

The Olmstead-Tukey association test was applied to classify the phytoplankton
species as dominant, constant, occasional, and rare (Sokal & Rohlf, 1981). To analyze
the phytoplankton community structure, we calculated the diversity numbers developed
by Hill (1973): q0 (species richness), q1 (diversity of common species), and q2 (diversity
of dominant species). We used a three-way factorial ANOVA test or Kruskal-Wallis test
when the assumptions of parametric statistics were not fulfilled to determine the statistical
differences in biomass, richness, and diversity among sampling campaigns, sampling sites,

Figure 2. Precipitation and water level in El Pefiol-Guatape reservoir (August — December 2014)
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and depths. If there was a significant difference between these factors, we used post-hoc,
Tukey, or Mann-Whitney tests. Biomass values were transformed to square root and species
richness was normalized using X? (Guisande-Gonzalez, et al., 2011). We used multiple
correlations to evaluate the association between biomass and diversity indices grouped
per zone with precipitation and water level. For these analyses, we used the R wizard
version 2.3 (Guisande-Gonzalez, ef al., 2014). We performed a Generalized Canonical
Discriminant Analysis on the biomass of the dominant, constant, occasional, and rare taxa,
as well as on the physical and chemical variables. The scores and the canonical vectors
were calculated to graph the most important canonical discriminant functions in terms
of explained variance, thus allowing the simplest interpretation in the canonical space of
differentiation between the algal biomass and the environmental matrix (Friendly, 2007).

Results

Nare River flow (inflow) was higher during the rainy season in September, October, and
November and lower in the dry season (August) and during the transition to the dry one
(December). Outflow was higher during the transition to the rainy season (September) and
the rainy season in October and November, and lower in the transition to the dry season
(December). At the end of November, almost when we were finishing the study, the water
level had increased 5 meters approximately (Figure 2). Consequently, with the variations
of inflow and outflow, residence time was higher in December.

We identified 67 taxa belonging to eight algal divisions. Chlorophyta contributed the
most to richness with 25 taxa, which meant 37.3% of the total. We also identified 14 taxa
belonging to Cyanobacteria, nine to Charophyta and Euglenophyta (13.04%, respectively),
five to Dinophyta (7.5%), two to Cryptophyta and Ochrophyta (2.9%, respectively), and
one to Bacillariophyta (1.4%). Dinophyta contributed with 55% of the total biomass
followed by Chlorophyta with 20% and Cyanobacteria with 11% while other divisions
reached less than 6%. According to the Olmstead-Tukey association test, 12 taxa were
dominant, nine were constant, and 46 were rare. (Table 1).

Phytoplankton total biomass ranged from 0.46 to 56.6 mg/L (X 10.6 mg/L). The
variance analysis (ANOVA) and the Tukey test (Figure 3) showed significant differences
for this variable at the temporal scale determined by its increase during those periods with
less rainfall (SJ1 X=14.1 mg/L) and the transition to dry season (SJ9 y SJ10 X=13.6 and
X=22.6 mg/L) and its decease during the periods with less rainfall and high outflow (FS2
and FS3: X=5.70 and X=5.51 mg/L).

Table 1. Dominant taxa registered in El Pefiol-Guatapé

Taxa Frequence % Frequence Biomass (mg/L) Relative biomass (%)
Botryococcus braunii 73 82.02 139.97 14.84
Ceratium furcoides 63 70.79 222.38 23.57
Chroococcus minutus 89 100.00 36.65 3.89
Cryptomonas spp. 61 68.54 45.31 4.80
Cyclotella spp. 79 88.76 53.66 5.69
Microcystis wesenbergii 34 38.20 20.97 2.22
Oocystis cf. lacustris 87 97.75 43.24 4.58
Oscillatoria limosa 50 56.18 37.11 3.93
Parvodinium spp. 85 95.51 147.50 15.64
Peridiniales 82 92.13 64.73 6.86
Peridinium gatunense 64 71.91 79.67 8.45
Staurastrum rotula 52 58.43 14.44 1.53
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The post hoc Mann-Whitney test showed that in the transition zone (SS2 y SS3),
phytoplankton biomass reached significantly higher values, with a median of 12.19 and
14.31 mg/L, respectively. In the riverine (SS1) and lacustrine zones (SS4 and SS5), signifi-
cantly lower values were estimated (medians: 3.47, 5.22, and 4.64 mg/L, respectively).

At the vertical scale, no significant differences were registered (Figure 3). Diversity
of order 0, 1 and 2 showed no statistically significant differences among field surveys, nor
between depths and among interactions (Figure 3).

Diversity of order 0 ranged from 9 to 23 (X=17). ANOVA showed statistically
significant differences among sampling sites because it was higher in the transition
zone while it was lower in the lacustrine one (Figure 3). Considering common taxa and
their contribution to biomass for estimating diversity of order 1, q1 exhibited significant
differences among sampling sites (Figure 3) because the transition and lacustrine zones
had a diversity mean value equal to that of a virtual community of 5.18 taxa with the same
biomass. It is possible to say that transition and lacustrine zones were 1.73 times more
diverse than the riverine zone considering mean values. Regarding the diversity of order
2 (q2), again the riverine zone was the less diverse sampling site (Figure 3). The ratio of
the depth of the euphotic zone (Zeu)/mix zone, (Zmix)) exhibited a mean value >1 except
in one case suggesting that organisms are active in a zone where light is available for
phytoplankton growth. Table 2 shows the minimum and maximum values, the arithmetic
mean, and the standard deviation of variables used in the discriminant analysis. Water
temperature did not register important fluctuations (CV=4.2%) with values ranging
from 21.4 to 25.3°C and a mean value of 23.3°C. At the vertical scale, dissolved oxygen
concentration had a CV=41.5% with mean values of 2.9 mg/L at 1% Eo and 5.9 mg/L at
100% Eo. Among sampling sites, the highest concentration occurred at the riverine zone
with most values over or close to 6 mg/L. CO, concentration showed a vertical pattern
inverse to that of dissolved oxygen with the highest concentrations at 1% Eo (5.1 mg/L)
and the lowest at 100% (2.5 mg/L) while at the spatial and temporal scales, concentrations

Figure 3. Phytoplankton biomass and diversity. Boxplots showing phytoplankton biomass, richness (q0), and diversity (q1 and q2) during 10
sampling journeys at five sites, SS1, SS2, SS3, SS4 and SS5, in El Pefiol-Guatapé Reservoir (August to December 2014)
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Table 2. Values of physical and chemical variables in the photic zone, arithmetic mean, Standard Deviation (SD) and Coefficient of Variation
(CV, %). El Pefiol-Guatapé Reservoir (August — December 2014)

Variables and Riverine Zone Transition Zone Lacustrine Zone

measurement units X Max. Min. CV(%) X Max. Min. CV(%) X Max. Min. CV (%)

Ammoniacal nitrogen

(mg N-NH3/L) 0.04 0.10 0.01 89.75 012 049 0.01 11498 0.11 037 0.01 9822

Nitrates mg (N-NO3-/L) 020 056 003 89.12 086 263 007 9784 041 230 0.02 14151
Total nitrogen (mg N/L) 032 080 018 5516 052 118 003 5424 037 077 002 5217
Organic nitrogen (mg/L) 026 059 010 5480 026 090 000 8245 023 062 000 57.00
Sulfates (mgSO4 /L) 196 257 159 2051 208 3.64 137 2496 174 334 128  25.04
Carbon dioxide (mgCO2/L) 195 400 000 5672 3.86 970 085 51.04 391 807 170 48.18
(T%’géfrfgag/ii)carb‘m 380 560 137 29.00 323 7.06 1.00 3042 272 362 100 22.85
Chlorophyll a ( pg/L) 383 690 1.06 4922 082 285 005 7174 1.87 5241 004 44498
Turbidity (NTU) 1072 23.85 4.02 6689 1.82 569 097 4859 200 739 071  80.00
Temperature (°C) 2428 2531 2298 2.85 2323 2487 21.60 428 23.07 24.63 2138  3.80
Oxygen saturation ( %) 83.63 100.61 2531 26.16 5042 80.11 10.96 5024 5824 78.67 7.72 33.80
Dissolved oxygen (mg O2/L)  6.89 828 554 1395 415 668 067 4808 444 657 068 3528
pH (units) 901 979 767 640 713 827 650 7.03  7.06 777 649 488
Conductivity (uS/cm) 5402 6024 47.63 837 5212 7335 43.09 14.65 4472 70.19 3593 15.67
Transparency (m) 190 3.00 1.3 3456 475 590 347 1422 540 7.84 375 19.11
Biomass (mg/L) 11.00 56.63 046 15942 1478 48.02 0.86 72.69 621 3454 036  97.62
Richness (q0) 1500 21.00 9.00 2889 19.00 23.00 11.00 1426 1600 21.00 9.00  19.60
ql 298 471 227 2701 509 899 199 30.08 528 7.2 155 24.12
Q2 218 330 170 2566 3.63 722 140 3624 412 621 119 27.83

*Qrganic nitrogen is the sum of various forms of nitrogen.

were very fluctuating (CV=52.8%). Electric conductivity varied between 35.9 and 75.3
uS/cm with a mean value of 49.1+£8.04 pS/cm and a slight variation (CV=16.4%). At the
spatial scale, the riverine zone showed the highest values for this variable (mean value:
54 uS/cm). pH ranged between 6.5 and 9.8 units with a mean value of 7.3 and little varia-
tion (CV=10.3%) with the highest values in the riverine zone where the media value was
over 9 units. At the vertical scale, pH was higher at 100% (7.7 units of pH). Total nitrogen
concentration varied between 0,02 and 1,18 mg/L with a mean value of 0,43 + 0,25
mg/L and high variation (CV=57,25%). According to the Kruskal-Wallis test, dissolved
oxygen concentration, pH, and electric conductivity showed significant differences at the
spatial scale (p<0.05). Except for conductivity, the other variables registered significant
differences at the vertical scale. These variables showed no difference between sampling
journeys except for total nitrogen that was different in all the evaluated factors. TSI values
were in all cases lower than 1 °C/m indicating thermocline did not occur and, consequently,
there was vertical homogeneity.

We found a negative correlation between precipitation and biomass in the lacustrine
zone; however, the correlation coefficient was low (r=-0,33; p=0,04) while the increase of
water level showed a positive correlation with biomass in the riverine (r=0,65; p=0,04) and
transition (r=0,35; p=0,03) zones where it also showed a slight association with dominant
species diversity (r=0,36; p=0,02). We found no significant correlations of precipitation and
water level with the community structure.
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Figure 4. First canonical axis of the Generalized Discriminant Canonical Analysis for phytoplankton biomass and diversity and environmental
variables. SO4: Sulfates (mg/L). TN: Total nitrogen (mg/L). Organic nitrogen (mg/L). Temperature (°C). Chlorophyll a (ng/L). Turbidity (NTU).
02-Dissolved oxygen (mg/L). Carbon Dioxide (mg/L). Total organic carbon (mg/L). Constant taxa-Constant taxa biomass (mg/ml). Dominant
Taxa-Dominant taxa biomass (mg/ml). Rare taxa-Rare taxa biomass (mg/ml). q0: Richness. q1: Order 1 diversity. q2: Order 2 diversity

At the temporal scale, the discriminant analysis showed 92.3% of cases correctly
identified and a cross-validation percentage of 47.7%. The first axis explained 53.13% of
the variance and showed that those sampling journeys carried out during the period of lower
precipitations, low water level, and high water outflow (FS1 to FS5) were characterized
by the increase of sulfate, total nitrogen, and CO, concentrations, temperature, and rare
taxa biomass. The survey carried out during the transition to the dry season (FS10) was
discriminated against by the increase of both oxygen and the biomass of dominant and
constant taxa (Figure 4). The ordination per sampling sites showed that in 70.8% of cases
the identification was correct and cross-validation was 50.5%. Physical and chemical
variables, as well as the diversity of orders 1 and 2, were those that discriminated the
most. The first axis explained 82.5% and allowed the discrimination of the riverine zone
(SS1) with higher values of electric conductivity, temperature, turbidity, pH, and dissolved
oxygen. The discrimination of the transition and lacustrine zones was due to by the increase
of CO, concentration and the higher values of order 1 and 2 diversity (Figure 4). At the
vertical scale, in the first axis, the discriminant analysis explained 100% of variability
while 96.6% of cases were correctly identified through cross-validation. Axis 1 showed
a vertical variation differentiating between samples taken at 1% Eo in function of abiotic
variables as temperature, pH, and dissolved oxygen showing a tendency to differentiate by
the biomass of constant taxa. Samples taken at 1% Eo were differentiated by high electric
conductivity values, sulfates, and carbon dioxide while subsurface showed warmer and
oxygenated waters with higher pH (Figure 4).

Discussion

The phytoplankton community’s taxonomic richness was a little over that recorded in
previous studies (Ramirez, 1986; Aguirre-Ramirez, et al., 2007). As reported by Ramirez
(1986) and Aguirre-Ramirez (2007), Chlorophyta was the group which contributed the
most to taxonomic richness.
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Our results suggest that the spatial and temporal variation of the biomass and the
structure of the phytoplankton community in El Pefiol Guatapé reservoir were determined
more by the horizontal gradient in function of biotic and abiotic variables allowing for the
differentiation of the riverine zone by electrical conductivity, pH, temperature, dissolved
oxygen, and turbidity as a consequence of the entrance of Nare River, the low residence
time, and phytoplankton production processes. Other factors such as higher transparency
and the decrease of nutrient concentrations in the transition and lacustrine zones also
influenced the process of spatial compartmentalization proposed by Thornton, et al. (1990).
Phytoplankton biomass and diversity exhibited a longitudinal pattern corresponding to
this gradient. The riverine zone, directly influenced by the Nare River, is shallower (total
depth of 5.9 m on average), more turbid (average=10.7 NTU), and turbulent, as well as
exposed to a higher nutrients input derived from agricultural activities and industrial and
urbanism projects in the basin, showing lower average biomass than that recorded in the
transition zone where turbidity was lower (1.5 NTU) and the nutrient concentration is
average according to Thornton, ef al. (1990), although this condition was not recorded
due to the assimilation by phytoplankton and other physical and chemical processes. These
differences also affected phytoplankton diversity. In the riverine zone, the contribution of
few organisms to the total biomass responded to the mixture of the water column, the high
turbulence, and, in general, its capability of developing in a wide variety of conditions. In
contrast, in the transition zone, the sedimentation of solids and the subsequent increase in
light availability, as well as the decrease of turbulence and higher wind influence, favored
greater biomass. However, given that several taxa contributed proportionally to the total
biomass, the diversity was higher. Both the transition and lacustrine zones showed a slight
tendency to differentiate based on the constant and rare taxa biomass. The presence of
these groups of organisms in these zones is important because they have specific habitat
requirements, their limits of tolerance are narrower, and their competing capacity lower,
so better environmental conditions, high transparency, and a lower concentration of
nutrients in these areas may have favored its development. It is worth mentioning the
possible influence of the wind in these sampling sites, a factor that, given the changes
of direction, causes turbulence in the superficial layers mixing the cells and displacing
organisms in different depths resulting in the appearance of different phytoplankton taxa
(Webster, 1990). In this sense, it is very important to consider the analysis scale because
the variation in abiotic conditions occurs faster than the ability of phytoplankton to respond
to environmental changes making it difficult to observe clear patterns in its dynamics.
Therefore, more attention should be given to scale definition when sampling and designing
studies in reservoirs.

Vertical variation of phytoplankton biomass and diversity are influenced by a synergy
between the mixing regime and nutrients, especially nitrate, as well as hydrology, turbu-
lence, wind action, temperature and light (Melo & Huszar, 2000, Bouvy, et al., 2003,
Nascimiento-Moura, et al., 2007, Costa et al., 2006, 2009, Marti et al., 2016). Never-
theless, in this study neither the biomass nor the diversity showed dependence on biotic
factors, probably due to the occurrence of mixing and transport processes, favored by
inflow and outflow and wind, which could cause the homogeneous distribution of phyto-
plankton by keeping organisms in suspension by means of advective transport processes,
important mechanisms of horizontal transport of particles. A very different result from
those found in other studies (Webster, 1990, Ramirez, ef al., 2000, Lira, et al., 2014,
Soares-Vieria, et al., 2015, Lopez-Muiioz, 2015), even in this same reservoir (Aguirre-
Ramirez, ef al., 2007). In this study, along the photic zone, as it was reported by Soares-
Vieria, ef al. (2015), it was observed a gradient in the expression of temperature, pH and
dissolved oxygen related to photosynthetic activity, a process that allows CO, removal,
oxygen production and therefore pH increase.

Our results show that factors related to hydrodynamic such as precipitation and water
level variations resulting from the operation of hydroelectric power plants and inflow
have a slight influence on the temporal variations of phytoplankton structure, although
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they are important factors that can drive spatial compartmentalization of phytoplankton
in reservoirs (Mac Donagh, et al., 2009; Soares, et al., 2008; Tundisi, et al., 1999)
because water body movements affect the availability of resources for phytoplankton
(Tundisi, et al., 2008). According to Hooper, ef al. (2005), Soares, et al. (2008), and
Mac Donagh, ef al. (2009), successful colonization by rare organisms can be influenced
by the availability of resources, as well as disturbance conditions associated with high
hydrological dynamics, for which their biomass and frequency are below the average
as it was reported by Barbiero, et al. (1999). In this sense, Calijuri, et al. (2002)
highlighted the influence of the hydraulic regime on determinant environmental factors
for the development of phytoplankton. Although rare taxa did not contribute significantly
to phytoplankton dynamics, they are very important because of their influence on com-
munity structure. Their importance lies in their participation in resource assimilation,
which implies that in a community where they are significant, the use of resources is
more efficient (Loreau & Hector, 2001). With regard to the temporal dynamics, the
discriminant analysis showed that the concentration of sulfates, total nitrogen, carbon
dioxide, temperature, and turbidity associated with the periods of highest hydroelectric
generation and the dry season (August, September, and some days at the beginning of
October). In December, due to the decrease in rainfall and the reduction of Nare River
inflow, the stability of water level, the reduction of outflow for hydroelectric generation,
and the increase of residence time differentiated by the increment of dominant and
constant taxa biomass and high dissolved oxygen concentration as evidence of the
high photosynthetic activity occurring during these campaigns. Correspondingly, the
lower concentrations of CO, recorded resulted from high levels of production (Balmer
& Downing, 2011). The increase of dominant and constant taxa biomass during these
periods responds to the fact that they are generalists with a wide range of tolerance, which
represents advantages in the use of resources and greater spatial-temporal dispersion in
the system. Conversely, diversity did not show important variations probably due to: i) a
constant supply of nutrients to the reservoir through its tributaries, especially Nare River
and La Magdalena ravine; ii) the stability and magnitude of the temperature, whose values
are optimal (average: 23.3 °C) and favor phytoplankton growth rates and high nutrient-
conversion rate, therefore increasing the productivity of the reservoir (Roldan-Pérez
& Ramirez, 2008), and iii) the long hydraulic retention time favoring the stability of
environmental conditions.

Conclusions

The hypothesis related to the spatial variation was partially demonstrated as in the riverine
zone, the most turbid site with the highest concentration of nutrients, biomass was lower
than the value registered in the transition zone where transparency was greater and the
concentration of nutrients medium. The biomass found in the riverine zone was lower than
the one estimated in the lacustrine zone because in the former the intense flow and turbidity
possibly acted disturbing the phytoplankton frequently.

Richness and diversity had a relatively similar pattern, as they were lower in the
riverine zone but increased considerably in the transition and lacustrine zones where their
values were very similar. We can conclude that the postulated vertical gradient of biomass
and diversity did not occur probably due to mixing patterns and wind influence, which was
further proved by the fact that TSI thermocline was not present and the Zeu/Zmix ratio the
photic zone was included in the mix zone.

At the temporal scale, the results also partially supported the hypothesis given that,
although during the study period the phytoplankton biomass did not present a pattern
associated with precipitation or water level, it did show differential responses in the
longitudinal gradient. Phytoplankton diversity did not show strong variation among
sampling periods probably because nutrient inputs are constant in the reservoir as is the
temperature. Additionally, the residence time was generally high and the phytoplankton

432



Rev. Acad. Colomb. Cienc. Ex. Fis. Nat. 44(171):423-436, abril-junio de 2020 Phytoplankton structure in a tropical reservoir
doi: https://doi.org/10.18257/raccefyn.1052

community was formed by organisms characterized by effective responses to environ-
mental conditions in the system, such as Botryococcus braunii, Ceratium furcoides,
Chroococcus minutus, Cryptomonas sp2 and Parvodinium sp.
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