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Abstract Phytoplankton functional classification based on
simple morphological traits may simplify our understand-
ing of variation in this community as a function of envi-
ronmental filters. We tested the effectiveness of the
morphology-based functional group (MBFG) approach as a
model of phytoplankton temporal dynamics in a Brazilian
subtropical river. The Sao Jodo River has an area of
approximately 79.10 km?, with 28.09 km? located within
the Iguacgu National Park, in Foz do Iguacu, Paran4, Brazil.
We collected phytoplankton samples and measured envi-
ronmental variables in the intermediate river section on a
monthly basis between August 2008 and July 2009. We
tested for differences between the environmental variables,
phytoplankton biovolume and sampled months and iden-
tified the environmental variables with the greatest influ-
ence on MBFGs. Our results revealed clear temporal
variability of environmental conditions in this river. We
recorded the presence of seven MBFGs (I, II, III, IV, V,
VI and VII) in the lotic environment, with MBFG IV
(chlorococcal chlorophyceans and desmids), V (flagellates)
and VI (diatoms) being the most frequent and most
important groups for phytoplankton biomass. Significant
temporal differences were found for MBFGs I, II, IV,
V and VI, with a clear seasonal succession, especially
among MBFGs V and VI. Temperature, pH, electrical
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conductivity, transparency and nutrients were the main
predictors of MBFGs in the Sao Jodao River. Approaches
based on traits have been increasingly applied in commu-
nity ecology, and we believe that the MBFG approach can
increase our understanding of environmental dynamics as
well as improve the assessment of general ecological
issues.
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Introduction

In order to predict the dynamics of biological communities,
it is essential to understand the mechanisms determining
community structure and function, since they vary greatly
in space and time (Heino et al. 2015). In rivers, the phy-
toplankton community consists of species that originated in
this environment and have the ability to grow and repro-
duce in the main channel (Reynolds 2006). In many cases,
the potamoplankton can receive a large contribution of
ticoplankton taxa, which come from tributaries and dead
zones, hence contributing to the development of popula-
tions in the main channel (Descy et al. 2017). According to
the river continuum concept (RCC), the potamoplankton
can form dominant populations, especially along interme-
diate sections (Vannote et al. 1980).

Phytoplankton plays a central role in the structure and
function of river ecosystems as it determines their primary
productivity (El-otify and Iskaros 2015). However, in
freshwater ecosystems, the phytoplankton in rivers is less
well studied than that in lake ecosystems; a gradual
increase in the amount of research has been occurring only
over the last 50 years (Dokulil 2014). In South America,
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some relevant studies on river phytoplankton have been
conducted in the last decades and have contributed to our
understanding of the ecology of this community in the lotic
environment (O’Farreal et al. 1996; Train and Rodrigues
1998; Zalocar De Domitrovic 2002; Devercelli 2006;
Zalocar De Domitrovic et al. 2007; Rodrigues et al. 2009;
Bortolini and Bueno 2013).

In rivers, the phytoplankton is subject to unidirectional
flow, which has an effect on the physical and geographical
characteristics of the drainage basin, and results in a
community composition that is strongly influenced by
seasonal hydrological patterns (Abonyi et al. 2014). Phy-
toplankton species exhibit widely different responses to
environmental filters, including their method of resource
acquisition, such as light and nutrients, tolerance of high
levels of turbulence, ability to inhibit loss processes, sed-
imentation and advective downstream transport (Reynolds
1994; Reynolds and Descy 1996; Naselli-Flores and
Padisak 2016). The impacts of these differences are
observed in biomass proportion, community composition
and morphological traits (Chen et al. 2015). A combination
of these features can describe the species habitat template
using particular species traits (Reynolds et al. 2002; Padi-
sak et al. 2009; Kruk et al. 2010). Thus, it is now common
in ecological studies to use functional classifications based
on various criteria such as morphological, physiological or
behavioral characteristics, along with environmental gra-
dients (Torok et al. 2016).

In this context, trait-based approaches, which are rela-
tively easy to implement, have been increasingly applied to
explain and predict the response of phytoplankton species
to environmental conditions in different aquatic systems
(Kruk and Segura 2012), using phytoplankton morpho-
logical traits that are associated with their ecological per-
formance (Litchman and Klausmeier 2008). The
morphology-based functional group (MBFG) approach
proposed by Kruk et al. (2010) is among the classifications
currently applied in phytoplankton studies. Originally
proposed for lakes, its application to lotic systems has been
suggested by authors such as Bortolini et al. (2014), Chen
et al. (2015) and Mihaljevi¢ et al. (2013, 2015). Forming
different groups facilitates predictions of community
composition and its relationship with particular environ-
mental conditions. The advantages of this approach are that
it does not require specific knowledge of physiological
traits or taxonomy and that it is simple to apply in many
scenarios (Kruk et al. 2011; Kruk and Segura 2012; Sal-
maso et al. 2015).

We analyzed the structure of the phytoplankton com-
munity in an intermediate section of a Brazilian subtropical
river in different seasons, with respect to environmental
variability. We applied the morphology-based functional
classification proposed by Kruk et al. (2010) to this
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community. We predicted that despite the unidirectional
transport in the river, temporal variability in MBFGs would
occur depending on environmental filters, such as tem-
perature, nutrients and light. Moreover, we sought to
investigate whether the morphological approach is useful
in explaining the phytoplankton structural alterations in
this lotic system on a temporal scale.

Materials and methods

Study area — We carried out this study in the Sao Jodo
River (25°35.52'S and 54°24.17'W); a subtropical Brazil-
ian river (Fig. 1) with a total area of 79.10 km?. Of
these, 28.09 km? is located in the Iguacu National Park
(INP), in Foz do Iguagu, Parana, Brazil. The INP covers the
largest fragment of Atlantic Forest within a Brazilian
protected area and is considered one of the last remnants of
this type of vegetation in the southern region of the country
(Ibama 2008). The Sdo Joao River is a third-order river
with waters flowing north—south and an average flow of
0.88 m* s—L bordering the INP in the west. Its mouth can
be found in the Iguacu River (Salamuni et al. 2002), which
is in turn an important affluent of the Parana River Basin—
the second largest hydrological system in South America
and the fifth largest in the world (Devercelli 2006). The
sampling stations are located in the middle section of the
river within the INP region, with dense surrounding veg-
etation and a some aquatic macrophytes, including
Cyperaceae, Poaceae, Pontederiaceae and Utriculariaceae.

Sampling and sample analysis — The samples of phyto-
plankton were collected monthly between August 2008 and
July 2009, from three sampling stations in longitudinal
sections in the pelagic region of the Sdo Jodo River.
Samples were obtained directly with bottles 20 cm below
the surface of the water and fixed with 1% acetic Lugol
solution (Bicudo and Menezes 2006). Counts were per-
formed randomly by field using an inverted microscope,
following the method of Lund et al. (1958) and Utermohl
(1958). The phytoplankton biomass was estimated from the
biovolume, which was calculated by multiplying the den-
sity of each taxon by its respective volume. The cell vol-
ume was calculated from geometric models, according to
the shape of the cells (Sun and Liu 2003). The phyto-
plankton was grouped in accordance with the seven
MBFGs described by Kruk et al. (2010). The frequency of
occurrence of the different groups (constancy = C) was
calculated according to Dajoz (2005), where they were
classified as constants (C > 70), common (30 > C < 70),
sporadic (10 > C < 30) or rare (C < 10). All the samples
were deposited at the UNOP-ALGAE herbarium, Unioeste/
Cascavel, Parana, Brazil.
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Fig. 1 Map and location of sampling stations in Sdo Jodo River, Iguacu National Park, Parand, Brazil

Measurements of water temperature (°C), dissolved
oxygen (mgL™'"), pH and electrical conductivity
(uS cm™') were obtained with portable digital poten-
tiometers. Water transparency (m) was obtained using a
Secchi disk. The ammonium concentration (NH, "), nitrite
(NO,7), nitrate (NO3 ) and total phosphorus (TP) were
determined according to APHA (1995). Meteorological
data regarding precipitation were supplied by the Meteo-
rological Institute of Parana (SIMEPAR/CURITIBA).

Data analyses — To test for significant differences
between each environmental variable and sampled month,
a Kruskal-Wallis nonparametric test was performed, since
the assumptions of normality and homoscedasticity of the
variances were not met. A Kruskal-Wallis test was also
used to identify significant differences in the values of total
biovolume and of each MBFG among the sampled months.
The similarity between biovolume values of MBFGs on the
temporal scale was assessed using Nonmetric Multidi-
mensional Scaling (NMDS), where the distances were
calculated as the Bray—Curtis similarity (Clarke 1993). The
distortion of the resolution in two dimensions was
expressed by the S value (stress), wherein the closer the
value to zero stress, the better the fit between the original
distance of objects and the configuration obtained by the
analysis (Legendre and Legendre 1998). Multiple regres-
sion analyses were conducted to identify the environmental
variables that influenced the MBFGs in the Sdo Joao River,
where the response variable was the biovolume of MBFGs
and the explanatory variable was the environmental

variables. Residuals were analyzed to verify the validity of
the multiple regression assumptions (normal distribution
and homogeneity of variances) (Manly 1994). The Krus-
kal-Wallis and multiple regression tests were performed
using the Statistica program (StatSoft Inc. 2005), and
NMDS was performed using the R program (R Develop-
ment Core Team 2016).

Results

Environmental variables in the Sdo Jodo River — High
temporal variability was observed for nutrient concentra-
tions and precipitation in the Sdo Jodo River (CV > 50%);
lower mean values of NH, ", NO,~, NO;~ and TP were
found during the study period. The highest precipitation
occurred in January and May 2009 (254 and 243 mm,
respectively), and the lowest in November 2008 (0 mm),
reflecting the seasonality. Lower temporal variability was
observed for dissolved oxygen, pH and transparency of the
water column. Electrical conductivity showed a variation of
>40%. Significant temporal differences were found for
dissolved oxygen, pH, electrical conductivity, NH,™,
NO,~, NO3;™ and TP (Table 1).

Biological responses and morphology-based functional
groups (MBFG) - Among the 127 taxa identified,
Bacillariophyceae (39), Chlorophyceae (30), Eugleno-
phyceae (26) and Zygnematophyceae (10) had the highest
species richness. For the full list of taxa, see Bortolini and
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Table 1 Mean, coefficient of variation (CV) and Kruskal-Wallis
nonparametric test between environmental variables and sampled
months (P < 0.05)

Environmental variable Mean CV (%) P value
WT (°C) 23.9 15 0.1967

DO (mg L™ 73 15 0.0008°*
pH 7.1 6 0.0021%*
Cond (uS cm™) 44.1 12 0.0033%*
Transp (m) 1.01 10 0.2519

Prec (mm) 67.9 122 0.0001*
NH,* (ug L™ 0.11 213 0.0032*
NO,™ (ug L™ 0.07 54 0.0013*
NO;~ (ug L™ 0.82 55 0.0011%*
TP (ug LY 0.46 112 0.0069*

WT water temperature; DO dissolved oxygen; pH; Cond electrical
conductivity; Transp transparency; Prec precipitation; NH,™ ammo-
nium; NO; nitrite; NOj3 nitrate; TP total phosphorus

* Indicate significant values

Bueno (2013). Seven MBFGs were present. Three groups
had 100% occurrence frequency: MBFG 1V, represented
by chlorococcal chlorophyceans, desmids and xantho-
phyceans; MBFG V, represented by euglenophyceans,
dinophyceans and cryptophyceans; MBFG VI, represented
by diatoms. Three groups were considered common:
MBFG 1, represented by unicellular cyanobacteria (58%
occurrence); MBGF III, represented by heterocytic
cyanobacteria (36% occurrence); MBFG VII, represented
by colonial chlorophyceans and cyanobacteria (44%
occurrence). Only MBFG II, which was represented by
chrysophyceans, was found to be sporadic (28% occur-
rence). MBFGs 1, II, IV, V and VI presented significant
differences in biovolume according to the sampling months
(Table 2).

We observed high temporal variability in the total
phytoplankton biovolume (P = 0.0007) as well as in
MBFGs during the study period in the Sdo Joao River
(Fig. 2). The highest values of total phytoplankton
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2.5
2.0
1.5
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0.5
0.0

Total Biovolume (mm® L)

Fig. 2 Total biovolume of MBFGs in SZo Jodo River between
August 2008 and July 2009

biovolume occurred in March and April 2009. MBFG VI
indicated a greater contribution to biovolume in August
and September 2008 and July 2009. MBFG V had a greater
contribution to phytoplankton biovolume in October 2008
and June 2009. MBFG II had a significant contribution to
biovolume in March and April 2009 (Fig. 3). The
remaining groups were less representative of the phyto-
plankton biovolume.

The similarity analysis (NMDS) indicated a stress value
of around 0.10, implying that the results of the temporal
MBFG biovolume distribution can be interpreted reliably
(Fig. 4). Values of MBFG biovolume varied among the
sampling months. MBFG I was associated with periods of
lower precipitation, such as October, November and
December 2008, when this MBFG had the highest bio-
volume values recorded. MBFG II had the highest bio-
volume in March 2009. MBFGs III, IV and VI were
associated with August and September 2008 and July 2009.
MBFG V and MBFG VII were associated with February,
March, April and May 2009.

A multiple regression analysis (Table 3) revealed a
significant relationship between the environmental vari-
ables and total phytoplankton biovolume (R* = 0.58),

Table 2 Morphological

description of MBFGs, total MBFG Morphology ™ ¢ P value
number of taxa by MBFG (IN), Small organisms with high S:V 4 Common  0.0315*
constancy of each MBFG = . N
(C) and Kruskal-Wallis 11 Small siliceous flagellates Sporadic 0.0007
nonparametric test between I Large filaments with aerotopes 2 Common 0.1069
biovolume of each MBFG and v Organisms of medium size lacking specialized traits 40 Constant 0.0323%*
sampled months (P < 0.05) v Unicellular flagellates of medium to large size 31 Constant 0.0070%*
VI Nonflagellated organisms with siliceous exoskeletons 39 Constant 0.0033*
VII Large mucilaginous colonies 7 Common 0.2094

* Indicate significant values
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Fig. 4 Nonmetric multidimensional scaling (NMDS) on the temporal
distribution of the MBFGs in Sdo Jodo River

MBFG I (R* =0.32), MBFG II (R*>= 0.14), MBFG
V (R* = 0.50) and MBFG VII (R* = 0.49). The total
phytoplankton biovolume was negatively influenced by pH

and positively influenced by water temperature and
conductivity.

MBFG I had a negative association with NH,* and a
positive association with the TP in the Sdo Jodo River.
MBFG II had a positive association with water tempera-
ture, while MBFG V had a positive correlation with water
temperature and conductivity, but a negative correlation
with pH. Finally, MBFG VI had a positive correlation with
water transparency. The residuals of the models were
analyzed, and no outliers, trends or serial correlation were
verified, corroborating the assumptions of the analysis
(Table 3).

Discussion

Our results indicate that the functional groups based on
morphological criteria responded to the temporal variabil-
ity in environmental filters and the seasonality during the
study period in the Sdo Jodo River. The correlations
between physiological traits and morphological aspects,
along with the fact that the MBFGs have different func-
tional traits, suggest that morphology is a reasonable proxy
for function (Kruk et al. 2010; Kruk and Segura 2012). The
use of certain morphological traits as indicators of the
functional properties of communities can be also applied to
river phytoplankton (Chen et al. 2015) and can reflect the
habitat template of the groups, as verified in our study.
For most of the months, we recorded low phytoplankton
biovolume values in the Sdo Jodo River (<2 mm’ L™},
which generally has a lower biomass than the lentic envi-
ronment (Devercelli and O’Farell 2013; Bortolini et al.
2014). In addition, in this type of environment, the phy-
toplankton has to tolerate high levels of turbulence, limited
light and continuous transport downstream, which have
direct impacts on their biomass. Nutrients can also be a
limiting factor for potamoplankton in certain situations

Table 3 Summary of multiple

. . Response variables Explanatory variables Beta t P R?
linear regressions (only
significant relationships are Total biovolume WT 0.15 2.80 0.009 0.58
shown) performed with MBFGs
and environmental variables in pH —0.91 —2.20 0.035
the Sdo Jodo River Cond 0.08 2.12 0.043
MBFG 1 NH,* —0.04 —2.89 0.007 0.32
TP 0.02 243 0.021
MBFG II WT 0.09 2.14 0.040 0.14
MBFG V WT 0.07 2.62 0.014 0.50
pH —0.49 -2.21 0.035
Cond 0.06 3.09 0.004
MBFG VI Transp 0.01 2.47 0.020 0.49

WT water temperature; pH; Cond electrical conductivity; NH, ammonium; TP total phosphorus; Transp

transparency

@ Springer



746

J. C. Bortolini, N. C. Bueno

(Reynolds and Descy 1996), as illustrated by the low
concentrations recorded in this river. These conditions
favor hardy species such as diatoms (MBFG VI), chloro-
coccal green algae (MBFG IV) and flagellated algae with
mixotrophic potential (MBFG V), which remained constant
throughout the study period.

MBFG VI was represented by nonflagellated organisms
with siliceous exoskeletons. Silica is one of the main traits
of diatoms and potentially increases sink rate and sedi-
mentation (Kruk and Segura 2012), making these algae
dependent on hydrodynamic conditions for their re-sus-
pension in the water column. This may explain why this
MBFG was favored in lotic environments. In addition, their
cell wall is made of silica, promoting moderate vulnera-
bility to consumption (Kruk et al. 2010). The biovolume of
MBFG VI varied significantly according to the sampling
month, presenting the highest contributions in months with
lower temperatures, such as August and September 2008 as
well as June and July 2009, which had an average tem-
perature of 20 °C. Even though in our study we did not find
a correlation between MBFG VI and temperature, we
believe that this factor may be, even if indirectly, important
for the development of this MBFG, since many diatoms are
generally better adapted to lower temperatures than other
species (Liirling et al. 2013). The positive relationship
between this group and water transparency is probably due
to the low variability of this parameter during the study
period, which is tolerated by MBFG VI. According to
Abonyi et al. (2014), to study different functional approa-
ches regarding river phytoplankton, including the MBFG
approach, a finer resolution for diatoms, especially pennate
forms, is needed for ecological and river status assessment,
since these taxa can respond in different ways to environ-
mental conditions. In addition, many pennate diatoms
found in the plankton are carried from dead zones to the
main channel, thus contributing ticoplanktonic taxa to the
phytoplankton.

The high occurrence of MBFG V, represented by flag-
ellated algae with mixotrophic and phagotrophic ability,
such as euglenophyceans, dinophyceans and crypto-
phyceans, may be related to their greater tolerance of
limited nutrient availability and higher concentrations of
organic matter in the river. Considering the evolution of
photosynthesis in eukaryotes, mixotrophy is suggested as a
nutritional strategy that is easier to emerge, since mixo-
trophic protists have a wide spectrum of nutritional
strategies (Jones 2000). Flagellated algae representatives of
MBFG have a high S/V ratio, which can reduce predation
pressure by zooplankton (Kruk and Segura 2012). In
addition, the presence of flagella can be an important
functional trait to beat the current in lotic systems and
remain in the water column. Many taxa of this MBFG can
also be associated with dead zones of the river and
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therefore contribute to the phytoplankton community of the
lotic environment.

The success of mixotrophs over autotrophs may vary
according to environmental conditions (Saad et al. 2016),
as evidenced in our study, where MBFG V exhibited a
positive relationship with temperature and electrical con-
ductivity, and a negative relationship with pH. The major
contribution of organic matter derived from the banks in
lotic environments results in higher concentrations of
organic matter suspended in the water column. This can
have a direct impact on pH values and electrical conduc-
tivity, which favors MBFG V. In our study, we found a
succession between MBFG VI and MBFG V, where there
was a greater diatom contribution in months of lower
temperatures and more flagellated algae at higher temper-
atures (25 °C on average), corroborating the positive
relationship between MBFG V and temperature.

The green algae of MBFG IV, mainly represented by
chlorococcal chlorophyceans and desmids, were associated
with a low concentration of nutrients and had a mild tol-
erance to limited resources (Kruk et al. 2010). The absence
of specialized morphological traits to minimize losses from
sedimentation emphasizes that members of this group
depend on water-column mixing to remain in the photic
layer (Reynolds et al. 2002; Padisak et al. 2009; Rodrigues
et al. 2009; Kruk et al. 2010). They may therefore be
favored in environments with more turbulence, such as
rivers. Although this group had 100% frequency of
occurrence during the study, the proportion of contribution
to the biovolume phytoplankton was lower than that of
MBFGs V and VI, because of the smaller cell size of these
algae, especially chlorococcal chlorophyceans, in com-
parison with flagellated algae and diatoms.

MBFG I was found to be common in the Sdo Jodo River.
This group consists of r-selected species and has a wide
trophic spectrum, so is favored in a broad ecological niche
(Kruk et al. 2010). In our study, this MBFG had a positive
correlation with NH,™ and TP. Chen et al. (2015) subdi-
vided the MBFG I into two groups and found that the
group Rla, represented by algae without flagella, which are
the representatives of this MBFG in our study, had a strong
association with nutrients.

MBFG 1II, represented by chrysophyceans, was sporadic,
with significant contributions in just 2 months of the study.
This MBFG has a direct association with environments
with lower nutrient concentrations (Reynolds et al. 2002;
Kruk and Segura 2012), such as the Sdo Joao River.
According to Kruk et al. (2010) and Kruk and Segura
(2012), the representatives of this MBFG may be vulner-
able to consumption, in addition to presenting low to
moderate sinking losses. Moreover, Dinobryon, one of the
main representatives of this MBFG in the Sdo Jodo River,
can form resistance propagules and can be facultative
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mixotrophic in unfavorable conditions (Saad et al. 2016).
The highest biomass of MBFG II occurred in March 2009,
when the temperature was around 30 °C, which reinforces
the positive relationship between this group and tempera-
ture that was found in the regression analysis. According to
Heinze et al. (2013), the factors proposed to affect the
seasonal distribution of Dinobryon, such as light and
temperature, are mutually exclusive, but an overall
importance of temperature is suggested.

MBFG 1II, represented by heterocytic cyanobacteria,
was associated with August and September 2008 as well as
July 2009. Due to their morphology, the species of this
MBFG may be considered k-selected due to their high S/V
ratio and low losses from consumption and sinking;
therefore, the success of these organisms relies on low-
light, high-trophic status environments (Train and Rodri-
gues 1998; Kruk et al. 2010). Thus, in our study this MBFG
was not favored by the hydrodynamics of this habitat or by
the low nutrient concentrations. Likewise, MBFG VII,
represented by colonial chlorophyceans and cyanobacteria,
had low biovolume contributions, despite being considered
common in our study. This is probably a result of the low
nutrient concentration and hydrodynamics of the environ-
ment, since the taxa of this MBFG were large in size and
volume, but low in surface area/volume ratio, suggesting
that it tends to make species sensitive to low resource
supply (Kruk et al. 2010).

Different phytoplankton groups are known to occupy
different niches in the water column according to their size.
This difference in phytoplankton behavior has been
attributed to several factors, such as sinking rate, photo-
synthetic efficiency, the uptake of nutrients, advection,
grazing and coagulation (Serra et al. 2003). This can be
seen in the Sdo Jodo River, since predominated algae with
larger cell size, such as MBFG VI (diatoms) and MBFG
V (flagellates), were favored in this river. The export of
larger phytoplankton from the surface to the bottom is
crucial in explaining the transport of carbon through the
water column, where environmental turbulence is a deci-
sive factor in maintaining different taxa in the water col-
umn according to their morpho-functional traits (Reynolds
and Descy 1996).

The morpho-functional approach can offer advantages
over other functional approaches that require a more
accurate knowledge of the species, because it is purely
based on morphological traits of organisms so it is not
necessary to know the species’ taxonomy and autoecology
(Kruk et al. 2010; Izaguirre et al. 2012; Hu et al. 2013;
Salmaso et al. 2015). In comparison with other concepts,
the MBFG approach has been reported to be easier to
summarize phytoplankton responses to environmental
variability; in addition, the use of morphological traits and
the easier group classification (Salmaso et al. 2015) means

that predictions can be made and applied to simplify
studies of complex patterns.

Grouping species with similar traits or behavior favors our
understanding of community characteristics (Salmaso and
Padisak 2007). However, functional groups are not meant to
be a substitute for the entirety of information that can be
gathered from species (Bortolini et al. 2016), but rather a tool
to summarize this information. Thus, investigating the
phytoplankton functional composition using a simple mor-
phological approach, in accordance with environmental fil-
ters, can be a useful instrument to understand community
temporal variability, support management decisions and
provide a better understanding of environmental change and
the assessment of general ecological issues in lotic systems.
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