
ORIGINAL RESEARCH
published: 04 May 2022

doi: 10.3389/frwa.2022.883767

Frontiers in Water | www.frontiersin.org 1 May 2022 | Volume 4 | Article 883767

Edited by:

Tatenda Dalu,

University of Mpumalanga,

South Africa

Reviewed by:

Mmabaledi Buxton,

Botswana International University of

Science and Technology, Botswana

Linton Munyai,

University of Venda, South Africa

*Correspondence:

Frank O. Masese

fmasese@uoeld.ac.ke;

f.masese@gmail.com

Specialty section:

This article was submitted to

Environmental Water Quality,

a section of the journal

Frontiers in Water

Received: 25 February 2022

Accepted: 28 March 2022

Published: 04 May 2022

Citation:

Kondowe BN, Masese FO,

Raburu PO, Singini W, Sitati A and

Walumona RJ (2022) Seasonality in

Environmental Conditions Drive

Variation in Plankton Communities in a

Shallow Tropical Lake.

Front. Water 4:883767.

doi: 10.3389/frwa.2022.883767

Seasonality in Environmental
Conditions Drive Variation in
Plankton Communities in a Shallow
Tropical Lake
Benjamin N. Kondowe 1,2, Frank O. Masese 1*, Phillip O. Raburu 1, Wales Singini 2,

Augustine Sitati 1 and Riziki Jacques Walumona 1,3

1Department of Fisheries and Aquatic Sciences, University of Eldoret, Eldoret, Kenya, 2Department of Fisheries and Aquatic

Sciences, Mzuzu University, Mzuzu, Malawi, 3Département of Chemistry and Physics, Institut Supérieur Pédagogique de

Bukavu (ISP/Bukavu), Bukavu, Republic of the Congo

Factors influencing the spatio-temporal dynamics of plankton communities in small

tropical lakes are not well-understood. This study assessed plankton communities

in response to spatial (six sampling sites) and seasonal (wet vs. dry seasons)

changes in environmental variables in Lake Kanyaboli, a small satellite lake on

the northern shores of Lake Victoria, Kenya. Water quality variables, including pH,

conductivity (EC), dissolved oxygen (DO), temperature, Secchi depth (SD), nitrates

(NO−

3 ), nitrites (NO−

2 ), ammonium (NH+

4 ), soluble reactive phosphorus (SRP), total

nitrogen (TN), total phosphorus (TP), and chlorophyll-a (Chl-a), were monitored

monthly at six sites spread throughout the lake for 1 year. Phytoplankton and

zooplankton samples were collected and analyzed for taxon composition and

abundance. Two-way ANOVA showed no significant interaction between site and

season for all variables. Likewise, there were no significant spatial differences for all

variables except Chl- a. A t-test showed significant seasonal differences in SD, DO,

NH+

4 , NO−

3 , NO−

2 , and TN. Thirty phytoplankton genera were identified belonging

to Bacillariophyceae, Chlorophyceae, Cryptophyceae, Cyanophyceae, Euglenoidae,

Trebouxiophyceae, and Zygnematophyceae, with Chlorophyceae being the most

dominant (42.30%). Zooplankton comprised of 15 genera, belonging to Copepoda

(55.4%), Rotifera (27.9%), and Cladocera (16.7%). Two-way ANOVA for plankton

abundance showed no significant interaction between site and season, but there

were significant differences in community composition between the wet and dry

seasons. Canonical correspondence analysis identified water clarity (Secchi depth) and

concentrations of dissolved fractions of nitrogen and phosphorus as the major water

quality variables driving variation in the composition of plankton communities in the lake.

This study showed that seasonality was a major driver of changes in plankton community

composition between dry and wet seasons through changes in the concentrations of

nutrients (NH+

4 , NO
−

3 , NO
−

2 , TN, and TP). Lake Kanyaboli’s phytoplankton community

indicated a non-equilibrial state, perhaps due to short residence times of water, especially

during the wet season, and dense macrophytes fringing the lake that increase nutrient
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uptake and limit the dominance of select phytoplankton species. This study shows

the importance of long-term studies covering dry and wet seasons to understand the

dynamics of plankton communities and their drivers in small tropical waterbodies to

inform management and conservation.

Keywords: water quality, plankton, Yala Swamp, anthropogenic activities, nutrients, Lake Kanyaboli

INTRODUCTION

Phytoplankton and zooplankton communities link basal
resources and higher trophic levels in aquatic food webs (Sindt
and Wolf, 2021). Patterns of phytoplankton and zooplankton
diversity and abundance in lakes can reflect the composition of
materials and elements (nutrients, organic matter, sediments)
contributed by influent rivers (Frost and Culver, 2001). Several
factors, including temperature, light, the amount of organic
matter, electrical conductivity, grazing intensity, concentrations
of nutrients, and water mixing influence the production and
composition of phytoplankton in aquatic ecosystems (Tian
et al., 2013; Jiang et al., 2014; Wang et al., 2015; Hardikar
et al., 2017). The concentration of nutrients, especially nitrogen
(N) and phosphorus (P), is the principal limiting factor for
phytoplankton production in lakes and reservoirs (Wang et al.,
2015). Subsequently, phytoplankton composition influences
nutrient recycling, grazing rates by zooplankton, and food
web dynamics (Cetinić et al., 2006). Similar to phytoplankton,
zooplanktons also respond to changes in environmental
conditions by changing their behavior, abundance, and
community structure in response to changes in environmental
conditions and productivity of phytoplankton (Ndebele-Murisa
et al., 2010; Jose et al., 2015; Abdul et al., 2016).

Assessment of the spatio-temporal variation in phytoplankton
and zooplankton communities in response to changes in
environmental variables, both natural and human-induced, is
vital for management decisions. The diversity, composition,
and abundance of phytoplankton and zooplankton communities
have been used as bioindicators of water quality and overall
functioning, including the trophic status, of aquatic ecosystems
(Pinto-Coelho et al., 2005; George et al., 2012; Thakur et al., 2013;
Hemraj et al., 2017; Stamou et al., 2021). Many tropical lakes
are now considered eutrophic due to the frequent occurrence of
blooms of blue-green algae (cyanobacteria) that threaten water
quality and fish production due to nutrient and organic matter
loading from catchment areas (Paerl et al., 2011; Onyango et al.,
2020; Díaz-Torres et al., 2021). Simiyu et al. (2018) noted that
Lake Victoria regularly experiences cyanobacterial blooms in
the Nyanza Gulf associated with fish kills and the temporary
shutdown of the drinking water supply. The lake has also
experienced a shift in its phytoplankton community from diatom
and chlorophyte dominance to near-continuous dominance of
filamentous and colonial cyanobacteria due to P and N (from
N fixation) enrichment and depletion of silica in the water
column (Hecky et al., 2010). The impact of cyanobacterial blooms
(mainly Microcystis) on fishes includes embryonic hatching
perturbations, reduced survival and growth rates, changes in

behavior, increased neurotoxicity and osmoregulation, increased
liver activity and heart rates, as well as histopathological effects
(Rodger et al., 1994; Malbrouck and Kestemont, 2006; Mitsoura
et al., 2013; Yu et al., 2021).

Water quality deterioration is common in reservoirs and lakes
receiving high loads of suspended solids, organic matter, and
nutrients from human activities (Mustapha, 2009; Ling et al.,
2017; Lee and Oh, 2018). Agricultural and biomass extractive
practices have been linked to changes in water quality and
biological communities in tropical lakes and reservoirs (Liu
et al., 2011; Moncayo-Estrada et al., 2012; Walumona et al.,
2021; Kondowe et al., 2022). Human activities in the catchment
areas, characteristics of the drainage basin, and the recipient
ecosystem’s size are the primary factors controlling the trophic
status of lakes and reservoirs (Walker et al., 2007). Changes in
land use and land cover have been linked to changes in water
quality of inland waters as a result of sediment and nutrient input,
which strongly influence the structure of biological communities
and overall ecosystem functioning (Catherine et al., 2013; Kibena
et al., 2014; Bucak et al., 2018; Leech et al., 2018; Namugize et al.,
2018). Small and shallow waterbodies in tropical and subtropical
regions are also associated with seasonal changes in wind speed
and rainfall, which influence plankton assemblages through
water mixing and nutrient loading (Geraldes and Boavida, 2004;
Zhu et al., 2014). Seasonal changes also influence Secchi depth
(James and Chimney, 2008), rates of flushing and residence times
of water (Geraldes and Boavida, 2004; Borges et al., 2008; Srifa
et al., 2016; Ismail et al., 2019). Small water bodies are more
vulnerable to eutrophication due to the large catchment area to
surface area ratio and shallowness (Catherine et al., 2013) despite
high rates of water cycling enabled by short residence times
(Cardille et al., 2004). This phenomenonmay reduce the intensity
of algal blooms during the wet season because of increased
flushing rates and decreased light levels. However, the resultant
increases in nutrient loads enhance the formation of algal blooms
after discharge levels decline (Srifa et al., 2016). The existence of
dynamic conditions such as discharge, flushing rate, temperature,
and limiting nutrients that influence the lake ecosystem is vital
to avoid the perpetual occurrence of one or two competing
dominant phytoplankton assemblage, leading to an equilibrium
state (Komárková and Tavera, 2003). The competitive exclusion
principle suggests that the superior competitor species would
dominate a constant environment and lead to a low community
richness and diversity (Figueredo and Giani, 2009).

Seasonal variations of environmental factors generally
result in considerable changes in the structure of aquatic
communities. However, limited studies have explored how
plankton communities in small water bodies maintain stability,
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or lack thereof, in response to changes in environmental
conditions. Studies have shown that changes in the composition
and abundance of phytoplankton and zooplankton communities
are linked to fluctuations in environmental factors due to
seasonality and human activities (Sommer et al., 1986; Talling,
1987; Pijanowska, 1990; Chang et al., 2003). This is in agreement
with the plankton paradox (Hutchinson, 1961), which postulates
that most systems exhibit non-equilibrial conditions in terms
of community composition due to fluctuations in physical,
chemical and biological factors. However, as per the competitive
exclusion principle, stable environmental conditions are
associated with the dominance of few competitive species
leading to low diversity (Figueredo and Giani, 2009). Seasonal
changes in environmental conditions are not well-pronounced
in tropical regions due to the largely stable temperature, but
the potential of seasonality to influence the composition of
plankton communities is not extensively studied (Talling, 1987).
In deep tropical lakes, the thickness of the diurnal mixed
layer is less stable due to higher radiative heating and lower
stability (Lewis, 1987; Talling and Lemoalle, 1998). Similar
to deep tropical lakes, shallow lakes in tropical regions also
experience short-term thermal stratification that is easily
destabilized by wind action or convection at night (Figueredo
and Giani, 2009; Yang et al., 2018). On the other hand, recurrent
seasonal dynamics in temperature, stratification, light, and
nutrient availability influence spatio-temporal phytoplankton
composition in temperate regions (Arhonditsis et al., 2003;
Grover and Chrzanowski, 2006). Therefore, phytoplankton and
zooplankton adaptation to changing environmental factors is
key to their colonization and succession.

A limited number of studies have investigated the
diversity and composition of phytoplankton and zooplankton
communities in small water bodies (shallow lakes and reservoirs)
in the Afrotropics (Mutune et al., 2005; Wilfred et al., 2005; Babu
et al., 2015). However, long-term studies on the relationship
between plankton assemblages and environmental factors related
to anthropogenic activities are limited, in addition to studies
on the equilibrium state of plankton communities in small
waterbodies. This scenario is evident across the Afrotropics,
leading to the unavailability of long-term data on plankton
ecology (Aka et al., 2000; Figueredo and Giani, 2009; Fonseca
and de Mattos Bicudo, 2011). Often, emphasis is placed on
studies on economic benefits over ecological, conservation and
aesthetic benefits deriving from small water bodies. For instance,
long-term monitoring studies on ecology and water quality have
been done in the large economically important lakes such as
Naivasha (Ballot et al., 2009) and Baringo (Walumona et al.,
2021), including the African great lakes such as Victoria (Sitoki
et al., 2010), Kivu (Hyangya et al., 2021), Malawi (Macuiane
et al., 2016), and Tanganyika (Kelly et al., 2017). Recently more
attention has been given to cyanobacteria-dominated ecosystems
because of compromised and dwindling domestic water supply,
ecological and economic consequences linked to eutrophication
and fish contamination by algal toxins (Bicudo et al., 2007;
Jeppensen et al., 2007; Simiyu et al., 2018; Kimambo et al.,
2019). Therefore, long-term studies and constant monitoring of
small water bodies are crucial to understanding the influence of

human activities on water quality and the structure of aquatic
communities to guide management strategies to curb organic
pollution and nutrient loading that are major causes of algal
blooms that compromise the fisheries and water supply of small
water bodies.

This study investigated changes in the composition and
diversity of plankton communities in Lake Kanyaboli, a small
and shallow lake in western Kenya. The major aim of the
study was to understand the major factors influencing the
spatial and temporal dynamics of plankton (phytoplankton
and zooplankton) communities and their potential use as
bioindicators of water quality in tropical lakes. In addition,
the phytoplankton equilibrium state of the lake was assessed
as described by Sommer et al. (1993), i.e., the phytoplankton
community is considered to be at equilibrium when; (i) 1, 2,
or 3 species contribute to more than 80% of the biomass, (ii)
their existence or coexistence persists for more than 2 weeks,
and (iii) during that period the total biomass does not increase
significantly. We hypothesized that water quality and plankton
communities in Lake Kanyaboli vary more temporally than
spatially due to its small size. We also hypothesized that plankton
communities in Lake Kanyaboli are not at equilibrium state
because the short water residence time in the lake increase
flushing of nutrients making them unavailable to phytoplankton,
hence regulating the growth of few competitive species (Scheffer
et al., 1993). The data generated in this study are essential
for understanding drivers of plankton community structure,
productivity and the ecological status of small water bodies in
tropical and other regions. These data are needed to aid in the
development of biomonitoring programs for the management
and conservation of small water bodies.

MATERIALS AND METHODS

Description of the Study Area
The present study was done in Lake Kanyaboli, a small shallow
lake with an area of 10.5 km2 and an average depth of 3m in
the northern shores of Lake Victoria. The lake is part of the
extensive Yala Swamp, a papyrus-dominated wetland fringing
the northern shores of Lake Victoria. Besides Lake Kanyaboli,
Yala Swamp also contains Lake Sare (with an area of 5 km2

and an average depth of 5m) and Lake Namboyo (with an area
of 0.01 km2 and an average depth of 17m) (Angienda et al.,
2011). Lake Kanyaboli is the largest among the three, while Lake
Namboyo is the smallest but the deepest. Lake Kanyaboli lies
between latitudes 0◦05S’N and 0◦02’N and longitudes 34◦09’E
and 34◦ll’E, (Abila et al., 2008; Opiyo and Dadzie, 2009). The
lake is important because it provides refuge to haplochromine
species that have been lost from Lake Victoria. Cichlids, including
three species of tilapiines (Oreochromis esculentus, Oreochromis
variabilis, and Oreochromis leucostictus), Coptodon zillii and
several haplochromine species dominate the fish fauna of the lake
(Aloo, 2003). Other fish species occurring in the lake include
Clarias gariepinus, Protopterus aethiopicus, and Xenoclarias sp.
(Aloo, 2003). Lake Kanyaboli also provides livelihoods for
riparian communities through fisheries, agriculture and the
handicraft industry (Abila, 2005).
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The study area is characterized by two wet seasons annually,
long rains from March to June and short rains from October
to December. Likewise, there is a long dry season from July to
September and a shorter one from January to February. Anyona
(1997) noted that Lake Kanyaboli is within the lake-shore belt,
receiving<1,300mm annually. The region’s climate is influenced
by the movements of the inter-tropical zone and its proximity to
Lake Victoria.

Lake Kanyaboli and Yala Wetland need the government’s
protection since Kenya is a signatory to the Ramsar convention;
hence it is obligated to ensure the wise use of the wetland
regardless of its Ramsar status. Yala Swamp harbors critically
endangered sitatunga antelope (Tragecephalus spekeii) in the
swamps’ dense papyrus that fringes the lake. The swamp is among
the sixty (60) crucial Kenyan bird areas, hosting at least 172
bird species, some of which are globally threatened or biome-
restricted (CGS (County Government of Siaya), 2015; Muoria
et al., 2015). However, the wetland continues to experience
anthropogenic stress due to extractive services and agricultural
activities, which also affect Lake Kanyaboli.

Lake Kanyaboli has been experiencing water quality changes
due to activities in the catchment area and the riparian areas
around the Yala Swamp (Kondowe et al., 2022). Major human
activities include subsistence and commercial agriculture in
the reclaimed part of the swamp besides harvesting papyrus
and wood. Part of Yala Swamp, estimated at 2,300 ha, was
reclaimed for agriculture in 1965–1970 (Owiyo et al., 2014). The
reclamation efforts, which started around 1954, resulted from
the high productivity of Yala Swamp. Moreover, reclamation
efforts in the past resulted in a lack of water inflow into Lake
Kanyaboli due to blockage of the artificial feeder canal. This
substantially affected the physico-chemical and biological water
quality properties of the lake (Okemwa, 1981; Aloo, 2003; Kinaro,
2008). Themost recent activities include commercial farming and
further wetland reclamation by Dominion Farms Ltd. (Muoria
et al., 2015), which also helped renovate the feeder canals, the
retention dike and the outlet canal before its closure after 14
years. Currently, the 9 km feeder canal connecting the Yala River
and Lake Kanyaboli is the primary water source for the lake.
The feeder canal has an estimated discharge rate of 5 m3/s at
maximum capacity (Burgess, 2008), while the lake’s volume is
estimated at 3.15 × 107 m3 (0.0315 km3). Therefore, the lake’s
water retention time is estimated at 66.8 days at maximum
discharge capacity, although this may vary in real-time because
the inflow discharge is regulated. The lake also experiences
constant wind blowing over it, which averages 2.14 ms-1 between
February 2021 andApril 2021 based onDeeper Smart Sonar Pro+

(ITGAM0303, Deeper, UAB, Antakalnio, Lithuania) readings.

Sampling Sites
A total of six stations were evenly distributed around the lake and
used for sampling. These included stations in the littoral zone
(Gangu, Hotel, Kadenge), open water (Open water), near the
inflow (Inlet lake side), and outflow (Outlet lake side) (Figure 1).
The littoral and inflow zones had a depth range of 1.13–2.42m
during the dry season and 1.24–2.51m during the wet season.
The open water had a depth of 3.63m during the wet season,

while in the dry season, the depth was 3.32m. The Outflow zone
had a depth of 3.74m during the wet season and 3.51m during
the dry season.

Sample Collection and Analysis
Samples were collected monthly for 1 year (February 2020 to
February 2021), covering the wet (March, April, June, October,
November, and December) and dry (January, February, July,
August, and September) seasons. At each sampling site and
during each sampling occasion, water temperature, pH, Secchi
depth (SD), dissolved oxygen concentration (DO), and electrical
conductivity (EC) were measured in situ using a YSI multi-probe
water qualitymeter (556MPS, Yellow Springs Instruments, Ohio,
USA). Water samples collected from all the sampling stations
were filtered immediately in the field using pre-combusted
0.70µm GF/F Whatman filters into triplicates of acid-washed
HDPE bottles and placed in a cooler box for transport to the
laboratory. In addition, unfiltered water samples were collected
in acid-washed HDPE bottles in triplicates for analysis of
total phosphorus (TP) and total nitrogen (TN). Preservation
and transportation of TP and TN samples were done the
same way as the water samples for filterable nutrients. Filter
papers were placed in a cooler box in the dark at 4◦C and
transported to the laboratory, where they were kept frozen until
chlorophyll-a analysis. All water variables were collected for 1
year except chlorophyll-a, which was recorded for 6 months
(June–November 2020).

Phytoplankton and zooplankton samples were collected on
the surface (0m depth) at each sampling site. One liter of water
was collected using a conical plankton net (50µmmesh size) and
fixed in situ using 10% Lugol’s solution before transport to the
laboratory for analysis.

In the laboratory, filterable nutrients (NH+
4 , NO

−
3 , NO

−
2 ,

and SRP) and non-filterable nutrients (TP and TN) were
analyzed following standard colorimetric methods (APHA,
2017). SRP, NH+

4 , NO−
3 , and NO−

2 were determined using
the molybdenum blue method, dichloro-isocyanurate—salicylate
method, cadmium reduction method, and azo—dye complex
formation, respectively. Conversely, TP was analyzed using the
ascorbic acid reduction method, while the persulfate digestion
method was used for TN. Chlorophyll-a concentration was
analyzed following pigment extraction from the thawed filters
using 95% acetone (APHA, 2017).

Before spectrophotometric analysis, chlorophyll-a was
extracted using 95% acetone and centrifugation for 15min
at 4,800 rpm in a centrifuge as described by Swanepoel et al.
(2008). The absorbance of chlorophyll-a was measured using
a spectrophotometer at 750 and 665 nm. The absorbance at
750 nm was subtracted from the other wavelength to obtain a
turbidity-corrected value. Acetone (90%) was used as a blank. To
calculate the concentration of chlorophyll-a, the formula below
by Yang et al. (2007) was used:

Chl-a (µg/L) = [27.3⋆(Ab665− Ab750)

−(Aa665− Aa750)]
⋆V1/V2 (1)
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FIGURE 1 | Map showing sampling sites in Lake Kanyaboli for February 2020–February 2021.

Where: Subscripts indicate absorbance before acid addition (Ab)
and after acidification (Aa); V1 is volume of solvent (ml); V2 is
volume of sample (ml).

Processing of phytoplankton and zooplankton for
identification and enumeration was done using sedimentation
method according to Swanepoel et al. (2008), Intergovernmental
Oceanographic Commission of UNESCO (2010) and Soares
et al. (2011). Prior to phytoplankton and zooplankton taxonomic
identification (species composition) and counting (abundance),
a 10mL sample was placed in measuring cylinder and allowed
to settle by gravity for 24 h then excess water was siphoned
off (Swanepoel et al., 2008). After that, the settled sample
was homogenized, from which replicate samples of 1ml
were pipetted to slide (covered with coverslip) and examined
under an Olympus inverted microscope (CK40, Japan) at
×40 magnification to identify species and enumerate them.
The sample on the slide was left for 20min to settle before
identification and enumeration. After enumeration, the
plankton abundances (phytoplankton and zooplankton) were
extrapolated to 1 L and expressed as individuals per liter
(Ind/L). Identification to genus level was done using Prescott
(1982) and Bellinger and Sigee (2015) keys for phytoplankton,

while Witty (2004) and Dang et al. (2015) keys were used
for zooplankton.

Data Analysis
We used a two-way analysis of variance (ANOVA) to test for
differences in water physico-chemical variables among the six
sampling sites and seasons (dry and wet) with sites and seasons
as main factors and site × season interaction term. Two-way
ANOVAwas also used to compare the total abundance and taxon
richness of phytoplankton and zooplankton taxa between seasons
(dry and wet) and the six sampling sites with season and sites as
the main factors and a season × sites interaction. Where there
were no significant seasonal differences, data were pooled, and
one-way ANOVAwas tested for differences among sites, followed
by Tukey multiple post-hoc comparisons of the means. Where
there were no significant site differences, data were pooled for
all sites, and seasons were compared using two-sample t-tests.
Before analysis, count data on plankton abundance were log
(x+1) transformed while the rest of the response variables were
log-transformed to meet normality assumptions.

Principal Component Analysis (PCA) was used to reduce
the dimensionality of the physico-chemistry data. We included
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two PCs to describe the spatial and temporal (seasonal)
changes in water quality. PCAs were statistically assessed using
permutational analysis of variance (PERMANOVA), based on
Bray-Curtis similarity matrices (McArdle and Anderson, 2001).

Two-way nested analysis of similarities (ANOSIM) was used
to compare average rank similarities of phytoplankton and
zooplankton communities between the wet and dry seasons, with
sampling sites nested within seasons. ANOSIM calculates a test
statistic, the R-statistic, which varies between 0 and 1; higher
values indicate greater differences between factors. Non-metric
multidimensional scaling (NMDS) was then used to visualize the
community composition of phytoplankton and zooplankton in
different sites and seasons (Clarke and Gorley, 2006) and confirm
the differences in ANOSIM. Dissimilarity matrices based on the
Bray–Curtis coefficients (Bray and Curtis, 1957) were derived
using un-transformed abundances data. The goodness of fit of the
ordination was assessed by the magnitude of the associated stress
value; a value of <0.2 corresponds to a good ordination (Kashian
et al., 2007).

To determine which key phytoplankton and zooplankton taxa
were responsible for the differences observed between seasons,
hence indicator taxa for changes in water quality, similarity
percentages analysis (SIMPER) was used. The percentage
contribution of each taxon to the overall dissimilarity per season
was quantified. SIMPER is a strictly pairwise analysis between
two-factor levels (Clarke and Warwick, 2001), and in this case,
comparisons were made between dry and wet seasons.

Canonical correspondence analysis (CCA) was used to
investigate the relationship between the plankton communities
and environmental variables. The output was displayed as
triplots, in which the plotted points for taxa could be related to
physico-chemical variables that were represented as rays.

Species occurrence (presence-absence) and distribution data
were summarized for each site and the two seasons (wet and dry)
using the number of species (S), the total number of individuals,
and relative abundance of each species. Several diversity indices
were calculated for the whole lake and for each month by
summing species-specific abundances across all sites. Shannon’s
diversity index (H′) was derived as a measure of diversity
(Magurran, 2004). The Simpson index (D) (Simpson, 1949) was
used as a measure of species richness, and an associated index (E)
was used as a measure of evenness. The species diversity indices
analyses were performed in PAST version 3.02.

Statistical analyses were performed with R version 3.3.3. (R
Development Core, 2017), using the vegan package (Oksanen
et al., 2013). Figures were created in MS Office Excel (2016) and
R version 3.3.3 (Kilonzo et al., 2014).

RESULTS

Physico-Chemical Characteristics
There were no spatial variations in water quality variables
(Figure 2A), but there was a strong seasonal variation in most
variables (Figure 2A, Table 1). The PCA biplot of physico-
chemistry data indicated that sites were not separated, but
seasons were (Figures 1A,B). Principal component 1 (PC 1)
and Principal component 2 (PC 2) of the PCA explained 33.0

FIGURE 2 | PCA comparison of physico-chemical variables in Lake Kanyaboli

based on: (A) site (B) season from February 2020 to February 2021. KAD,

Kadenge; MID, Open water.

and 17.1% of the total variation in water quality variables,
respectively. The PCA findings suggest a stronger seasonal effect
than the spatial effect.

There were significant seasonal differences in water
transparency as measured by the Secchi disc [t(91) = 4.30,
p ≤ 0.001), and the concentrations of dissolved oxygen [t(57)
= 3.75, p ≤ 0.001), p ≤ 0.001), ammonium [t(50) = 4.28, p ≤

0.001), nitrate [t(87) = 2.64, p = 0.010], nitrite [t(76) = 2.21, p
= 0.030], and total nitrogen [t(86) = 7.22, p ≤ 0.001] (Table 1).
On the other hand, two-sample t-tests showed no significant
seasonal differences in chlorophyll-a concentration (Table 1).
Two-way ANOVA yielded no significant interaction between
spatial and season variation in physico-chemical variables. The
concentration of chlorophyll-a showed no interaction between
site and season [F(5, 24) = 0.96, p= 0.462], but one-way ANOVA
indicated spatial differences [F(5, 30) = 61.54, p = <0.001].
Multiple comparisons of means using Turkey’s post-hoc test
indicated that the concentration of chlorophyll-a in the littoral
zone at the Hotel (34.97 ± 3.36 µg/L) and Kadenge (28.49 ±

3.06 µg/L) sampling stations were statistically different from
each other and the rest of the sites while littoral zone site Gangu
(23.52 ± 1.11 µg/L) and inflow zone site Inlet Lake Side (21.45
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TABLE 1 | Mean values (±SD) of water quality variables and nutrient concentrations during the dry and wet seasons in Lake Kanyaboli, Kenya during the study period

from February 2020 to February 2021.

Variable Dry season Wet season DF t-value P-value

Secchi depth (m) 0.8 ± 0.2 0.6 ± 0.2 91 4.30 <0.001

Temperature (0C) 27.9 ± 1.4 28.2 ± 0.7 69 −1.36 0.179

DO (mg/L) 10.9 ± 2.5 9.5 ± 0.8 57 3.75 <0.001

EC (µS/cm) 424.6 ± 9.1 424.2 ± 7.2 89 0.23 0.822

pH 7.1 ± 0.1 7.2 ± 0.1 69 −1.70 0.091

NH+

4 (mg/L) 1.2 ± 1.1 0.5 ± 0.2 50 4.28 <0.001

SRP (mg/L) 0.06 ± 0.07 0.05 ± 0.02 53 0.96 0.340

NO−

3 (mg/L) 0.4 ± 0.2 0.3 ± 0.1 87 2.64 0.010

NO−

2 (mg/L) 0.2 ± 0.2 0.2 ± 0.1 76 2.21 0.030

TN (mg/L) 3.5.0 ± 1.0 2.2 ± 0.7 86 7.22 <0.001

TP (mg/L) 0.5 ± 0.4 0.4 ± 0.1 48 0.45 0.653

Chla (µg/L) 24.1 ± 8.5 21.4 ± 7.4 33 1.02 0.317

Significant seasonal differences were compared using a two-sample t-test at α = 0.05 (bold p-values indicate significant differences between seasons).

NB: SD, standard deviation; EC, Electrical conductivity; DO, dissolved oxygen; TP, total phosphorus; TN, total nitrogen; Chl-a, Chlorophyll-a; SRP, soluble reactive phosphorus; NH+

4 ,

ammonium; NO−

3 , nitrate; NO
−

2 , nitrate; DF, degree of freedom.

TABLE 2 | Temporal changes in diversity indices and number of taxa of phytoplankton and zooplankton in Lake Kanyaboli during the study period from February 2020 to

February 2021.

Feb 2020 Mar 2020 Apr 2020 Jun 2020 Jul 2020 Aug 2020 Sep 2020 Oct 2020 Nov 2020 Dec 2020 Jan 2020 Feb 2020

Phytoplankton

Number of taxa 20 24 17 12 10 10 11 11 6 8 8 7

Number of individuals

(Ind/ L)

1,070 935 666 807 1,057 948 943 675 658 842 642 638

Dominance 0.09 0.07 0.11 0.12 0.15 0.15 0.15 0.16 0.23 0.22 0.17 0.17

Simpson Diversity Index 0.91 0.93 0.89 0.88 0.85 0.85 0.85 0.8‘4 0.77 0.78 0.83 0.83

Shannon Diversity Index 2.66 2.89 2.48 2.22 2.02 2.07 2.10 2.02 1.56 1.74 1.84 1.86

Evenness Index 0.71 0.75 0.70 0.77 0.76 0.79 0.74 0.69 0.79 0.71 0.79 0.92

Zooplankton

Number of taxa 7 7 6 5 2 4 5 6 7 7 7 4

Number of individuals

(Ind/ L)

147 127 62 105 109 137 139 105 88 194 145 120

Dominance 0.20 0.20 0.20 0.22 0.74 0.28 0.22 0.22 0.18 0.16 0.17 0.30

Simpson Diversity Index 0.80 0.80 0.80 0.78 0.26 0.72 0.78 0.78 0.82 0.84 0.83 0.70

Shannon Diversity Index 1.78 1.75 1.69 1.55 0.43 1.32 1.56 1.63 1.81 1.88 1.85 1.30

Evenness Index 0.85 0.82 0.90 0.95 0.77 0.94 0.95 0.85 0.89 0.93 0.91 0.91

± 4.19 µg/L) were the same but statistically different from the
rest of the sites. Furthermore, the Open water site (9.03 ± 0.81),
and outflow zone site Outlet Lake Side (11.29 ± 2.03 µg/L) were
the same but statistically different from other sites.

Phytoplankton and Zooplankton
Composition and Abundance
The number of phytoplankton taxa recorded during the 12
months of the study period indicated that March-2020 had the
highest number of taxa (24) while November-2020 had the lowest
(6) (Table 2). Similarly, the Shannon diversity index (H′) and the
Simpson’s diversity index (D1) had the highest phytoplankton
diversity in March-2020, while November-2020 had the lowest
ranging from 1.56 to 2.89 and 0.77 to 0.93, respectively (Table 2).

Simpson’s evenness index (E) showed that October-2020 and
February-2021 had the lowest and highest evenness, respectively.
Likewise, Simpson’s dominance (D2) was higher in November-
2020 (0.23) while March-2020 had the lowest (0.07).

The number of zooplankton taxa was highest (7) in
February-2020, March-2020, November-2020, December-2020,
and January-2020, while July-2020 (2) had the lowest number of
taxa (Table 2). The Shannon (H’) and Simpson’s (D1) diversity
indices had the highest values in December-2020, while July-2020
had the lowest value ranging from 0.43 to 1.88 and 0.26 to 0.84,
respectively (Table 2). The Simpson’s evenness index (E) was
lowest for July-2020 (0.77) while August-2020 had the highest
(0.94). However, July-2020 (0.74) had high Simpson’s dominance
(D2) while Decemebr-2020 had the lowest (0.16) (Table 2).
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FIGURE 3 | Comparison of mean plankton abundance at different sampling stations in Lake Kanyaboli from February 2020 to February 2021 [(A): phytoplankton; (B):

zooplankton].

Two-way ANOVA indicated no significant interaction
between site and season in the abundance of phytoplankton
[F(5, 2148) = 1.25, p = 0.281] and zooplankton [F(5, 1068)
= 0.71, p = 0.618]. However, analysis of main effects
showed significant differences between seasons for
phytoplankton (F(5, 2148) = 36.61, p ≤ 0.001] and
zooplankton (F(5, 1068) = 101.49, p ≤ 0.001] while
there were no spatial differences for phytoplankton
and zooplankton.

The Chrolophyceae (green algae) was the most dominant
phytoplankton group in terms of abundance at all the 6 sampling
stations. Bacillariophyceae was the least abundant group in the
outflow zone (Outlet lake Side). At the same time, Cryptophyceae
was the least abundant at the littoral zone (Gangu, Hotel, and
Kadenge), inflow zone (Inlet lake Side), and open water stations
(Figure 3A). Zooplanktons had 2 groups dominating the 6
stations: rotifers that dominated the inflow zone (Inlet lake Side)
and the outflow zone (Outlet lake Side). In contrast, copepods
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FIGURE 4 | Temporal variations of phytoplankton and zooplankton abundance in Lake Kanyaboli from February 2020 to February 2021 [(A): monthly variations of

phytoplankton; (B): monthly variations of zooplankton].

dominated the littoral zone (Gangu, Hotel, and Kadenge) and
open water (Figure 3B).

During January-2020 and February-2021, phytoplankton
abundance was the lowest while February-2020 recorded the
highest (Figure 4A). On the other hand, zooplankton abundance
was lowest for April-2020 while December-2020 recorded
the highest (Figure 4B). Overall, both phytoplankton and
zooplankton had higher abundance during the dry season
(January, February, July, August and September) compared
to the wet season (March, April, June, October, November,
and December).

A mean total abundance of 9,913 ± 470 Ind/L of
phytoplankton was recorded in Lake Kanyaboli during the

study period (Table 3). The phytoplankton community was
represented by 30 genera comprised of Bacillariophyceae
(5 genera), Chlorophyceae (9 genera), Cryptophyceae (1
genus), Cyanophyceae (10 genera), Euglenoidae (2 genera),
Trebouxiophyceae (2 genera), and Zygnematophyceae (1 genus)
(Table 2). These represented broad groups of green algae
(Chlorophyceae, Trebouxiophyceae, and Zygnematophyceae),
blue-green algae (Cyanophyceae), euglenophytes (Euglenoidae),
and diatoms (Bacillariophyceae). The structure and composition
of phytoplankton were dominated by green algae (42.3%),
followed by blue-green algae (26.93%), euglenophytes (11.85%),
and diatoms (1.76%). Crucigenia sp. were more abundant
(1,925 Ind/L), while Pediastrum sp. contributed the least (8
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TABLE 3 | Mean (±SD) abundance of different phytoplankton taxa recorded in

Lake Kanyaboli during the study period from February 2020 to February 2021.

Class Taxon Dry season Wet season Relative

(Ind/L) (Ind/L) abundance (%)

Bacillariophyceae

(1.76%)

Hyalodiscus 50 ± 18 – 0.5

Diploneis 42 ± 15 – 0.4

Navicula 8 ± 3 33 ± 12 0.4

Diatoma – 25 ± 4 0.3

Nitzschia 8 ± 3 8 ± 4 0.2

Chlorophyceae

(42.30%)

Tetraspora 1,016 ± 70 400 ± 102 14.3

Crucigenia 1,408 ± 80 517 ± 55 19.4

Protococcus 392 ± 41 167 ± 14 5.6

Selenastrum 92 ± 29 75 ± 28 1.7

Eudorina 25 ± 9 17 ± 5 0.4

Monoraphidium 17 ± 6 8 ± 4 0.3

Scenedesmus – 17 ± 8 0.2

Pediastrum – 8 ± 4 0.1

Microspora 17 ± 3 17 ± 5 0.3

Cryptophyceae

(0.33%)

Chilomonas – 33 ± 10 0.3

Cyanophyceae

(26.60%)

Merismopedia 313 ± 65 236 ± 69 5.5

Polycystic 264 ± 61 83 ± 24 3.5

Coelosphaerium 208 ± 34 108 ± 43 3.2

Gomphosphaeria 25 ± 9 142 ± 47 1.7

Gloeocapsa 158 ± 56 25 ± 13 1.9

Chroococcus 92 ± 26 58 ± 29 1.5

Anabaena 58 ± 18 67 ± 20 1.3

Phormidium 375 ± 15 250 ± 14 6.3

Aphanocapsa 108 ± 26 42 ± 21 1.5

Spirulina 8 ± 3 17 ± 5 0.3

Euglenoidea

(11.85%)

Phacus 667 ± 57 108 ± 20 7.8

Euglena 333 ± 36 67 ± 12 4.0

Trebouxiophyceae

(14.30%)

Botryococcus 1,008 ± 41 309 ± 14 13.3

Dictyosphaerium 100 ± 29 - 1.0

Zygnematophyceae

(2.86%)

Closterium 167 ± 28 117 ± 34 2.9

Bold values represent minimum and maximum relative percentage abundance.

Ind/L) toward total abundance (Table 3). The dry and wet
seasons recorded the same number of taxa but in varying
compositions (Table 3). Three genera were absent in each season,
i.e., Diatoma, Scenedesmus, and Pediastrum during the dry
season and Hyalodicus, Diploneis, and Dictyosphaerium during
the wet season.

The abundance of zooplankton (1,476 ± 84 Ind/L) was
averaged during the sampling period. Nauplius sp. (266 Ind/L)
contributed most to total abundance while Ceriodaphnia sp.,
Asplanchina sp. and Leptodora sp. had the same abundance
(17 Ind/L) individually contributed the least to the total

abundance (Table 4). The zooplankton community was
represented by 15 genera grouped into Rotifera, Copepoda, and
Cladocera (Table 4). There were more copepods (55.41%) while
Cladocerans were the least (16.73%). Overall, the dry season (14)
had more taxa than the wet season (10) (Table 4). Among the 15
genera recorded during the study, Eubranchipus, Ceriodaphnia,
Diaptomus,Microcodon, and Asplanchina were absent during the
wet season, while Leptodora taxon was absent during dry season.

ANOSIM indicated lack of significant differences in
phytoplankton community composition for un-transformed
abundance data among sites (R-statistic = 0.01, p = 0.44), and
between seasons (R-statistic = 0.01, p = 0.40). For zooplankton,
ANOSIM indicated significant differences for un-transformed
abundance data between seasons (R-statistic= 0.12, p < 0.0001),
but not among sites (R-statistic= 0.08, p < 0.89). These findings
suggest a stronger seasonal effect compared to spatial effects for
zooplanktons. Non-metric multidimensional scaling (NMDS)
did not show any clear temporal and spatial separation of
phytoplankton and zooplankton (Figures 5A–D).

Results of SIMPER analysis showed that Crucigenia sp.
contributed the highest proportion (12.14 %) to the dissimilarity
between seasons while Microspora sp. contributed the least
(0.16%) (Table 5). Nauplius sp. accounted for the most
proportion (16.84%) to zooplankton dissimilarity, while
Ceriodaphnia sp. accounted for the least (1.31 %) (Table 6).

Relationship Between Water Quality and
Plankton Communities
There were clear associations between water quality variables
and phytoplankton and zooplankton communities. For
phytoplankton, the first CCA axis (CCA 1) accounted for
the greatest variance (% explained 30.4–37.0%) while the
second axis (CCA 2) accounted for 16.2–22.8% (Figures 6A,B).
Phytoplankton taxa such as Gomphospheria sp., Selenastrum
sp., Chrococcus sp., Navicula sp., and Anabaena sp. were
positively correlated with increasing EC (Figure 6B). Likewise,
Coelosphaerium sp. and Spirulina sp. were positively correlated
with pH, NO−

2 , and Secchi depth (Figure 6B). Similarly,
Protococcus sp., Botryococcus sp., Phormidium sp., Crucigena
sp., Tetraspora sp., Eudorina sp., and Diatoma sp. were
positively correlated with DO, NO−

3 and SRP (Figure 6B).
Furthermore, Chilomonas sp., Phacus sp., Polycystic sp., Euglena
sp., Merismopedia sp., and Closterium sp. were negatively
correlated with NH+

4 , temperature, TN, and TP (Figure 6B).
For zooplankton, the first CCA axis (CCA 1) also accounted

for the greatest variance (% explained 26.2–31.6%) while the
second axis (CCA 2) accounted for 21.7–29.2% (Figures 6C,D).
Zooplankton genera such as Asplanchina sp., Microcodon sp.,
Ceriodaphnia sp., and Cyclop sp. were positively correlated with
DO and TN (Figure 6D). At the same time, Kerattela sp. was also
positively correlated with NO−

3 and Secchi depth (Figure 6D).
On the other hand, Branchionus sp. showed a negative correlation
with TP, NH+

4 , SRP, and EC, whileHexarthra sp. andNauplius sp.
were positively correlated with temperature (Figure 6D).
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TABLE 4 | Mean abundance of zooplankton taxa recorded in Lake Kanyaboli from February 2020 to February 2021.

Division Class Taxon Dry season Wet season Relative

(Ind/L) (Ind/L) abundance (%)

Cladocerans (16.73%) Branchiopoda Daphnia 27 ± 9 53 ± 20 5.4

Branchiopoda Diaphanosoma 70 ± 16 30 ± 4 6.8

Branchiopoda Leptodora – 17 ± 8 1.2

Branchiopoda Eubranchipus 33 ± 8 – 2.2

Branchiopoda Ceriodaphnia 17 ± 6 – 1.2

Copepods (51.42%) Hexanauplia Nauplius 233 ± 30 33 ± 6 18.0

Hexanauplia Canthocamptus 98 ± 18 93 ± 8 12.9

Hexanauplia Cyclops 175 ± 18 60 ± 12 15.9

Hexanauplia Diaptomus 67 ± 10 – 4.5

Rotifers (31.84%) Eurotatoria Brachionus 158 ± 20 50 ± 9 14.1

Eurotatoria Hexarthra 67 ± 15 14 ± 7 5.5

Eurotatoria Kerattela 50 ± 12 17 ± 5 4.5

Eurotatoria Filinia 50 ± 9 14 ± 5 4.3

Eurotatoria Microcodon 33 ± 6 – 2.2

Eurotatoria Asplanchina 17 ± 6 – 1.2

Bold values represent minimum and maximum relative percentage abundance.

DISCUSSION

The spatial and temporal analysis of the plankton
(phytoplankton and zooplankton) community structure
and composition in Lake Kanyaboli between February 2020
and February 2021 revealed strong seasonality with minimal or
homogeneous spatial variation. A total of seven phytoplankton
classes (Bacillariophyceae, Chlorophyceae, Cryptophyceae,
Cyanophyceae, Euglenoidae, Trebouxiophyceae, and
Zygnematophyceae) were identified, while three zooplankton
classes, including Branchiopoda (Cladocerans), Hexanauplia
(Copepods) and Eurotatoria (Rotifers) were identified in the
lake during the study period. Chlorophyceae dominated the
phytoplankton community, while Hexanauplia (Copepods)
dominated the zooplankton community. Phytoplankton
recorded the same number (30) of genera during the wet and dry
seasons but in varying composition, while zooplanktons
were more diverse in the dry season (14 genera) than
during the wet season (10 genera). Both phytoplankton
and zooplankton recorded higher abundance during the
dry than during the wet season. The plankton abundance
(phytoplankton and zooplankton) showed homogeneity among
sites. However, phytoplankton composition showed dominance
of Chlorophyceae in all the sites (Figure 3A). For zooplankton,
rotifers dominated inflow and outflow zones while copepods
dominated in the littoral zone and open water (Figure 3B). The
results confirm our hypotheses that plankton (phytoplankton
and zooplankton) communities would vary more between the
seasons than spatially in Lake Kanyaboli. No single taxon or a
combination of two or three taxa accounted for more than 80% of
the phytoplankton abundance. This also confirms our hypothesis
on lack of equilibrium in the phytoplankton community in
the lake.

Dynamics in Environmental Conditions
There was a stronger seasonal variation in physico-chemical
water quality variable than there were spatial over the lake, owing
to the small size of the lake that is largely well-mixed, and
with short water residence times. Secchi depth showed seasonal
variation with reduced levels (increased turbidity) during the wet
season due to high discharge rates from effluent rivers (canal)
(Srifa et al., 2016). The concentrations of dissolved oxygen,
ammonium, nitrates, nitrites, and total nitrogen were also higher
during the dry season than the wet season (Figure 2). High
nutrient concentration during the dry season is not a common
feature of inland waters in which nutrients are often linked to
runoff from agricultural catchments (Kilonzo et al., 2014; Srifa
et al., 2016; R Development Core, 2017). In Lake Kanyaboli, the
concentration of nutrients during the dry season is most likely
linked to evaporation that concentrates solutes, while dilution
would be the cause for low concentrations during the wet season
(Okech et al., 2018; Olele and Ekelemu, 2021). Morabito et al.
(2018) reported a negative correlation between the amount of
rainfall and the concentrations of phosphorus and silica and
linked it to the dilution of the in-lake concentrations after high
rainfall. The dilution effect can also be enhanced by the short
water residence times in lakes, such as Lake Kanyaboli, that drain
disproportionately large drainage catchments compared to their
surface area (Cardille et al., 2004). According to Walker et al.
(2007), the characteristics of the drainage basin and the mean
depth of the lake or reservoir are the primary factors controlling
nutrient enrichment.

Dynamics in Phytoplankton Communities
Phytoplankton production in lakes is regulated by the availability
of nutrients (nitrogen and phosphorus) and water clarity (Wang
et al., 2015). For example, nitrogen and phosphorus enrichment
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FIGURE 5 | NMDS comparison of phytoplankton and zooplankton in Lake Kanyaboli from February 2020 to February 2021. (A) phytoplankton site comparisons, (B)

phytoplankton seasonal comparisons, (C) zooplankton site comparisons (D) zooplankton seasonal comparisons. KAD, Kadenge; MID, Open water.

results in the phytoplankton community shifting from diatom
and chlorophyte dominance to cyanobacteria dominance (Hecky
et al., 2010). Phytoplankton composition subsequently influences
nutrient recycling and food web dynamics through bottom-
up control (Cetinić et al., 2006). Similarly, phytoplankton
composition influences zooplankton communities, which are
also regulated by water quality variables such as nutrients,
temperature and water clarity (Waya et al., 2014).

Lake Kanyaboli’s plankton community showed a significant
relationship with water quality variables (Figure 6).
Phytoplankton taxa such as Coelosphaerium sp., Spirulina
sp., Protococcus sp., Tetraspora sp., Botryococcus sp., Phormidium
sp., and Crucigena sp. were positively correlated with high
nutrient concentrations and high water clarity (Secchi depth).
In contrast, Chilomonas sp., Phacus sp., Polycystic sp., Euglena
sp., Merismopedia sp., Closterium sp., Eudorina sp., and
Diatoma sp. were negatively correlated with nutrients. These
patterns potentially indicate the regulatory effect of nutrient

concentration and water clarity on phytoplankton communities
in this lake. The distribution and abundance of Cyanophyceae
taxa such as Coelosphaerium sp., Anabaena sp., Spirulina sp., and
Phormidium sp. are associated with eutrophic water bodies rich
in nutrients (Loza et al., 2014; Sharma et al., 2016). On the other
hand, Merismopedia sp. is associated with good water quality
hence the negative correlation with nutrients (Willén, 2000;
Abdel-Hamid et al., 2014). In a similar study, Wang et al. (2015)
found that phytoplankton community structure was significantly
influenced by nutrients, conductivity and turbidity in the
Shengjin Lake in China. Furthermore, positive relationships of
phytoplankton concentration with NO−

3 and NO−
2 have also

previously been observed elsewhere (Armi et al., 2010).
Chlorophyll-a, which is an indirect indicator of

phytoplankton productivity, showed significant temporal
and spatial differences, but seasonal variations were stronger.
The concentration of chlorophyll-a was lower in open water
compared to the littoral zones. Similarly, open water also
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TABLE 5 | Phytoplankton ranked abundance SIMPER contributors to percentage

(%) dissimilarity in phytoplankton composition between the wet and dry seasons.

Mean abundance

Taxon Dry season Wet season Reletive contribution (%)

Tetraspora 86.6 140.0 12.1

Crucigenia 121.0 189.0 10.2

Merismopedia 85.6 17.4 9.3

Phacus 25.2 92.7 7.8

Botryoccoccus 78.2 132.0 6.9

Protococcus 33.2 56.0 6.0

Polycystic 16.8 37.7 5.8

Euglena 20.0 42.7 4.4

Coelosphaerium 23.2 28.7 4.3

Gomphosphaeria 33.4 - 3.8

Closterium 30.0 19.0 3.8

Gloeocapsa 36.6 - 3.8

Selenastrum 31.6 1.1 3.4

Chroococcus 26.6 2.4 2.9

Anabaena 23.4 1.1 2.6

Phormidium 58.2 47.3 2.2

Aphanocapsa 8.4 15.6 2.1

Dictyosphaerium - 14.1 1.7

Hyalodiscus 10.0 - 1.0

Eudorina 8.2 - 0.9

Diploneis 8.4 - 0.9

Chilomonas 6.8 - 0.8

Navicula 6.6 1.14 0.8

Diatoma 4.8 - 0.6

Monoraphidium 5.0 - 0.5

Scenedesmus 3.4 - 0.4

Spirulina 3.2 1.14 0.4

Nitzschia 3.2 - 0.3

Pediastrum 1.6 - 0.2

Microspora 1.6 - 0.2

exhibited low phytoplankton and zooplankton abundance
compared to the littoral zone though not statistically different.
Frost and Culver (2001) also reported a low abundance of
phytoplankton in open water compared to inshore areas in
Lake Erie influenced by nutrient availability. This reinforces the
productivity of littoral zones compared to open waters due to
constant mixing (Wondie et al., 2007).

Overall, phytoplankton abundance in Lake Kanyaboli showed
a dominance of green algae (Table 3), contrary to a previous
study in the same lake by Wilfred et al. (2005) that reported
dominance of blue-green algae in a sample by a relative
abundance of over 50%. The dominance of green algae
was also in contrast to many African lakes and reservoirs
associated with the dominance of blue-green algae, such as
Lake Victoria and Lake Malawi (El-Otify et al., 2003). The
dominance of green algae in Lake Kanyaboli is an indication
that the quality of the water is better than in most lakes
that are heavily influenced by nutrient and organic matter
loading from agricultural and urbanized catchments (Hecky
et al., 2010; Niyoyitungiye et al., 2019). However, previous

TABLE 6 | Zooplankton ranked abundance SIMPER contributors to %

dissimilarity in phytoplankton composition between the wet and dry seasons.

Mean

Taxon Dry season Wet season Relative contribution (%)

Nauplius 8.3 29.1 16.8

Canthocamptus 23.3 12.3 12.0

Brachionus 12.5 19.9 11.6

Cyclops 15.0 21.8 11.0

Daphnia 13.5 3.4 8.8

Diaphanosoma 7.5 8.8 7.7

Hexarthra 3.5 8.3 6.3

Kerattela 4.3 6.3 5.0

Diaptomus – 8.4 5.0

Filinia 3.5 6.4 4.8

Leptodora 4.3 – 2.8

Eubranchipus – 4.3 2.8

Microcodon – 4.1 2.4

Asplanchina – 2.1 1.6

Ceriodaphnia – 2.1 1.3

studies have shown that the lake has once been eutrophic and
hypereutrophic when the feeder canal was blocked, preventing
water replenishment from River Yala, except by rainfall and
backflow from Lake Victoria (Abila, 2005; Kondowe et al., 2022).
Similarly, Ballot et al. (2009) reported a shift in the phytoplankton
dominance from Cyanophyceae to Chlorophyceae in Lake
Naivasha due to improving water quality. In contrast, a shift
from Chlorophyceae to Cyanophyceae was observed in Lake
Olodien due to deteriorating water quality (Ballot et al.,
2009).

The composition of phytoplankton in lake Kanyaboli can
also be linked to wind turbulence. Lake Kanyaboli experienced
an average wind speed of 2.14m.s−1 during the study period,
which is slightly above the wind speed (2m.s-1) that hinders
the formation of cyanobacterial blooms (Blottiere, 2015).
This probably favored the establishment of green algae over
cyanobacteria (Blottiere, 2015; Visser et al., 2015; Zhou et al.,
2015). Wind-induced mixing resuspends nutrients that give fast-
growing chlorophytes a competitive advantage over the relatively
slow-growing cyanobacteria, hence the former’s proliferation
(Jensen et al., 1994).

Lake Kanyaboli’s phytoplankton community composition
(Table 3) indicated that the lake is in a non-equilibrium state
because no single species or a combination of two or three species
contributed more than 80% of the total abundance that existed
for more than a month (Sommer et al., 1993). Tropical lakes are
associated with constant mixing because of a less stable diurnal
mixed layer due to higher radiative heating facilitating dynamism
in the lake processes (Lewis, 1987; Talling and Lemoalle, 1998).
Moreover, Lake Kanyaboli is characterized by dense floating
papyrus macrophytes that contribute to phytoplankton dynamics
through uptake and storing of nutrients that become unavailable
to the primary producers. The impact of macrophytes on
phytoplankton dynamics has been reported in other smaller
and shallow water bodies (Scheffer et al., 1993; Takamura et al.,
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FIGURE 6 | Canonical correspondence analysis (CCA) between plankton and physico-chemical variable among sites in Lake Kanyaboli from February 2020 to

February 2021. (A,B) phytoplankton site comparisons, (C,D) zooplankton site comparisons. KAD, Kadenge; MID, Open water.

2003; Fonseca and Bicudo, 2010). Therefore, the lake is probably
in constant transition between turbid and clear states due to
water exchange through the lake as well as macrophyte-driven
nutrient uptake, preventing the perpetual dominance of selected
phytoplankton species. Scheffer et al. Scheffer et al. (1993) noted
that macrophytes suppress algal growth due to reduced nutrient
availability and release of allelopathic substances by some plants
that are toxic to algae. A combination of all these factorsmay have
facilitated a shift in the plankton community’s structure, resulting
in a non-equilibrium state and improved water quality. These
findings are in concordance with Hutchinson (1961), who noted
that most lake systems exhibit non-equilibrium conditions due
to the seasonal and/or annual fluctuations in physical, chemical,
and biological environmental factors.

Dynamics in Zooplankton Communities
Similar to phytoplankton, there were also significant responses
in some zooplankton taxa to seasonal changes in water quality
in Lake Kanyaboli. Zooplankton genera such as Asplanchina

sp., Microcodon sp., Ceriodaphnia sp., Cyclop sp. Kerattela
sp., Hexarthra sp., and Nauplius sp. were positively correlated
with high concentrations of dissolved oxygen and nutrients
and increased water clarity (Figure 6D). On the other hand,
Branchionus sp. showed a negative correlation with high levels
of nutrients (TP, NH+

4 , SRP), electrical conductivity and water
temperature. The correlation of Kerattela sp. with nutrients and
Secchi depth indicates that the genera can be used as indicators
of eutrophic conditions. Previous studies have reported that
Rotifera species in genera Brachionus, Polyarthra, Keratella, and
Filinia are bioindicators of organic pollution in inland waters
(Ejsmont-Karabin, 2012; Rosińska et al., 2019; Zakaria and El-
Naggar, 2019; Krupa et al., 2020). Işkin et al. (2020) also observed
a strong nutrient effect on zooplankton and their sensitivity to
increasing water temperature through direct effects on ontogeny
and physiology and indirectly by altering their food sources.

The zooplankton community in Lake Kanyaboli is dominated
by copepods, followed by rotifers and cladocerans. Other
studies in Lake Kivu (Isumbisho et al., 2006), Lake Victoria
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(Ngupula et al., 2010) and Lake Shinji–Ohashi and River–Lake
Nakaumi (Uye et al., 2000) have also reported a dominance
of copepods. Their dominance is related to relatively small
size and being successful feeders (Waya et al., 2014). The low
density of cladocerans could be attributed to either predation
by planktivorous fish or eutrophication since they are more
sensitive to changes in the water quality (Zakaria and El-
Naggar, 2019). The variability in the zooplankton community
further shows size-selection predation by planktivorous fishes
in the lake, such as the haplochromines, which prefer large-
sized zooplankton (Hansson et al., 2007). Thus, cladocerans,
rather than copepods, are preyed on more (Helenius et al., 2015).
Moreover, the small-sized nauplii dominated copepods, and their
small size makes them less preferable to large fish instead they
are mostly consumed by young fish (Hansson et al., 2007). These
phenomena explain disparities in the abundances among the
zooplankton groups in our study.

Seasonal Variation in Phytoplankton and
Zooplankton
The temporal species diversity indices for phytoplankton and
zooplankton also showed seasonal variations with dry months
recording predominantly high diversity (Table 2). This probably
further indicates the season’s influence as a plankton community
driver due to variations in physico-chemical variables. High
plankton densities in the dry season have also been observed
elsewhere for phytoplankton (Deng et al., 2007) and zooplankton
(Shukla and Singh, 2013; Razak and Sharip, 2019). Tian
et al. (2013) noted that phytoplankton succession is primarily
determined by the interactions and seasonal cycles of chemical
(nutrients) and physical (weather) factors. The proliferation
of phytoplankton is common in the dry season, positively
affecting the zooplankton community and biomass (Razak and
Sharip, 2019). However, our study’s average phytoplankton
diversity index results were lower than Wang et al. (2015)
from Shengjin Lake, China. The lower diversity index could
be predicting competition for nutrients between phytoplankton
and macrophytes resulting in restricted primary production. In
addition, the low biomass of phytoplankton could also mean
overall deteriorating ecosystem health linked to organic pollution
since the quality and quantity of phytoplankton and zooplankton
assemblages act as water quality indicators (Pinto-Coelho et al.,
2005; George et al., 2012). This is consistent with the occurrence
of Closterium sp., Navicula sp., and Nitzschia sp. in the lake that
is associated with the introduction of organic pollution (Yusuf,
2020). Furthermore, the present study also reported Euglenoidae
(Euglena sp. and phacus sp.) phytoplankton, which could signal
anthropogenic linked nutrient enrichment (George et al., 2012).

Generally, the strong seasonal variation in abundance and
composition of plankton communities in Lake Kanyaboli are
consistent with studies in other small lakes and reservoirs (de
Souza Barroso et al., 2018; Kraus et al., 2019; Nguyen et al.,
2019). This has been linked to seasonally induced factors such as
flooding, making the water turbid hence, reducing productivity
(Morabito et al., 2018). In addition, small lakes and reservoirs are
associated with quick water transit due to the shorter residence
time (Borges et al., 2008; Ismail et al., 2019). This phenomenon
potentially affects sedimentation, leading to phosphorus loss

before settling at the bottom sediments, which could be used
during resuspension. Combining these factors probably reduces
the intensity of algal blooms during the wet season but enhances
the formation of algal blooms during the dry season after
discharge levels decline (Srifa et al., 2016). The lack of spatial
variation in plankton communities in this study was unexpected,
given the strong variation in human activities in the vicinity of
the sampling sites.

CONCLUSION

This study presents the diversity and composition of
phytoplankton and zooplankton in a small tropical lake
and their relationship with physico-chemical variables. The large
catchment area to lake ratio and anthropogenic activities in the
vicinity of the lake influence the physico-chemical characteristics
of the lake and its communities. The role of seasonality as a
driver of the physico-chemistry and ecology of the lake was
exhibited in changes in water clarity (Secchi depth) and the
concentration of dissolved oxygen and nutrients (ammonium,
nitrate, nitrite, and total nitrogen) with higher levels during
the dry season. The plankton communities in the lake were
also seasonally influenced through changes in environmental
conditions. Phytoplankton taxa such as Merismopedia were
identified as potential bioindicators of good water quality and
were associated with low nutrient concentrations, while Navicula
sp., and Anabaena sp. were indicators of nutrient enrichment.
For zooplankton, Kerattela sp. was associated with high nutrient
concentration and was a good indicator of eutrophication in the
lake. The lake’s complex heterogeneous physical and chemical
variables, in conjunction with other food web components, such
as zooplankton and fishes, were vital in maintaining a non-
equilibrium state in which proliferation of algal blooms doesn’t
occur. The long-term data we collected in this study highlight
the importance of continuous monitoring of water quality and
biological communities in small tropical lakes as a basis for
understanding their structural and functional dynamics. This
study contributes to understanding the drivers of the structure
and composition of biological communities in small tropical
water bodies that are increasingly influenced by human activities.
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