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• eDNA is well preserved in large, warm 
tropical freshwaters.

• eDNA metabarcoding confirms patterns 
in tropical plankton distribution.

• Comprehensive reference sequences are 
urgently needed.

• eDNA already allows efficient 
taxonomy-free biomonitoring in the 
tropics.
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A B S T R A C T

Lake Albert, Africa’s seventh-largest lake and a biodiversity hotspot, faces significant environmental challenges, 
including unregulated anthropogenic pressure and a lack of comprehensive biological studies. To address the 
scarcity of biodiversity data, we utilized environmental DNA (eDNA) metabarcoding to assess the lake’s 
eukaryotic and metazoan communities. Surface water samples were collected at three distinct locations: close to 
the southern inflow of the Semliki River, the central part of the lake, and close to the northern inflow of the 
Victoria Nile and outflow of the Albert Nile. We aimed to study ecological patterns across the lake, focusing on 
sequence variant richness and community composition, testing for differences among locations and between 
shoreline and pelagic zones. Consistent with previous morphology-based observations, our results revealed 
differences in community composition among the three sites, with cyclopoid copepods dominating the com
munities. Distance from shore was a significant factor influencing community composition, confirming expec
tations about the effects of nutrient and oxygen availability gradients. However, the lack of comprehensive 
reference sequence data limited accurate taxonomic assignments. Despite these limitations, our study 
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demonstrates that eDNA metabarcoding is highly useful for assessing biodiversity in underexplored tropical 
freshwater ecosystems. We advocate for urgent efforts to generate reference sequences from tropical regions to 
enhance the utility of eDNA for biodiversity monitoring and conservation. Our findings underscore the potential 
of eDNA in providing insights into ecological patterns of entire communities and emphasize the need for 
comprehensive studies addressing the full taxonomic spectrum in tropical freshwater ecosystems.

1. Introduction

Africa’s freshwater systems are widely acknowledged as biodiversity 
hotspots, yet they face significant challenges. Despite the high levels of 
biodiversity present, there is increasing unregulated anthropogenic 
pressure on these ecosystems, leading to reported declines in species 
populations and even the likelihood of many species facing a high threat 
of extinction (IPBES, 2019). Another major challenge is the taxonomic 
crisis, with many taxa in African freshwaters remaining unstudied or 
unknown. In order to address these issues, one approach that has gained 
traction in studying entire aquatic organism communities is environ
mental DNA (eDNA) analysis (Schenekar, 2023). While this method has 
been somewhat established in extratropical regions for monitoring and 
assessing biodiversity, Africa significantly lags behind in adopting this 
approach (Takahashi et al., 2023).

Tropical freshwaters are dramatically underrepresented in eDNA 
studies (von der Heyden, 2023). This is particularly true for Africa, with 
only six eDNA studies reported until 2023 from all of the continent’s 
hyperdiverse freshwater ecosystems (Schenekar, 2023). The focus of the 
handful of existing studies is either on disease vectors and human 
pathogens like parasitic flatworms of the genus Schistosoma (Sengupta 
et al., 2022) in Lake Tanganyika (Doble et al., 2020) and River Oka
vango (von der Heyden et al., 2023). There is a notable lack of 

comprehensive studies covering the entire taxonomic spectrum in large 
lakes or rivers (Takahashi et al., 2023), including all of the African Great 
Lakes, well-known centers of tropical freshwater biodiversity (Odada 
and Olago, 2006; Salzburger et al., 2014). At the same time, human 
action, including anthropogenic climate change is severely threatening 
these delicate systems (Salzburger et al., 2014). Considering that rift 
lakes are characterized by high levels of endemism, researching these 
systems is crucial. Given these research gaps, there is a pressing need for 
comprehensive eDNA studies which address the full taxonomic spectrum 
of African freshwater ecosystems. Further, establishing present-day 
biodiversity baselines using eDNA in these areas can help to track 
changes over time, offering critical insights for conservation and sus
tainable management, given that historical biodiversity data is largely 
lacking from these regions.

One such ecosystem that exemplifies the need for detailed study is 
Lake Albert. The lake is Africa’s seventh largest lake (Ali and Abd Ellah, 
2023), located in the western arm of the African Rift System at 619 m asl 
(Fig. 1). It is sitting on major sediment deposits of Miocene origin, but it 
is relatively young in geological terms (i.e. Pleistocene). The lake ex
periences major lake level fluctuations, and it was likely even 
completely dried out during the Pleistocene (Berke et al., 2014; Beuning 
et al., 1997). It is a typical rift lake, ca. 150 km long and 35 km wide on 
average with a maximum depth of only 56 m and covering 5600 km2 

Fig. 1. A) Location of Uganda in Africa, B) sampling locations in Uganda, C) detailed sampling points on Lake Albert. Samples were collected from the southern 
(Ntoroko), central (Kiryamboga) and northern (Wanseko) parts of the lake along distance gradients from the shore. Red arrows mark the flow directions of the 
Semliki River, Victoria Nile and Albert Nile.
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(Green, 2009). Mixing of its water column is pronounced during several 
months (Green, 2009). This is reflected in its mesotrophic state (Morana 
et al., 2023) and relatively high oxygenation down to the profundal 
(Beadle, 1981). Lake Albert’s water level is mostly balanced by the Nile 
River which flows in and out of the lake at its northern tip (Beadle, 
1981). Another major tributary is the Semliki River in the south, con
necting from the Lake Edward-George system. These two rivers largely 
determine the current limnological conditions in Lake Albert (Beadle, 
1981; Nakiyende et al., 2023), although there are some minor tributaries 
from the Rwenzori Mountains to the west of the lake. The lake is 
mesotrophic, dominated by non-humic primary production (Morana 
et al., 2023).

Lake Albert supports an immense range of aquatic biodiversity, 
including macro- and micro-invertebrates, fish, zooplankton, reptiles, 
birds, aquatic macrophytes, and mammals (Wandera and Balirwa, 
2010). The lake is notable for endemisms, particularly with fish species 
such as Lates macropthalmus and Engraulicypris bredoi (Froese and Pauly, 
2024), and molluscs like Bellamya rubicunda, Biomphalaria stanleyi, and 
several species of Gabbiella (Brown, 1994). This highlights the urgent 
need for a comprehensive biodiversity inventory of the lake to inform 
sustainable management strategies and protect its diverse ecosystems. 
However, knowledge of the lake’s fauna and flora is still scant, as in
formation collection started around the middle of last century (Verbeke, 
1957). As part of the Upper Nile freshwater ecoregion, nilotic elements 
dominate the fauna and flora in these reports. The few biodiversity 
studies concentrated on fish as Lake Albert supports the most diverse 
commercial fisheries in Uganda with at least 55 species (Wandera and 
Balirwa, 2010), although with comparatively low degree of fish species 
endemism (Nakiyende et al., 2023). Another prominent group of or
ganisms that has been studied in this lake are molluscs. Some gastropod 
groups have received more attention due to their role as intermediate 
hosts for schistosomiasis (Rowel et al., 2015; Tumusiime et al., 2024). 
Knowledge about the lake’s phytoplankton comes from a one-year 
sampling campaign (1961–1962), published in 1997 by Evans. The 
data shows that nutrient conditions in the lake are largely influenced by 
hydrological inflows from the two main rivers. The influence of the 
Victoria Nile in the north is limited, as it flows out of the lake almost 
immediately after its inflow. Nonetheless, the Nile has a considerable 
impact on the lake at its northernmost end (Beauchamp, 1956). The 
Semliki River in the south is a major source of nutrients, especially in the 
southern parts of the lake. This results in an end to end compositional 
polarization of the phytoplankton, with the riverine inflows of Semliki 
and Nile creating more eutrophic conditions, compared to the more 
oligotrophic free pelagic zone in the mid-lake center (Evans, 1997). 
Interestingly, phytoplankton biomass decreased between the 1960s and 
the 1990s, likely as a result of changes in wind conditions (Lehman et al., 
1998). There is little information available about the zooplankton and 
macro-invertebrate communities which are key contributors to the food 
web and ecosystem functioning of aquatic systems. Green (1967)
focused on fish predation of a Daphnia species and reported a reduction 
of fish predation on zooplankton in the mid sections of the lake. Lehman 
et al. (1998) report an overall dominance of cyclopoid copepods in Lake 
Albert’s zooplankton, with a much smaller contribution from calanoids 
and cladocerans. Rotifers were found to be rare in the lake (Lehman 
et al., 1998), in comparison with other African lakes (Green, 2009).

Gradients from shoreline to pelagic conditions have been detected in 
Lake Albert, where shoreline waters experience more temporal oscilla
tions, likely affecting water movement and stratification (Talling, 1963). 
This variability is reflected in distinct phytoplankton biomasses between 
inshore and offshore areas (Lehman et al., 1998). Similarly, the 
composition of zooplankton differs between pelagic and shoreline zones 
in Lake Albert (Green, 1971). (Green, 1967) even observed a morpho
logical shift of Daphnia lumholtzi along the shore-pelagic gradient, 
attributed to feeding pressure from planktivorous fish. Compositional 
differences of plankton between shoreline and pelagic areas likely result 
from variations in nutrient concentrations and other biological or 

environmental factors (Chomicki et al., 2022; Dusabe et al., 2024; 
Green, 1967).

However, records of all organism groups are sporadic at best (and 
inexistent at worst) in Lake Albert, with many organism groups 
completely unstudied. This highlights a significant gap in understanding 
its ecosystem dynamics. Consequently, we likely face a massive under
estimation of the actual degree of biodiversity and endemism. At the 
same time, Lake Albert faces serious biodiversity threats with antici
pated extinctions, especially now that the lake ecosystem is exposed to 
oil exploration risks (Verheyen et al., 2016). The oil exploration activ
ities came with infrastructural developments i.e. improved road net
works which have accelerated rural-urban migration into this region 
exacerbating the problem (Ericson, 2014). A biodiversity crisis has been 
identified as the lake’s most important recent challenge (Nakiyende 
et al., 2023), threatening its fisheries. Other important stressors include 
a destruction of shoreline vegetation, and increasing water pollution 
(Nakiyende et al., 2023). Considering that the lake is part of the Nile 
basin, its anthropogenic degradation can impact ecosystem health far 
downstream. However, the methodological and general knowledge gaps 
hamper conservation efforts and sustainable management ((Nakiyende 
et al., 2023)).

Environmental DNA is a highly promising approach for large scale 
biodiversity surveys in neglected tropical freshwaters, and to comple
ment the so far sparse records of biodiversity. Environmental DNA might 
also become an important tool for monitoring the lake’s biodiversity, 
contributing to a sustainable use and management of its ecological re
sources. However, the use of eDNA in large tropical lakes might 
encounter several issues. Conditions in the water column of tropical 
lakes are very distinct compared to temperate lakes, with high temper
atures throughout the water column resulting in frequent mixing 
(Talling, 1969). This mixing causes nutrient redistribution and deep 
oxygen penetration (De Crop and Verschuren, 2021). Hydrological dif
ferences might translate into potential preservation issues for eDNA. 
DNA might decompose faster at high temperatures (Lamb et al., 2022), 
and available oxygen supports microbial activity, which might result in 
rapid DNA removal from the water column (Bairoliya et al., 2022). 
Finally, even if DNA is preserved and suitable for community assess
ments, identification problems arise due to the lack of comprehensive 
sequence databases. Very few sequence data exist for tropical regions 
(Lopes-Lima et al., 2024), posing a key problem for African eDNA studies 
(von der Heyden, 2023). An explicit evaluation of this problem is still 
lacking. Altogether, the suitability of eDNA must be evaluated for 
tropical lakes.

Our specific objectives were to evaluate the suitability of eDNA for 
describing general biodiversity patterns in tropical large lakes. Specif
ically, our study aimed to achieve three primary objectives. First, we 
sought to test environmental DNA (eDNA) methodologies by examining 
both previously observed and expected patterns within plankton com
munities of Lake Albert. Second, we aimed to evaluate the feasibility of 
making accurate taxonomic assignments using existing sequence refer
ences, thereby assessing the reliability of current genetic databases for 
identifying tropical freshwater biodiversity. Third, we wanted to 
generate the first comprehensive, community-wide eDNA baseline 
dataset of plankton diversity from any of the African Rift Lakes. This 
baseline is intended to serve as a crucial reference point for future 
biodiversity monitoring and conservation efforts in these unique and 
ecologically significant regions.

Along these aims we hypothesize that 1) eDNA reflects previous 
findings on plankton composition, 2) eDNA is sensitive enough to detect 
expected shoreline - pelagic gradients, and 3) currently available 
sequence data is insufficient for a reasonable taxonomic assignment of 
African lake plankton biodiversity.
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2. Materials and methods

2.1. Sampling

Permission to collect and transfer samples was granted by Uganda 
National Council of Science and Technology (UNCST) under permission 
number NS148ES. Sampling was conducted in March 2023 at three 
distinct locations within the lake: the southern region near the inflow of 
the Semliki River (Ntoroko District), which carries water from Lake 
Edward; the central part of the lake (Kiryamboga) in the Tonya area 
(Hoima District); and the northern area, Wanseko (Buliisa District), 
close to the inflow and outflow of the White Nile (Victoria Nile and 
Albert Nile, respectively). Eight surface water samples were collected at 
each location along a transect from a boat, spaced approximately 500 m 
apart, starting from the deepest end of the transect (Fig. 1, Supp. 
Table 1). Samples were collected into plastic bottles and filtered using 
glass fiber filter membranes (2 μm pore size, thickness 380 μm, Ø 47 
mm, Sigma-Aldrich, Darmstadt, Germany) with a reusable bottle-top 
filter, fitting 45 mm bottle threads (Fisher Scientific, Schwerte, Ger
many). The filter was operated manually with a vacuum pump. After 
filtration, the glass fiber membranes were folded and stored in 2 ml test 
tubes, preserved with Zymo DNA/RNA Shield buffer (Zymo Research, 
Freiburg, Germany). These tubes were kept at ambient temperature in 
the field (up to two weeks) and subsequently frozen at − 20 ◦C in the 
laboratory prior to DNA extraction.

2.2. DNA extraction

2.2.1. Laboratory preparations before DNA/RNA extractions
PCR workstations (VWR International GmbH, Darmstadt, Germany) 

were cleaned with a 10 % dilution of a bleach-based cleaner (DanKlorix, 
CP GABA GmbH, Hamburg, Germany), followed by distilled water 
before every use. Pipettes in the workstations were cleaned with DNA/ 
RNA-ExitusPlus IF (ITW Reagents, S.R.L., Monza, Italy) before every use. 
The designated RNA workstation and pipettes were additionally cleaned 
with RNAse AWAY (Molecular BioProducts, Thermo Fisher Scientific, 
Massachusetts, USA) before every use. These cleaning steps were 
repeated once the lab work in the boxes was done for the day. Prior to 
the lab work starting and after finishing, both boxes had the internal UV 
lights running for 30 min. Forceps were coated in 70 % denatured 
ethanol and then sterilized with fire. Pipette tip boxes were put into a 
shortwave UV crosslinker with open lids for 10 min each.

2.2.2. Filter preparations and lysis
Samples were randomly assigned to four different extraction batches 

(Supp. Table 1) to avoid batch effects (Bálint et al., 2018). These batches 
were processed on four separate days in June 2023. Filters were 
removed from storage solution tubes using sterilized forceps (changed 
between every sample tube) and unfolded on a stainless steel surface in 
the UV workstation. One-third of the filter membranes was cut into small 
pieces with scissors and placed in a bashing bead lysis tube of the 
ZymoBIOMICS DNA/RNA Miniprep kit (Cat. nr. R2002, Zymo Research 
Europe GmbH, Freiburg, Germany). Additionally, 400 μl of the storage 
buffer from the same sample was transferred to the lysis tube. The un
used portion of the filter membranes was placed back in the original 
sample tube (still containing leftover Shield buffer) and kept at − 20 ◦C 
as a backup. A negative extraction control was run alongside each 
extraction batch (two controls for the last extraction batch), consisting 
of 400 μl of DNA/RNA Shield buffer transferred to a lysis tube. Lysis 
tubes were shaken for 40 min on a Vortex Genie 2 using a horizontal 
tube adapter, set to maximum speed (3200 rpm). The stainless steel 
surface was cleaned between processing every sample with 10 % bleach 
solution, and rinsed with distilled water. Scissors were submerged into a 
10 % bleach solution for a few minutes and rinsed with distilled water 
prior to processing the next filter.

2.2.3. DNA/RNA extraction
DNA and RNA were extracted in parallel from the cut and lysed filter 

membranes using the ZymoBIOMICS DNA/RNA Miniprep kit (Cat. nr. 
R2002, Zymo Research Europe GmbH, Freiburg, Germany), following 
the manufacturer’s instructions. DNA was eluted in 80 μl of AccuGENE 
molecular biology grade water (Lonza, Verviers, Belgium); RNA was 
eluted in 50 μl of molecular biology grade water. DNA extracts were 
subsequently stored at − 20 ◦C until further processing; RNA extracts 
were subsequently stored at − 80 ◦C.

2.3. PCR reactions and sequencing

Metabarcoding PCR reactions were automated using a Biomek i7 
workstation (Beckman Coulter GmbH, Germany) in a molecular prePCR 
laboratory. To avoid contamination, several measures were taken to 
sterilize the laboratory equipment and all surfaces before and after 
pipetting. All surfaces were treated with DNA Exitus (Kisker, Steinfurt, 
Germany), bleach and UV light, and plastic equipment was sterilized 
under UV light. In addition, protective equipment (full body suits, face 
masks, shoe covers, face masks, etc.) was used. DNA extracts were 
amplified with a) the Euka02 primers (F: 5’-TTTGTCTGSTTAATTSCG-3′, 
5’-CACAGACCTGTTATTGC-3′, (Guardiola et al., 2015)) and b) the 
miCOIint/jgHCO2198 primers (F: 5́-GGWACWGGWTGAACWGTW
TAYCCYCC, R: 5́-TAAACTTCAGGGTGACCAAARAAYCA), (Geller et al., 
2013; Leray et al., 2013) using AmpliTaq Gold™ Mastermix (Thermo 
Fisher, Waltham MA, USA). Individually labeled PCR replicates of the 
Lake Albert samples were pooled with reactions from three other un
related projects. We followed a one-step-PCR approach in which every 
sample had a unique nucleotide index combination of both primer pairs 
of 11 base pairs. This allowed three base pair mismatches for index 
identification (Taberlet et al., 2018). PCR was performed using 10 μl 
AmpliTaq GOLD Reaction buffer, 2 μl GC Enhancer, 3 μl water, 2 primer 
pair mixture (5 μM), 3 μl sample. The PCR positive control for Euka02 
was DNA extract of a single Nematoda species (Rhomborhabditis regina, 
800 individuals); the PCR positive control for the metazoan primer pair 
was a mock community containing DNA extracts of 24 species. The 
metabarcoding PCRs were run with eight PCR negative controls, 24 
multiplexing negative controls and four PCR positive controls. The 
multiplexing negative controls were no-template no-mastermix control 
samples used to control for index jumps during the library preparation 
process (Taberlet et al., 2018). PCR reactions were performed in four 
individually indexed replicates for all samples and controls. The cycling 
program for Euka02 included an initial denaturation step at 95 ◦C for 10 
min, 35 cycles of 95 ◦C for 30 s, 45 ◦C for 30 s, 72 ◦C for 60 s, and a final 
elongation step at 72 ◦C for 7 min. The cycling program for miCOIint/ 
jgHCO2198 included an initial denaturation step at 95 ◦C for 10 min, 35 
cycles of 95 ◦C for 30 s, 57 ◦C for 90 s, 72 ◦C for 60 s, and a final 
elongation step at 72 ◦C for 7 min. After amplification, PCR products 
were pooled and purified using the MinElute PCR Purification Kit 
(Qiagen). Library preparation and paired-end sequencing (NovaSeq 
6000, 2 × 150 bp for Euka02 and Miseq 2 × 250 bp) was performed with 
the MetaFast protocol at Fasteris SA (Geneva, Switzerland).

2.4. Bioinformatics and taxonomic assignment

Bioinformatic analysis was conducted using the Obitools pipeline 
v4.0.5 (Boyer et al., 2016). The paired-end reads were assembled with a 
minimum overlap of ten bases and then demultiplexed into PCR repli
cates. These replicates were de-replicated into amplified sequence var
iants (ASVs). Sequences were discarded which had variants of other 
sequences with a count >5 % of their own count. We kept ASVs only if 
they had lengths between 70 and 350 bp, and if they were represented 
by at least 10 reads.

The ASV x PCR replicate matrix underwent further processing with a 
custom R script, following the recommendations of (Taberlet et al., 
2018). To account for potential PCR or sequencing errors, ASVs with low 
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read abundance were removed if their total reads fell below a threshold 
(18S: 100 reads; COI: 75 reads) based on frequency criteria (Drake et al., 
2022). Additionally, replicates with spurious richness were filtered out 
based on their richness - read profiles, specifically those with fewer than 
7000 reads for 18S and fewer than 75 ASVs for COI. For quality control, 
if an ASV was present in any of the negative controls (including 
extraction, PCR, and multiplexing negatives), the maximum number of 
reads for that ASV in any negative control was calculated and subtracted 
from each replicate. Nonmetric multidimensional scaling (NMDS) 
ordination plots of the replicates were generated using the “vegan” 
package in R (v4.4.0) with Bray-Curtis dissimilarity. Replicates highly 
dissimilar to others from the same sample were removed. Subsequently, 
PCR replicates for each sample were summed into a community matrix, 
and altered observation depths due to replicate removal were corrected.

Taxonomic assignment of 18S ASVs was performed using local 
BLAST searches against the NCBI database, while COI ASVs were 
matched against all COI sequences from both NCBI and the Barcode of 
Life database (Meglécz, 2023). Only the best 100 BLAST hits with an e- 
value <0.001 were retained. The BLAST results were parsed with 
MEGAN v6 (Huson et al., 2016), and each ASV was assigned to its lowest 
common ancestor based on the top 10 % of bit scores of BLAST results.

2.5. Statistical analyses

All statistical analyses were performed in R v4.4.0 (R Core Team, 
2024). Unequal water sample volumes and unequal sequencing depths 
of replicates were explicitly accounted for in all analyses by including 
them into models as predictors. This has three benefits in comparison to 
simple rarefactions: 1) avoids data loss, 2) allows remove their effects 
when using model-based analysis tools, and 3) explicitly quantifies the 
effect of biases linked to observation depth, in comparison to the effect 
of predictors of interest (reviewed in (Bálint et al., 2016)). We consid
ered only the taxonomic groups specifically targeted by the primers in 
the analyses of community properties. This means that all eukaryotic 
ASVs were considered in the analyses which were amplified with the 
primers euka02, but all other ASVs (e.g. a few ASVs assigned to pro
karyotes, or not assigned to anything known) were omitted. We 
considered only metazoan ASVs amplified with the COI primers, but all 
other ASVs, e.g. algae, were omitted.

2.5.1. ASV richness
With respect to ASV richness and community composition, we tested 

1) the impact of inflowing rivers (three locations: Ntoroko - Semliki 
River, Kyriamboga - no major effluent, Wanseko - Victoria Nile, Fig. 1), 
and 2) the effects of a shoreline - pelagic gradient. ASV richness was 
modeled with four predictors (water sample volume, sequencing depth, 
sampling locality and distance from shore) in linear regressions.

2.5.2. Community composition
To select abundant and frequent ASVs, we modeled the log- 

normalized average read abundance of ASVs against their incidence 
with generalized additive models (mgcv package, (Wood, 2017)). We 
used GAMs primarily for exploring patterns, rather than for hypothesis 
testing (Simpson, 2018). GAMs are particularly suitable for this purpose 
because they do not impose a strict parametric relationship between 
variables, allowing for flexible pattern discovery. By doing so, we 
selected taxa with a high signal-to-noise ratio, enabling us to focus on 
taxa with meaningful biological variation rather than noise (Bálint et al., 
2016). For analyses of 18S community composition, we retained abun
dant and frequent ASVs: these were represented by more than the 
average number of reads, and were present in at least six samples. For 
analysis of COI community composition, we retained frequent OTUs: 
these were present in at least eight samples. This resulted in sample x 
ASV matrices with 278 ASVs (18S), and 241 ASVs (COI).

For testing hypotheses about community composition, we employed 
generalized linear models (GLMs), which are well-suited for handling 

non-normally distributed data. Specifically, we modeled taxon read 
abundances using a negative binomial distribution to account for 
overdispersion in the data, as recommended for ecological counts 
(Lindén and Mäntyniemi, 2011). Although distance-based methods like 
PERMANOVA or NMDS are commonly used for community composition 
data, they rely on relative abundances, which may be biased due to 
technical factors like primer bias (Krehenwinkel et al., 2017). As such, 
we opted for GLMs within a joint species distribution model framework 
(Ovaskainen et al., 2017; Warton et al., 2015) to explicitly model the 
read counts per taxon, considering the underlying data generation 
process. The individual GLM results are summarized into community- 
level statistics at the end, providing an overview of driver importance 
of community-level differences in a format similar to results of distance- 
based approaches such as PERMANOVA (Wang et al., 2012). We 
consider this approach is better suited for metabarcoding data and al
lows for community-wide statistics to be calculated more robustly 
(Bálint et al., 2016).

We predicted community composition of frequent and/or highly 
incident ASVs with a model-based analysis of multivariate abundance 
data as implemented in the mvabund package (Wang et al., 2012). 
mvabund models the abundances of single taxa in a community against a 
set of predictors in a generalized linear modeling (GLM) framework, and 
summarizes model results into a community-level statistics. As ecolog
ical count data including sequencing reads are generally overdispersed, 
model-based community analyses are particularly helpful as they allow 
to include parameters about data properties (Warton et al., 2015). We 
fitted community models by specifying the distribution family as nega
tive binomial using a log link, with an unknown overdispersion 
parameter. We created an analysis of deviance (ANOVA) table for the 
GLM, using a likelihood ratio test with Monte Carlo resampling (1000 
bootstrap iterations).

We visualized compositional differences among the ASV commu
nities with Bayesian ordination and regression as implemented in the 
boral package (Hui, 2016), by fitting the models with a negative bino
mial distribution. We parameterized the models with sample volume 
and sequencing depth as covariates, and accounted for variation unex
plained by these covariates on two latent variables. Similarities and 
differences in ASV composition among samples were visualized along 
these latent variables in two dimensions, similar to a conventional 
ordination (Warton et al., 2015). We ran the MCMC sample for 40,000 
iterations, discarded 10,000 iterations as burn-in with a thinning rate of 
30.

3. Results

After the Obitools processing and subsequent R cleanup, the Lake 
Albert dataset contained 3,841,955 reads assigned to 4527 ASVs. The 
COI dataset contained 2,756,941 reads assigned to 1544 ASVs. Of the 
4527 18S ASVs, 707 were assigned to algae, 330 to fungi, 839 to 
metazoans, 997 to non-algae protists, 36 to oomycetes, 65 to strepto
phytes, and 1553 could not be assigned to any taxonomic levels below 
the superkingdom of eukaryotes (Fig. 2, Supp. Table 2). Of the 1524 COI 
ASVs, 473 were assigned to algae, 16 to fungi, 87 to non-algae protists, 
439 to other eukaryotes, and 509 to metazoans (Fig. 2, Supp. Table 2). 
Of the 4527 18S ASVs, 2874 (63.5 %) were shared across at least two 
locations, and 1653 (36.5 %) were observed at only a single location. Of 
the 509 metazoan COI ASVs, 321 (63 %) were shared across at least two 
locations, and 188 (37 %) were observed at only a single location.

3.1. Ecological patterns

3.1.1. ASV richness
The linear regression of 18S ASV richness had an adjusted R2 = 0.826 

(p < 0.001, F = 22.89, df = 18). The volume of water had no statistically 
significant effect. ASV richness statistically significantly increased with 
~7 ASVs for every 10,000 reads (p < 0.001), and it was different 
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between Kiryamboga and Wanseko (p = 0.001), but not between Kir
yamboga and Ntoroko (p = 0.169). ASV richness statistically signifi
cantly decreased with ~6 ASVs for every 100 distance increase from the 
shore (p = 0.002).

The linear regression of COI ASV richness had an adjusted R2 = 0.705 
(p < 0.001, F = 12, df = 18). The volume of water had no statistically 
significant effect. ASV richness statistically significantly increased with 
~5 ASVs for every 10,000 reads (p < 0.001), and it was different be
tween Kiryamboga and Wanseko (p = 0.007), but not between Kir
yamboga and Ntoroko (p = 0.447). ASV richness had no statistically 
significant relationship with the distance from the shore (p = 0.445).

3.1.2. Community composition
Composition of both 18S and COI ASV communities differed statis

tically significantly among locations (Table 1, Fig. 2). Of the 278 
abundant and frequent 18S ASVs, 85 (31 %) had statistically signifi
cantly different read abundances among locations (Fig. 3, Supp. Fig. 1). 
These ASVs belonged to algae (20 ASVs), fungi (6) and protists (14). 
Many ASVs could not be identified beyond eukaryotes (45). Of the 241 
frequent COI ASVs, 15 (6 %) had statistically significantly different read 
abundances among locations (Fig. 3, Supp. Fig. 2). These ASVs belonged 
to an annelid (likely an aquatic enchytraeid with 78 % sequence simi
larity to a Limnodrilus species), eight arthropods (two cyclopid ASVs, an 

amphipod, two insects, two branchipods and an ASV which could not be 
identified beyond arthropods), a chordate (likely a rodent, with ~79 % 
sequence similarity to a Chinchilla species), three snails and two rotifers 
(Supp. Fig. 2).

Composition of both 18S and COI ASV communities was statistically 
significantly affected by the distance from shore (Table 1, Fig. 2). Read 
abundances of statistically significantly affected 18S ASVs (n = 42) 
generally decreased with distance from the shore with the exception of a 

Fig. 2. Community composition recorded by eDNA. a) Dominant eukaryotic groups recorded by the 18S marker gene. b) Dominant metazoan groups recorded by 
COI. c–d) Model-based ordinations of eukaryotic (c) and metazoan (d) community composition.

Table 1 
ANOVA table of compositional differences of the model-based analysis of 
multivariate ASV abundances.

Residual df Df difference Deviance p

18S

(Intercept) 23
Sample volume 22 1 2101 0.001
Sequencing depth 21 1 415 0.001
Locality 19 2 3585 0.001
Distance from shore 18 1 1701 0.001

COI

(Intercept) 23
Volume_filtered_ml 22 1 818 0.001
seq_depth 21 1 360 0.001
Closest_locality 19 2 1178 0.002
dist_settlement_m 18 1 680 0.001
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diatom ASV belonging to Coscinodiscophyceae (Supp. Fig. 3). The in
dividual COI ASVs related to the distance from the shore belonged to 
arthropods, molluscs and rotifers. Read abundances of all statistically 
affected COI ASVs (n = 10) decreased with distance from the shore 
(Supp. Fig. 4).

3.2. Limitations of taxonomic identification

Average identity among 18S query and database sequences was 96 % 
(Fig. 4). Most assignments had low bit scores, even if sequence identity 
between query and database sequences was high (Supp. Fig. 5). Average 
identity among COI query and database sequences was 91 % (Fig. 4). 
The relationship between bit score and sequence identity was almost 
linear (Supp. Fig. 5).

4. Discussion

4.1. Environmental DNA confirms known and expected biodiversity 
patterns

4.1.1. Detected taxonomic composition and north-south differences
Most organisms recorded with the two marker fragments belonged to 

plankton (Fig. 2). This is not surprising given that we sampled only 
surface water. We found large read abundances of cyclopoid copepods in 
both 18S and COI data (Fig. 2). This confirms that the zooplankton 
communities are dominated by cyclopoid copepods, whereas calanoids 
and Cladocera represent <10 % of the total biomass (Lehman et al., 
1998). Rotifers were also well represented as planktonic consumers in 
the eDNA data, especially at the central location of Kiryamboga (Fig. 2). 
Interestingly, previous accounts listed only a few rotifers, low compared 
to other lakes on the continent (Green, 2009). Rotifer abundance was 
reported to be highly localized with most species in the South of Lake 
Albert (Green, 2009). These differences may result from a reduction in 
phytoplankton biomass over recent decades, compared to the 1960s, 
likely due to diminished nutrient availability, which is itself a conse
quence of changes in wind mixing (Lehman et al., 1998). Additionally, 
reduced and/or selective predation pressure by planktivorous fish on 
zooplankton, attributable to the introduction of the Nile perch (Green, 
1967; Lehman et al., 1998), might also play a role. Observed differences 
might originate from alterations in nutrient and temperature conditions 
since the 1990s, driven by increasing human impact and climate 
warming, as trophic conditions in the lake can shift within a matter of 
years or decades (Lehman et al., 1998).

Producers were mostly represented by diverse strains of algae, likely 
components of the phytoplankton, suggested by existing information on 
chlorophyll concentrations, which indicate algal photosynthesis to at 
least 25 m depth (Lehman et al., 1998). Interestingly, most of the ASVs 
with strongly different read numbers among the locations belonged to 
algae (Supp. Fig. 1). Read numbers of these algae were significantly 
higher at the river-influenced locations of Ntoroko and Wanseko, in 
comparison with the centrally located Kiryamboga. This is consistent 
with the only comprehensive data available (to our best knowledge) on 
the composition of phytoplankton communities from the lake, which 
dates back >60 years (Evans, 1997). This phytoplankton dataset reports 
an end to end polarization in the composition of phytoplankton, with 
higher concentrations at the two extremes (south and north) influenced 
by the Semliki and Nile rivers. Here the lake is more eutrophic, 
compared to the more oligotrophic free pelagic zone in the mid-lake 
center (Evans, 1997). Lake Albert is considered a rare case among 
tropical lakes as its planktonic communities are largely controlled by its 
hydrographic and hydrological character (Evans, 1997). The eDNA re
sults are in line with this observation that the two large rivers determine 
the limnological conditions in the lake (Beadle, 1981; Nakiyende et al., 
2023). Rivers carry nutrients into lakes and strongly influence primary 
productivity at the river-lake transition zones (Cotte et al., 2023). This 
selects for species which can rapidly utilize nutrients for growth (Nhu 
et al., 2019). Localities with less nutrients often support specialized, 
highly efficient nutrient utiliser phytoplankton species which are 
competitive at low trophicity (Atkins et al., 2021).

eDNA recorded only a few clearly benthic taxa, represented by 
relatively few reads. This is expected as we sampled surface water. 
Consequently, most DNA fragments should originate from pelagic or
ganisms. The macrobenthic fauna of Lake Albert is not well studied, but 
general records hint at a comparatively rich fauna (Guignot, 1957; 
Verbeke, 1957), representing groups such as Chironomidae, Ephemer
optera, and Ostracoda. Insects alone are estimated to number at least 
200 species (Green, 2009). Green (2009) attributed the relative species 
richness of Lake Albert to the presence of sandpits along the Ugandan 
shores, which creates habitat heterogeneity. Chironomids were rela
tively abundant at Ntoroko in the eDNA data, but Ephemeroptera and 
ostracods were detected as well. eDNA supported the absence of other 
benthic taxa, such as decapod crustaceans which were so far not 
observed in the lake (Cumberlidge and Clark, 2018). A prominent group 
of benthic organisms are the molluscs, with the lake’s fauna consisting of 
approximately 13 bivalve and 18 gastropod taxa (Brown, 1994; Man
dahl Barth, 1954). eDNA recorded several mollusc ASVs such as 

Fig. 3. Mean-centered model coefficients show the extent of differences in read abundance of ASVs at river-affected locations (Ntoroko: Semliki river, Wanseko: 
Victoria Nile), compared to a baseline (Kiryamboga, no major inflow). Most ASVs show higher read abundances at the river-affected locations. Black continuous lines 
represent ASV coefficients from the multivariate community GLM with statistically significantly different read abundances among the localities. Dashed red line 
marks the base of comparison. Colors mark major organism groups: a) 18S: green - algae; orange - fungi; purple - non-algae protists; gray - other eukaryotes. b) COI: 
green - annelids; orange - arthropods; chordates - black; molluscs - purple; rotifers - brown.

M. Bálint et al.                                                                                                                                                                                                                                  Science of the Total Environment 957 (2024) 177308 

7 



sphaeriid bivalves (Pisidium sp.). Members of that genus are known to 
occur in Lake Albert (Mandahl Barth, 1954).

4.1.2. Differences in shore vs open water
Both markers showed statistically significant differences in commu

nity composition along a distance gradient from the shore toward the 
more central areas of the lake. The 18S dataset also showed a decrease in 
ASV richness from the shoreline toward the lake center. Read abundance 
of individual ASVs of both markers mostly decreased from the shore 
toward pelagic environments (Supp. Figs. 3–4) except one ASV assigned 
to diatoms. This is in agreement with expectations about differences 
between shoreline and central parts of large lakes, as nutrient concen
trations generally decline from the shoreline to offshore areas. For 
example, in Lake Ontario, mean nutrient concentrations rapidly decline 

with increasing distance from the shore to background levels (Chomicki 
et al., 2022). Shoreline erosion can be an important source of nutrients, 
influencing lake productivity and trophic status (Hewlett et al., 2015). 
Water mixing can also affect nutrient availability, with more dynamic 
mixing of shallow shoreline waters promoting higher nutrient concen
trations due to sediment resuspension (MacIntyre et al., 1999). Using 
traditional sampling, a steep decline in oxygen levels was observed with 
increasing depth, which has an impact on species diversity and richness 
(Dusabe et al., 2024). We collected our samples at a time of the year that 
is known for pronounced circulation of nutrients (Talling, 1965). Highly 
heterogeneous conditions at the shoreline, e.g. supported by macro
phytes, also promote more taxonomically rich and compositionally 
distinct communities (Wang et al., 2018). Finally, reduction in oxygen in 
the pelagic zones, as observed in other African Great Lakes (Dusabe 
et al., 2024), might also play a role. The observed compositional 
gradient might also be a result of nutrient enrichment resulting from 
human activity, as all transects started at settlements. Many more lo
cations will be necessary to disentangle the causes of the observed 
compositional gradients. A new sampling designed to disentangle these 
causes should contrast gradients starting at human settlements with 
gradients starting at shores without human impact. Vegetation condi
tions and the presence/absence of water inflows should be also 
considered when designing such a study in the future. While a desig
nated sampling will be necessary to distinguish among the relative 
contribution of these effects to the observed patterns, eDNA records 
confirmed expectations about compositional differences between 
shoreline and pelagic communities.

4.2. Taxonomic identification of tropical eDNA sequences

The 18S sequences had an average identity of 96 % with sequences 
deposited in GenBank (Fig. 4). An average high identity with GenBank 
sequences is expected since 18S is a relatively conserved taxonomic 
marker, suitable for studying higher-level taxonomic units (Bininda- 
Emonds, 2021). However, many of the 18S ASVs (34 %) could not be 
assigned to taxonomic levels beyond eukaryotes. This might be caused 
by three processes. First, the query sequence might belong to an un
known eukaryotic group not present in the database. Second, the 
sequence in the database is misidentified, e.g., it is assigned to an or
ganism but actually originates from a symbiont of this organism or 
contamination (Valkiūnas et al., 2008). Third, some of the assignments 
considered by the LCA algorithm are very low level, e.g. eukaryotes, 
which frequently happens when environmental sequences are deposited 
in NCBI. It is difficult to clearly distinguish among these three processes. 
Issues with reference sequence databases are common (summarized e.g. 
by (Chorlton, 2024). Issues with the identification quality of sequences 
deposited in NCBI certainly play a role (Valkiūnas et al., 2008). None
theless, taxonomic assignments in GenBank are fairly reliable (Leray 
et al., 2019), often comparable in quality to metazoan assignments made 
with BOLD (Baena-Bejarano et al., 2023). For the 18S marker gene we 
found a mismatch between the bit score (reflecting alignment length, 
sequence identity and database size) and sequence identity (Supp. 
Fig. 5). The vast majority of 18S ASV assignments were based on fairly 
low bit scores, regardless of the sequence identity, although all high bit 
score assignments also had high identity. This results from a short 
alignment length between query and database sequences, consistent 
with the level of conservation of the 18S: the ~150 bp V7 region 
amplified by us has a 20–25 bp highly variable core, flanked by 
conserved regions (Hadziavdic et al., 2014). Consequently, the most 
likely explanation for the large number of unidentified 18S eukaryotic 
ASVs is a general lack of eukaryotic sequences from African Great Lakes 
in GenBank.

Of the 1524 COI ASVs, 509 (33 %) could be assigned to metazoans. 
On average, these ASVs showed 91 % sequence identity with sequences 
deposited in GenBank and BOLD. Many other eukaryotes, including 
algae, fungi, and protists, were also amplified. This is not surprising, as 

Fig. 4. Sequence identity of BLAST query and database sequences. a) Eukary
otes recorded with 18S. b) Metazoans recorded with COI.
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degenerate metazoan COI primers frequently amplify various groups 
beyond metazoans. Similarly to what we found here, metazoans might 
not even be the group with the highest read count (Collins et al., 2019). 
We analyzed only metazoans because the primers were optimized to 
specifically address primer biases for metazoans (Leray et al., 2013). We 
found a clear, almost linear relationship between identity and bit score 
(Supp. Fig. 5), which results from the highly conserved length of COI 
across the tree of life (Guo et al., 2022), as variable sites in COI are 
generally the second and third codon positions. Sequence identity of COI 
query and database sequences ranged between 75 and 100 %, with 
several distinct peaks (Fig. 4). Two prominent groups in the COI data are 
arthropods and rotifers. Arthropod query sequences had three distinct 
identity peaks: ~84 % (diverse metazoans), ~93 % (mostly cyclopoid 
copepods), and ~ 97–98 % (mostly rotifers). Rotifer COI queries had a 
distinct peak with most ASVs showing 97 % sequence identity with 
GenBank sequences. These ASVs were assigned to two cosmopolitan 
Polyarthra species (P. dolichoptera and P. vulgaris), both known for high 
levels of cryptic diversity even within the same water bodies (Liang 
et al., 2022; Obertegger et al., 2014). The two species accounted for >50 
% of all rotifer counts in the COI dataset and >10 % of all metazoan 
counts. Both species were already reported from Lake Albert (Kiggundu 
et al., 2022; Lopez et al., 2023). Altogether, COI assignments results 
mirror those based on 18S: most sequenced COI fragments originate 
from species, genera, and families which do not have reference COI 
sequences available in GenBank. This is not surprising considering that 
many genera in well-researched regions such as North America also lack 
publicly available COI barcodes (Curry et al., 2018).

4.3. Management suggestions

Understanding of aquatic resources is crucial to inform policy 
formulation and decision-making. Currently, institutions such as 
NAFIRRI (National Fisheries Resources Research Institute), which hold 
the mandate for monitoring and conducting aquatic biodiversity 
research in Uganda, often omit important microbiota, such as 
zooplankton and phytoplankton, in their monitoring efforts due to 
limited resources. Most existing biodiversity data from Lake Albert are 
focused on fish, neglecting other critical organisms like zooplankton and 
algal communities, vital components of the food web and essential in
dicators of ecosystem health. Our study helps fill this gap by providing 
baseline data especially on the planktonic community composition of 
Lake Albert. Such baseline data is essential to support monitoring and 
management efforts, particularly in light of ongoing oil exploration 
activities.

Although our results show that the precise taxonomic assignment of 
eDNA sequences is problematic due to lack of reference sequence data, 
the results also highlight that aquatic eDNA is already suitable for 
taxonomy-free biomonitoring in the tropics. We recommend the urgent 
setup of an Africa-wide taxonomy-free eDNA-based monitoring scheme 
across freshwaters of the continent. Taxonomy-free biomonitoring 
directly links sequence data to environmental conditions and/or human 
impact, and allows large-scale DNA-based biomonitoring efforts 
(Cordier et al., 2019; Mächler et al., 2021). An eDNA-based, taxonomy- 
free biomonitoring scheme could efficiently track biodiversity dynamics 
by collecting aquatic eDNA samples at strategically placed locations at 
regular intervals. Such a scheme would be based on variation in α-, β- 
and γ-diversity of amplified sequence variants. The scheme would also 
allow the identification of bioindicator sequence variants, useful to au
thorities to quickly detect ecosystem disturbances. Further, a taxonomy- 
free eDNA monitoring scheme could be easily extended and refined to 
include economically important species and pathogens, highly relevant 
for societies across the continent. Systematic biomonitoring will be 
particularly important for managing local and large-scale threats, such 
as pollution, resource overuse, species invasions, climate change, 
allowing for interventions to ensure resilience.

5. Conclusions and outlooks

In summary, our study confirmed that aquatic eDNA is suitable to 
record biodiversity patterns in large, warm tropical freshwaters. Envi
ronmental DNA reflected both previous and expected findings about the 
structure and composition of planktonic communities in Lake Albert, in 
support of the first and second study hypotheses. Environmental DNA 
revealed significant differences in community composition in distinct 
localities, confirming previous, morphology-based findings about pro
cesses that shape planktonic communities. The eDNA data, consistent 
with limited morphology-based observations, indicated that cyclopoid 
copepods dominate pelagic communities, controlling planktonic pro
ducers. The data also confirmed previous findings about the importance 
of riverine nutrient input as the primary factor influencing planktonic 
microorganisms in the lake, confirming earlier observations. Environ
mental DNA was sufficiently sensitive to reveal gradients in plankton 
community composition. These gradients were expected both from 
historic observations, and on the basis of limnological differences be
tween shoreline and pelagic regions.

However, the current dataset only included pelagic zones, neglecting 
the benthic regions and the entire water column. This limitation, along 
with the restricted spatial and temporal scope of the data, highlights the 
need for more comprehensive spatial experimental designs. These 
should include replicated sampling at both riverine and non-riverine 
sites, and transects starting from both settlements and natural areas. 
When designing these studies, we recommend considering further 
limnological factors specific to tropical lakes. Several of these factors, 
such as wind mixing together with a weak thermal stratification of the 
water column (Lewis, 1987) may strongly influence community 
composition of the plankton, as oxygen and nutrient conditions might be 
homogenized vertically and horizontally. This may result in more ho
mogeneous planktonic communities, requiring longer gradients or more 
samples to disentangle compositional patterns. Furthermore, seasonal 
aspects, such as dry and wet seasons, and temporal variations in 
planktonic composition and abundance should be considered.

The results of the present study clearly confirmed expected strong 
patterns in the distribution of the most common taxa, even with a 
relatively limited sample set from three transects at strategically 
selected locations. However, investigating rarer taxa, particularly those 
with restricted distributions within the lake, would benefit from sam
pling at a much higher spatial resolution. Future studies should consider 
the shoreline of Lake Albert in the Democratic Republic of Congo. 
Ideally, such efforts would involve international teams from both 
countries. Sampling along the entire shoreline will undoubtedly increase 
the number of identified taxa and significantly contribute to our un
derstanding of high-resolution patterns in planktonic community 
composition. The results also confirmed the third hypothesis: although 
eDNA data reveals strong biodiversity patterns, a major challenge to its 
application in tropical regions like Africa is the urgent need for gener
ating comprehensive reference sequence data. The lack of reference 
sequences significantly hampers the ability to accurately interpret eDNA 
results from the most biodiverse regions of Earth, as many taxa remain 
unidentified or misidentified due to insufficient database coverage. 
Without reference sequences, eDNA can record ecological patterns but 
struggles with accurate interpretation. This is because eDNA results 
cannot be effectively linked to existing knowledge about taxa, their 
ecology, habitat preferences, and traits. This gap underscores the ne
cessity for coordinated efforts to expand genetic databases with se
quences from diverse taxa present in tropical freshwater ecosystems. We 
recommend prioritizing potentially high biomass species when gener
ating reference sequence data, as these species likely have a large impact 
on ecosystem functioning.

Despite these challenges, we advocate for eDNA as a highly suitable 
monitoring tool in tropical regions, even in the current absence of reli
able marker gene data. Our approach underscores the importance of 
targeting entire ecosystems, including both producers and consumers, 
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rather than focusing on specific groups. It is crucial to exploit the ca
pabilities of molecular tools for comprehensive surveys in highly diverse 
tropical ecosystems. Only by doing this can we achieve a holistic un
derstanding of ecosystems and the complex interaction networks among 
microorganisms, plants, animals, fungi, and protists, and perform effi
cient interventions to ensure their resilience.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.177308.
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