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RESUMEN 

Las comunidades microbianas en los sedimentos del fondo de los ríos pueden cumplir 

hasta el 96% del metabolismo de todo el ecosistema. En ríos intermitentes, mismos que 

experimentan condiciones de desconexión del caudal o sequía durante la época seca, los 

cambios en las comunidades microbianas pueden verse exacerbados en respuesta a la 

estacionalidad. Así mismo, los roles de los microorganismos en los ríos se vuelven más 

relevantes en condiciones extremas en que otros grupos no pueden estar presentes. En nuestro 

estudio, investigamos como cambian las comunidades de la Cuenca del Río Cube, Esmeraldas, 

en la estación seca y de lluvia. Nuestros principales hallazgos sugieren que la diversidad alfa 

es mayor en la época seca, dada por condiciones ambientales ideales para el crecimiento 

bacteriano y su funcionalidad. Así mismo, encontramos grupos clave en los ciclos de fósforo y 

nitrógeno, claves en el metabolismo de los ríos. Adicionalmente, evaluamos qué variables 

ambientales pueden estar afectando la diversidad alfa y encontramos que la temperatura y 

conductividad explican parte de la diversidad, junto a la altitud y la estacionalidad. Nuestros 

hallazgos tienen relevancia en vista del escenario de cambio climático que esperamos, con 

condiciones extremas en los que los microorganismos serán jugadores clave para mantener la 

funcionalidad de los ríos en esta zona. 

 

Palabras clave: comunidades microbianas, estacionalidad, ríos intermitentes, 

metabolismo, 16s rRNA 
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ABSTRACT 

Microbial communities in river sediment can account for up to 96% of the ecosystem's 

metabolism. In intermittent rivers, which experience flow disconnection or drought conditions 

during the dry season, changes in microbial communities can be exacerbated in response to 

seasonality. Furthermore, the roles of microorganisms in rivers become more relevant under 

extreme conditions where other groups may not be present. In our study, we investigated how 

the communities in the Cube River Basin in Esmeraldas change during the dry and rainy 

seasons. Our main findings suggest that alpha diversity is higher during the dry season due to 

ideal environmental conditions for bacterial growth and functionality. We also identified key 

groups involved in the phosphorus and nitrogen cycles, which are crucial for river metabolism. 

Moreover, we evaluated which environmental variables could be driving shifts in alpha 

diversity, and found that temperature and conductivity explain art of the variation in alfa 

diversity, along altitude and seasonality. Our findings are relevant considering the expected 

scenario of climate change, with extreme conditions in which microorganisms will play a key 

role in maintaining river functionality in this area. 

 

Keywords: microbial communities, seasonality, intermittent rivers, metabolism, 16s 

rRNA 
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1. INTRODUCTION 1 

Streambed sediment microbial communities are key players in river’s biogeochemical cycles 2 

and can be in charge of nearly 96% of stream’s production [1].  In intermittent systems, 3 

characterized by rivers and streams where water ceases to flow for some part of the year [2], 4 

streambed dynamics are constantly modified due to the high spatiotemporal variability of 5 

streamflow [3]. 6 

Streamflow variability in intermittent systems can occur at a temporal scale, with 7 

modifications in the duration, timing, and intensity of the longitudinal, lateral, and vertical 8 

connectivity, and at the spatial scale where river fragments or pools distribute throughout the 9 

drainage area [4]. Drying phenomena occur around the world affecting all rivers and is 10 

considered that nearly 50% of the global river network is experiencing some level of 11 

intermittency [5].  12 

Traditionally, intermittent rivers and ephemeral streams (IRES) have been observed in arid 13 

and semi-arid regions, but increasing evidence shows that intermittency can be found in 14 

almost all biomes (i.e., Mediterranean, Temperate, Alpine, Boreal, and Polar regions) [5–7]. 15 

Additionally, permanent rivers and streams are experiencing drying due to anthropogenic 16 

stressors such as over-allocation of water for human consumption [8]. Pressing effects from 17 

climate change in synergy with anthropogenic stressors are hypothesized to become the main 18 

source of change from permanent to intermittent river regimes for the next decades [9].  19 

Across ecoregions, well-established and emerging intermittent systems are a source of 20 

cutting-edge research [10]. Australia, for instance, where 70% of rivers are considered 21 

intermittent [11], has appointed data generation as a priority for well-informed decisions on 22 

sustainable water management [12]. The South-West region of the United States and several 23 

territories of Europe have pushed research on intermittent systems to secure biodiversity and 24 

ecosystem services [13–16]. Despite evident advances, there is very limited information on 25 

intermittency in the Neotropical region (i.e., Cattinga desert in Brazil and Bolivian Altiplano) 26 

[17, 18].  27 

In most biomes, seasonality is influenced by local environmental stressors like wind patterns, 28 

fluvial geomorphology, hydrogeology, and tectonic activity  [19]. In the Neotropics, these 29 

factors might be subjacent to the meridional oscillations of the Inter-Tropical Convergence 30 

Zone (ITCZ) [20]. Therefore, precipitation (magnitude and frequency) could be critical to 31 

explain neotropical seasonality. Hence, exploring the response of fluvial systems to 32 
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seasonality in the Neotropics is of utmost relevance [21] because biodiversity and ecological 1 

functions in streams can unveil the resilience and resistance mechanisms of aquatic organisms 2 

when dry-wet seasonality prompts streamflow intermittency. 3 

Seasonality is particularly relevant to streambed sediment dynamics (i.e., drying-rewetting 4 

regimes) as substrates configurate in mosaics according to streamflow variations [22], where 5 

microbial communities have shown to adjust and restructure in response to mobilization, 6 

desiccation, and anoxic conditions [23].  7 

Microbial communities in the streambed become especially relevant as sediment-entrained 8 

cells´ activity drives biogeochemical processes at reach, watershed, and continental scales 9 

[24–26]. Pressing conditions of drying periods control streambed metabolic activity as a 10 

series of proximal (direct) and distal (indirect) drivers [27], that can lead to gain or loss of 11 

functionality or to significant cell death [28]. Therefore, microbial communities could be 12 

affected indirectly by distal drivers such as catchment geomorphology, land use, riparian 13 

vegetation cover, and seasonal precipitation [29], and directly by proximal drivers such as 14 

Nitrogen: Phosphorus ratio, water temperature, dissolved oxygen availability, sediment 15 

characteristics, and organic matter content [23].  16 

In lotic ecosystems microbial diversity might unveil an entirely new contribution from global 17 

stream networks, as it has received less attention than marine and lentic ecosystems [30]. 18 

Particularly, in intermittent streams, microbial communities are considered to be the sole 19 

source of diversity to maintain ecosystem functions by metabolic activity, when other 20 

organisms like fish and macroinvertebrates might be inhibited to grow under such conditions 21 

[22].  22 

In temperate regions, extensive research has been conducted to understand environmental 23 

factors affecting microbial communities in response to hydrology [31–33]. However, 24 

dominant controls for streambed microbial communities in the temperate regions might 25 

contrast with environmental conditions in the Neotropics.  26 

The Andean Chocó, a Neotropical biome among the 25 global biodiversity hotspots, provides 27 

an “all-in-one” setting to start understanding the effect of seasonality on streambed dominant 28 

players. 29 
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The Andean Chocó ranges from Panamá to Ecuador (Figure 1a), it presents a unique species 1 

assemblage as the result of evolution through local and regional climatic, biogeographic, and 2 

environmental features. The Chocó separated from the Amazon (circa., 25 million years) by 3 

the uplift of the Andes. This geological effect generated strong divergent evolutionary 4 

processes, followed by the emergence of several endemic species [34]. In the Pacific lowlands 5 

of the Andean Chocó, the evaporation driving from the Ocean reaches the Colonche ridge 6 

creating a shadow effect over tropical and dry forests. This effect displaces inland 7 

precipitation creating clear seasonality in watersheds like the Cube River Basin (Figure 1c). 8 

The Cube River is an intermittent fluvial system in the Ecuadorian Chocó, where some 9 

streams cease to flow during the dry period (Figure 1c). It exhibits drastic streamflow 10 

fluctuations changing from rivers completely inundating the riparian margins to dry rivers 11 

with disconnected stream channels. Like many humid and temperate regions, intermittency 12 

tends to concentrate in the headwaters of drying river networks, where steep slopes and small 13 

drainage areas trigger rapid delivery of water to the river channel, intensifying the influence 14 

of precipitation on the variations in streamflow [35]. In the Cube River system, streams from 15 

the upper basin experience evident desiccation in comparison to lower basin streams.  16 

Given the importance of streambed microbes to global biogeochemical cycles and the rapidly 17 

increasing accessibility of molecular tools, understanding streambed microbial communities, 18 

metabolism, and functional diversity in the Neotropics is critical for managing aquatic 19 

ecosystems in biomes like the Chocó. Identifying drivers for microbial diversity in streambed 20 

sediments of intermittent systems in the Neotropics is of utmost importance to the global 21 

contribution of freshwater ecosystems [36].  22 

In this context, in the streambed along the Cube River basin of the Ecuadorian Chocó, we 23 

propose to:   1) Evaluate the main stream environmental differences along the watershed in 24 

the wet and dry seasons, 2) describe streambed microbial alpha diversity using a molecular 25 

techniques to understand the main  differences between the wet and dry seasons along the 26 

river watershed, and 3) identify potential drivers that contribute to explain microbial alpha 27 

diversity in intermittent systems along the watershed. We hypothesize that alpha diversity will 28 

be higher in the dry season and that seasonality could modulate proximal drivers, that would 29 

in turn explain the observed changes in microbial diversity the Cube River basin. 30 
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Our results will be the first to describe microbial diversity in streambed sediments from 1 

intermittent system in the Neotropics and will contribute to complying with the Chocó 2 

Bioregion biodiversity hotspot to understand the drivers of change to a highly threatened 3 

biome.  4 

2. METHODS 5 

2.1 Study area 6 

We conducted our study in the Cube River Basin (Figure 1a) located in Northwestern 7 

Ecuador. The drainage area is 165.15 km2 and comprises tropical-humid forests in the 8 

headwaters that become less humid towards the lowlands, along an altitudinal gradient from 9 

~50-650 m (Figure 1d). The Northern part of the Cube River Basin is located inside the 10 

Mache-Chindul Ecological Reserve (REMACH) [37] and covering part of this territory, two 11 

private NGOs protect the last remnant of primary and secondary forests in the basin. 12 

However, despite its high levels of diversity and endemism, with crucial roles in ecosystem 13 

services provision, the rest of the basin experiments strong levels of anthropogenic pressures 14 

including pasture, agriculture, and timber extraction, with the later representing the stronger 15 

impact in the basin. Additional pressures due to mining and oil extraction have not affected 16 

this ecosystem, yet local activities driving domestic contamination might still represent a 17 

strong impact in the basin. 18 

The main stem of the Cube River Basin receives most of its tributaries from the ecological 19 

reserve in the headwaters at ~650 m asl. (Figure 1d). Third and fourth order tributaries to the 20 

main stem are characterized by wide reaches (~37 m), while the channel width of the main 21 

stem at this elevation ranges from 10 to 27 m. with streambeds predominantly composed by 22 

cobbles and gravel, and low forest cover. Headwater streams, on the contrary, present 23 

narrower reaches (~1-15 m), abundant forest cover and bedrock as the predominant type of 24 

the streambed. 25 

The Cube River Basin experiments 1500 mm of annual precipitation, with 80% of the total 26 

precipitation occurring in the first half of the year [38]. The basin exhibits drastic streamflow 27 

fluctuations changing from rivers completely inundating the riparian margins to dry rivers 28 

with disconnected stream channels. Therefore, streams from the headwaters experience 29 

evident desiccation in comparison to those in the lowlands.  30 
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 1 

2.2 Sampling design and field data collection 2 

2.2.1 Sampling design 3 

Sampling was designed to include a wide array of aquatic habitats  (pools, riffles; bedrock, 4 

gravel) in the headwaters and the middle and lowland parts of the basin. To cover differences 5 

between sites in the upper and lower basin, a balanced design chose ten sites within the 6 

headwaters and middle section and ten sites from the middle section to the lowlands. With a 7 

total of twenty sample sites, distributed along the altitudinal gradient from 50 to 532 m, 8 

sampling was conducted in the wet (April-May) and the dry (Oct-Nov) seasons of 2021.  9 

In every location, the length of the sampled reach was determined based on the stream width. 10 

For stream widths of less than 3 m, the sampled reach corresponded to 50 m length. Widths 11 

between 3 and 10 m had a sampling stream reach that ranged between 50 and 100 m. Finally, 12 

for widths over 10 m, the maximum stream reach was 150 m of length. 13 

2.2.2 Environmental variables 14 

Six environmental variables (temperature, pH, conductivity, dissolved oxygen, salinity, 15 

suspended solids) were measured in situ using a YSI multiparameter (ProDSS®). To do this, 16 

the sampled reach was divided into five transects of similar length and measures were 17 

collected in the middle of each transect at 50% of stream depth. Discharge or flow was 18 

measured using the stage method and a Doppler velocimeter OTT (Hydromet®). At the 19 

stream reach, the riparian vegetation cover, slope, and shade were calculated in the wet and 20 

dry seasons.  21 

Additionally, for laboratory analyses of nutrients and other elements (e.g., SO4, NO3, PO4, SS, 22 

TOC Ba, Ca, K, Zn, Na, Mg, Mn), water samples were collected in 500 ml Nalgene 23 

containers previously rinsed with 10% HCl. For metal analysis (e.g., Hg, Pb, Ca, Cd, Fe) 60 24 

ml of filtered (0.45 µm) water was collected and preserved with 0.3% HSO4. Samples were 25 

stored at -4 oC and transported to the lab. All chemical analyses were conducted at CoreLab, 26 

Universidad San Francisco de Quito.  27 
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To characterize the sediment grain size for the streambed of every location, sediment samples 1 

for the wet and dry seasons were pooled (n=20), dried at 65°C for 72 hours and screened for 2 

different grain sizes. The screening was conducted by sieving the samples in a tower of 3 

standardized sieves with the mesh size increasing from the bottom to the top (0.125mm, 4 

0.25mm, 0.5mm, 1mm, 2mm, 4mm). After computation of the granulometric curve, the d60 5 

coefficient was calculated as the 60% finer size of each sample. 6 

2.2.3 Streambed sediment collection  7 

To describe the microbial communities from the streambed, we collected sediment samples in 8 

every stream in the wet and dry seasons (n = 20), using a metal shovel previously sterilized 9 

with 96% etOH and a burner flame. For standardization, we collected different numbers of 10 

subsamples in each site depending on the length of the sampling reach. For a stream reach of 11 

50 m length, we collected5 subsamples. In sampling stream reaches that ranged between 50 12 

and 100 m, we collected10 subsamples. Finally, for a stream reach that was 150 m in length, 13 

the number of subsamples was 15. We selected subsamples in order to cover as many habitats 14 

present in the reach length. When possible, we collected all subsamples at streambed depths 15 

ranging from 0 to 20 cm, aiming to capture the diversity from the superficial and hyporheic 16 

zone. We recoveredtreambed sediment subsamples in a thin container and then pooled and 17 

mixed to leave for 10 min for decantation. After the samples were ready, we used a No. 10 18 

stain-steel sieve to filter grains of 2 mm. From pooled samples, we recovered three replicates 19 

of 50 mL of sediment and stored them in falcon tubes at approximately 4 ºC during transport 20 

to the lab. Samples were stored at -20 ºC until they were analyzed [10]. 21 

 22 

2.3 Microbial DNA extraction and sequencing 23 

To describe the microbial communities of the streambed sediments of the Cube River basin, 24 

we used one replicate (50 mL) of streambed sediment sample for DNA extraction. We 25 

extracted DNA from 0.25 g of soil using the DNeasy PowerSoil Pro DNA Isolation Kit 26 

(MoBio®, USA) according to manufacturer’s instructions, with a slight modification. After 27 

adding solution CD1, wehomogenized the samples by vortex and let overnight in agitation at 28 

60 C. The protocol was resumed from the bead-beating step. For the final DNA elution, we 29 
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used30 µl of solution C6 was used. We measured DNA quality and quantity using a 1 

Nanodrop spectrophotometer.  2 

We purified the DNA using AmpureXP magnetic beads at a concentration of 1.8X. We 3 

measured DNA concentration in a total of 15 samples from the dry and wet seasons , followed 4 

by metagenomic sequencing of 16s rRNA marker gene (Bakt_341F: 5 

CCTACGGGNGGCWGCAG Bakt_805R: GACTACHVGGGTATCTAATCC). Sequencing 6 

was performed in an Illumina MiSeq PE300 platform (Illumina®, USA) at Macrogen, Korea. 7 

 8 

2.4 Data analysis  9 

2.4.1 Environmental variables 10 

To understand the environmental setting and potential differences within the Cube River 11 

Basin, we performed aa Principal Components Analysis (PCA) with 17 environmental 12 

variables (Table S1) that were measured in the wet and dry seasons. Sites with no data or 13 

under the detection limit in water chemistry were excluded from the analysis. Based on this 14 

analysis, 10 environmental variables were selected, five ecohydrological variables: discharge, 15 

temperature, pH, conductivity, and the d60 grain size, and five chemical variables: phosphate, 16 

nitrate, ammonia, total organic carbon, and suspended solids. We compared environmenta 17 

variables between seasons using a Wilcoxon ranking-sum test at a 0.05 significance level, 18 

after testing for all statistical assumptions. We performed all these analysis in R environment, 19 

version 4.2.  20 

 21 

2.4.2 Sequence analysis  22 

We imported to Qiime2 software [39] paired-end 16s rRNA sequence reads from 12 paired 23 

samples (Wet and Dry season): 1, 2, 4, 6, 8, 9, 14, 15, 16, 17, 18 and 19; and 6 unpaired 24 

samples: 3, 12 and 13 (Wet Season); 7, 11 and 20 (Dry season). To do this, we used the Fastq 25 

Manifest (Phred 33) method for paired-end sequences with quality information. We 26 

performed sequence quality control using DADA2 from the q2-dada2 plug-in, which included 27 

quality filtering, chimera checking, and paired-end read joining. Forward and reverse reads 28 
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were equally truncated at 290 bp based on Q scores. We clustered sequence reads de novo 1 

into amplicon sequence variants (ASVs) at 100% sequence similarity, using DADA2 vsearch. 2 

We did axonomic classification of ASVs using qiime2-feature-classifier classify-sklearn with 3 

the naïve Bayes pre-trained Silva 138 database. We removed ASVs with unclassified domains 4 

or that were taxonomically assigned as chloroplast and mitochondria. Finally, we rarefied 5 

samples to the lowest number of reads, using using the function “rarefy_even_depth” from 6 

the “phyloseq” package in R version 4.2 [40]. 1111 ASVs were removed as they were not 7 

present in any sample after random subsampling.  8 

We used ASVs beforeOTUs as they have shown increased resolution that allow higher 9 

accuracy in taxonomic identification and quantification [41]. As ASVs are generated using 10 

one universal grouping algorithm (100% sequence similarity), they have better consistency 11 

and reproducibility [42]. 12 

 13 

2.4.3. Microbial community diversity  14 

We calculated microbial community alpha diversity (observed richness, Chao1, and 15 

Simpson´s reciprocal index) at the Amplicon Sequence Variant level using the function 16 

“estimate_richness” from the phyloseq package (Reference here). We calculated Pielou’s 17 

evenness manually, as the Shannon´s Index divided by the logarithm of the observed ASV 18 

richness. To test for differences in alpha diversity between the dry and wet seasons we used a 19 

Wilcoxon Ranked-Sum test, prior verification of data statistical assumptions.  20 

We DESeq2 used to calculate the relative abundance of ASVs collapsed to Class level, 21 

following the method adapted from Lee 2019. We groupedlasses with relative abundances 22 

lower than 0.05 as “Others”, resulting in 11 dominant Classes. To test for differences in the 23 

relative abundances of the dominant classes between seasons we used Wilcoxon Ranked-Sum 24 

test, prior verification of data assumptions. Plots were built in R version 4.2 (package: 25 

ggplot2). (R Core Team). 26 

 27 
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2.4.4. The effect of seasonality on microbial community diversity 1 

To analyze the effect of seasonality on microbial community diversity we used a mixed 2 

effects model [44] (Equation 1). First, we built a full model with environmental variables that 3 

presented significant differences between seasons (Eq. 1). Seasons were assigned as the fixed 4 

effect and altitude as the random effect to consider the variability that this parameter could 5 

introduce to the response variable.  Using the AIC value we compared the full model to 6 

several models with all the possible combinations of variables. The selected model (Eq. 1) 7 

was tested to asses the contribution of each variable. A scatter plot of microbial diversity was 8 

used to represent the effect of significant variables from the model considering the regional 9 

effect of seasonality and the intrinsic effect of altitude on each sampling site. Analyses were 10 

carried out in the R environment, version 4.2. (R Core Team) 11 

 12 

𝐶𝐶ℎ𝑎𝑎𝑎𝑎1 ~ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑝𝑝𝑝𝑝 + 𝑇𝑇𝑇𝑇𝑇𝑇 + (1|𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) + (1|𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) +  𝜀𝜀      (Eq. 1) 13 

 14 

3. RESULTS 15 

3.1 Seasonal effects and environmental conditions  16 

The PCA biplot shows that altitude exerts a strong effect on all site distribution on the X-axis, 17 

as it is strongly correlated with Dimension 1 (53.8%). The PCA shows how stream sites in the 18 

dry season separate from stream sites in the wet season and within each season’s sites 19 

separate between headwaters (sites from 1 to 13) and lowlands (sites from 14 to 20). In the Y-20 

axis several variables like nitrate and phosphate, as well as pH and conductivity, are 21 

associated with sites in the dry season. Discharge (Q), water velocity (V), channel width 22 

(Width) and suspended solids (SS), explained the distribution of sites in the wet season 23 

(Figure 2a). Environmental variables compared between seasons exhibited that discharge, 24 

temperature, suspended solids, and phosphate where higher in the wet season than the dry 25 

season. Only discharge and temperature showed statistical differences (Figure 3, Table S2). 26 

Environmental variables like pH, conductivity, and total organic carbon were significantly 27 

higher in the wet season compared to the dry season. Nutrients like nitrate, ammonia, were 28 

also higher in the wet season than the dry season but differences were not significant. Grain 29 

size characterized by d60 showed no differences between seasons (Figure 3, Table S2). 30 
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 1 

3.2 Microbial alpha diversity in the Cube River basin 2 

We obtained 7088 ASVs in the complete set of 16s rRNA sequence reads, where 26% of the 3 

total was shared between seasons. The dry season had a higher count of unique ASVs than the 4 

wet season with 2401 and 1986, respectively (Figure 4).  5 

 6 

Taxonomic diversity in the Cube river basin comprised 145 different classes corresponding to 7 

43 phyla. ASVs for both seasons together were mainly distributed among Vicinamibacteria 8 

(16,70%), Bacteroidia (6,74%), Gammaproteobacteria (5,92%) Actinobacteria (4,82%), 9 

Alphaproteobacteria (4,75%) and Thermoleophilia (4,38%) (Figure 5). Remarkably, 10 

Vicinamibacteria (Acidobacteriota) surpassed with a ~3-fold increase in abundance the 11 

second and third most abundant classes (Figure 5; Table 1). Other dominant bacterial classes 12 

present in both seasons included: Acidobacteriae (3.90%), Anaerolineae (3.88%), 13 

Planctomycetes (3.15%), Polyangia (2.62%), Acidimicrobiia (2.12%), Bacilli (2.01%), and 14 

Holophagae (1.95%). Among the dominant bacterial groups (relative abundance >5%) we 15 

also found class-level taxa that could not be classified within the Acidobacteriota phylum, 16 

therefore we kept the taxonomic assignation as subgroup 5 (1.82%) and 22 (2%). Non-17 

dominant classes (129) add up to 32.38% and correspond to 33 different phyla. Among the 18 

classes with minor abundance we also grouped 7 classes of archaea (Nanoarchaeia, 19 

Thermoplasmata, Nitrososphaeria, Methanosarcinia, Ordinarchaeia and the Deep Sea 20 

Euryarchaeotic Group (DSEG)), classified within 6 different phyla. 21 

 22 

There were compositional differences in class proportions between seasons (Figure 6), 23 

however, the dominant bacterial classes were conserved for both seasons (Table 1). 24 

Vicinamibacteria was the most prevalent class across all samples in both seasons, with higher 25 

relative abundance in the wet season (Wet = 19.93%; Dry = 13.47%). Bacteroidia was the 26 

second most prevalent class, followed by Gammaproteobacteria. Both Bacteroidia and 27 

Gammaproteobacteria were also present in both seasons, yet their abundance changed in 28 

different directions. Bacteroidia represented 6.82% of the microbial community in the wet 29 

season and 6.66% in the dry seasons. Gammaproteobacteria, on the other hand, increased 30 

from 5.40% in the wet season to 6.43% in the dry season. (Table 1, Figure 6) 31 
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We found significant differences in the relative abundance of Alphaproteobacteria and 1 

Dehalococcoidia (p=0.05). Alphaproteobacteria covered a higher proportion of the 2 

community in the dry season, while Dehalococcoidia had stronger representation in the wet 3 

season. No significant differences were found in any other dominant group.  4 

3.3 Seasonal effect on microbial alpha diversity 5 

Diversity analyses between seasons (ASV-level) revealed that alpha diversity was 6 

significantly higher in the dry season compared to the wet season (Chao1 Index: W = 157; p 7 

= 0.023) (Figure 7a). Observed richness of microbial communities was significantly higher in 8 

the dry season compared to the wet season (ObsRich: W = 152; p = 0.042) (Figure 7c). The 9 

Inverse Simpson diversity index showed no statistical differences for a higher diversity found 10 

in the dry season compared to the wet season (Figure 7b). The microbial community evenness 11 

showed no differences between seasons (Figure 7d). 12 

 13 

3.4 Environmental variables driving microbial community diversity  14 

 15 

We were able to explain 64% of the variation in microbial diversity caused by conductivity 16 

and temperature using the mixed effects model, considering seasons as the fixed effect and 17 

altitude as the random effect (AIC = 672.1) (Equation 2). The full model  showed less 18 

contribution to explain microbial diversity (AIC = 688.5), as pH and total organic carbon had 19 

no significant effects on the response variable (Table 2). The mixed effects model showed 20 

conductivity had a significant positive effect on diversity as Chao1 increases with 21 

conductivity, that is higher in the dry season compared to the wet season (Figure 8a). At the 22 

same time, the temperature increases towards the wet season had a negative effect on 23 

microbial diversity, as Chao1 decreases with increasing temperature towards the wet season 24 

(Figure 8b).  25 

 26 

𝐶𝐶ℎ𝑎𝑎𝑎𝑎1 ~ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + (1|𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) + (1|𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) +  𝜀𝜀     (Eq. 2) 27 

 28 

The effect of altitude as a random effect allowed to separate the intrinsic conditions that each 29 

site had due to its location in the watershed. An error on the model allows to explain part of 30 
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the diversity that can not be attributed to environmental variables analyzed.  Microbial 1 

diversity increases from the wet to the dry season when conductivity increase and temperature 2 

decrease (Figure 8).   3 

 4 

4. DISCUSSION 5 

4.1 Microbial community composition and its response to seasonality  6 

4.1.1 Taxonomic diversity and seasonal prevalence 7 

The microbial community of the Cube river basin is comprised by 145 classes and 43 phyla 8 

among bacteria (138 classes; 37 phyla) and archaea (7 classes; 6 phyla). These counts are 9 

within the range reported by other studies in the neotropical regions, going from 19 to 73 10 

phyla and 167 to 200 classes of bacteria [45–47]. Contrastingly, in the temperate region, near 11 

26 bacterial classes [48–50] and 14 to 17 bacterial phyla [51, 52] were found in streambed 12 

sediment microbial communities across three different biomes. This suggests higher bacterial 13 

taxonomic richness in the neotropics than in the temperate zone, and agrees with previous 14 

research showing that tropical and neotropical ecosystems harbor higher biodiversity than any 15 

other region [53, 54].  16 

 17 

Streambed sediments of the Cube river were dominated by classes corresponding to the 18 

Acidobacteriota, Bacteroidota, Actinobacteriota and Proteobacteria phyla, which are known 19 

to dominate streambed microbial communitie  [22, 49, 55]. Vicinamibacteria, from the 20 

Acidobacteriota lineage, was by far the most prevalent class across sites and seasons (Fig. 5). 21 

The Vicinamibacteria class comprises aerobic, gram-negative bacteria that are able to adapt to 22 

various pH ranges [56]. Members of this class are known to carry enzymes that confer 23 

inorganic phosphorus solubilization capacity, therefore play a crucial role in soil phosphorus 24 

cycle processes, as this element is considered a limiting nutrient for primary productivity in 25 

streams and rivers [57]. However, it is interesting to point that this role might be diminished 26 

during the dry season, as Vicinamibacteria abundance decrease in response to drying. Other 27 

studies have suggested a significant decrease in abundance of Vicinamibacteria in soil in 28 

response to drought, which might also indicate drying sensitivity in this group [58, 59]. These 29 
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findings could be explained by the absence of a peptidoglycan layer in the cell wall of this 1 

bacteria and the incapacity to sporulate.  2 

 3 

Other dominant bacterial classes were members of the Proteobacteria phylum 4 

(Gammaproteobacteria and Alphaproteobacteria). These groups have demonstrated to play 5 

important roles in nitrogen cycling where Alphaproteobacteria is a key player in atmospheric 6 

nitrogen fixation [60]. The significant increase of Alphaproteobacteria observed in the dry 7 

season (Fig. 6) maximizes the importance of their role in the face of drying conditions that 8 

limit the presence and activity of other major taxa such as fish and macroinvertebrates. 9 

 10 

Dehalococcoidia was the only class that showed significantly highprevalence during the wet 11 

season (Table 1), which we hypothesize that may be partly due to their thermophilic traits 12 

[61]. All the lineages within the Dehalococcoidia class are anaerobic and can only obtain their 13 

energy from the rupture of carbon-chlorine bonds [62]. Most Dehalococcoidia are strict 14 

hydrogenotrophic as they require hydrogen as electron donor for their metabolism [63]. These 15 

features make this class specially interesting as dechlorination can reduce the presence of 16 

recalcitrant compounds by transforming them into organic compounds that can be taken up by 17 

other microbes [62]. Additionally, their ability to incorporate and reduce hydrogen, allows H+ 18 

to be available for other bacteria and engage in syntrophic relations [64]. Overall, 19 

Dehalococcoidia could play crucial roles in carbon cycling and their presence in these streams 20 

represents a novel finding. In our study, the presence of this taxa might indicate the presence 21 

of recalcitrant compounds in the streambed if the Cube River basin, encouraging the need to 22 

evaluate the occurrence of this compounds and their possible source.   23 

 24 

Although bacterial taxa were highly represented in our riverine microbial communities, other 25 

domains as archaea were also present, which agrees with other studies discussing their roles 26 

in the ecological processes of freshwater ecosystems [22, 65]. The archaeal community in our 27 

study was dominated by Nanoarchaeia (Nanoarchaeota) and Nitrososphaeria (Crenarcheota), 28 

which are known to easily cope with extreme conditions such as high temperatures and acidic 29 

environments  [66, 67]. Regarding ecological roles of this groups in stream sediments we can 30 

infer from studies in lakes and other environments that they might have dominant roles in 31 

ammonia oxidation in environments like streambed sediments [68, 69]. This is relevant to our 32 



15 
 

 

study because, despite their low abundance, archaea might be relevant players in streambed 1 

microbial metabolism under a climate change scenario, where extreme environmental 2 

conditions are expected. 3 

 4 

4.1.2 Microbial diversity modulated by seasonal intermittency  5 

Results from this study reveal that microbial diversity in the Cube river basin is strongly 6 

affected by seasonality, increasing in the dry season as hypothesized (Fig. 8). Shifts in 7 

bacterial diversity from the wet to the dry season suggest that environmental conditions favor 8 

for more bacterial taxa [70]. This finding contrasts with other studies assessing microbial 9 

diversity across climatic seasons in intermittent river systems in the temperate region, where 10 

richness and diversity are higher in the wet season [31, 71]. To our knowledge, the effect of 11 

seasonality in microbial alpha-diversity of intermittent of temporary streams has not been 12 

examined in the neotropics.  13 

Our data suggest that seasonal differences in alpha-diversity must be driven by environmental 14 

differences in the Cube River basin between seasons. It has been reported that temporal or 15 

seasonal variations in microbial diversity can be associated with multiple environmental 16 

drivers, with the direction of the relation direction depending on the type of ecosystem [51, 17 

72, 73]. Some environmental variables that have been addressed as drivers of microbial 18 

diversity shifts in rivers in the temperate zone include temperature, organic matter 19 

availability, dissolved oxygen, and nutrient concentrations [55]. 20 

 21 

4.2 Drivers of microbial diversity in an intermittency scenario 22 

 23 

Based on PCA results and significant differences found in environmental variables between 24 

seasons, we have addressed Temperature, conductivity, pH, discharge, suspended solids and 25 

TOC as potential drivers of seasonal patterns in alpha diversity. Looking to understand if and 26 

how they could explain ASV richness (Chao1) in response to seasonality, we found that only 27 

temperature and conductivity were actual predictors of richness, in opposite directions.  28 

As conductivity is considered a proxy of salinity, its increase in the dry season the 29 

concentration of salts rise partly due to the decrease in water level [74, 75]. This is consistent 30 
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with previous assessments of stream environmental conditions in the face of seasonality, 1 

where conductivity also shows to increase in low flow conditions. Regarding the relation of 2 

conductivity with microbial alpha-diversity, contrasting findings were reported by [51, 76], 3 

where diversity increased with the decrease of conductivity levels. . In the streambed 4 

microbial community that we describe from samples of the Cube river basin, we consider the 5 

potential presence of taxa from biofilms stablished in sediment layers. Because, despite being 6 

counterintuitive, natural beds of sediment can provide excellent substratum for biofilm 7 

growth. Therefore, we suggest that the positive relationship of conductivity with microbial 8 

diversity of the Cube river might be explained due to the effects of electrical conductivity on 9 

biofilm formation. Conductivity can increase the electrostatic exchange between microbial 10 

cells and surfaces, and promote the transport of ions and nutrients, facilitating biofilm 11 

formation and cell attachment [77, 78]. Moreover, biofilm formation and growth can, in turn, 12 

affect the electrical conductivity of the media as its matrix can trap ions, leading to an 13 

increase in conductivity [77]. This increase in conductivity can provide a beneficial 14 

environment for the presence of other microorganisms, further promoting biofilm formation 15 

[78]. In our study area, the dry season is characterized by low-flow, where microbes use 16 

different strategies to adapt, including biofilm formation, also favored by permanent 17 

streambed moisture. On the contrary, in temperate ecosystems, the dry season is characterized 18 

by total streambed drying, which might explain the absence of favoring conditions for biofilm 19 

formation and therefore the lack of positive relations between conductivity and microbial 20 

diversity. 21 

 22 

Temperature has been reported to covary positively with microbial activity on the temperate 23 

zone, particularly below 20°C [72, 79]. It has been observed that when temperature surpasses 24 

this threshold, its effect on activity diminishes, probably due to a change in microbial 25 

composition towards taxa adapted to warmer conditions [73, 80]. In our study, the pattern is 26 

opposite, higher temperatures negatively affect microbial richness. We hypothesize that 27 

microbial taxa might respond negatively to temperature increases, as temperature rises above 28 

a certain level start selecting against non-thermotolerant taxa. The latter is partially consistent 29 

with the studies reporting a threshold in the positive effect of temperature on microbial 30 

communities [72, 73]. Therefore, a concerning implication of the negative effect of the 31 

temperature increase in microbial diversity relies on predictions that climate change will 32 
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affect the neotropics by an increase in water temperature. Temperature rising will narrow the 1 

niche for non-thermo tolerant groups and because bacterial communities are key to maintain 2 

ecosystem functions in rivers and streams, a fall in stream metabolism could occur. 3 

Nevertheless, functional redundancy would have to be assessed in order to understand 4 

whether decreases in bacterial alpha-diversity accurately represent loss of functional groups 5 

or if ecological roles are being fulfilled by various different taxa and therefore draw 6 

conclusions regarding metabolic integrity of streams in the Cube basin. 7 

  8 
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 1 

5. CONCLUSIONS 2 

We evaluated how seasonality could affect microbial communities through seasonal shifts in 3 

the environmental settings of an intermittent river system in the Chocó. For this purpose, 4 

firstly we described taxonomic diversity in this system for the first time, finding a community 5 

dominated by key players in the cycles of nitrogen, carbon and phosphorus, besides some 6 

novel taxa as the bacterial class Dehalococcoidia and members of the archaea domain. It is 7 

also key to point that some taxa with roles in nutrient processing like nitrogen cycling are 8 

more prevalent in the dry season, which increases their functional relevance under low-flow 9 

conditions. 10 

 11 

Regarding seasonality, we found that microbial diversity increased in the dry season, mainly 12 

driven by shifts in temperature and conductivity. Under the predictions that climate change 13 

will affect freshwater ecosystems by an increase in water temperature and extended and more 14 

intense drought periods, our study reports relevant findings regarding microbial community 15 

responses to seasonal changes in the face of stream intermittency. 16 

 17 

Based on our current findings, we aim to continue investigating the microbial communities of 18 

this intermittent freshwater system to directly address its functional diversity and provide key 19 

information on the effect of seasonality in stream metabolic integrity, in the face of climate 20 

change.  21 
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8. TABLES 

Table 1. Mean relative abundance of dominant taxa and seasonal differences 
 

 Mean relative abundance (%) 

Difference 
between 
seasons 

Class Wet Dry All p-value 
Other* 29.52% 35.25% 32.38% 0.02 
 Vicinamibacteria 19.93% 13.47% 16.70% 0.08 
 Bacteroidia 6.82% 6.66% 6.74% 0.96 
 Gammaproteobacteria 5.40% 6.43% 5.92% 0.12 
 Actinobacteria 4.97% 4.67% 4.82% 0.65 
 Alphaproteobacteria* 3.96% 5.54% 4.75% 0.05 
 Thermoleophilia 4.72% 4.04% 4.38% 0.46 
 Acidobacteriae 4.71% 3.08% 3.90% 0.49 
 Anaerolineae 3.34% 4.42% 3.88% 0.16 
 Planctomycetes 2.75% 3.54% 3.15% 0.16 
 Polyangia 2.23% 3.00% 2.62% 0.16 
 Acidimicrobiia 2.51% 1.74% 2.12% 0.17 
 Bacilli 1.74% 2.29% 2.01% 0.43 
 Acidobacteriota subgroup 22 2.08% 1.91% 2.00% 1 
 Holophagae 1.89% 2.02% 1.95% 0.33 
 Acidobacteriota subgroup 5 2.16% 1.48% 1.82% 0.32 
 Dehalococcoidia* 1.28% 0.47% 0.88% 0.05 

 
Mean relative abundance of dominant taxa in the Cube river basin (>5%) expressed as 
percentage for the wet and dry season and individually and both seasons combined. 
 
Table 2. Summary statistics of the linear mixed model  
 
 Estimate SE p-value 
Season 0.43463 0.49682 0.3907 
Temperature -12.09014 538351 0.0346* 
Conductivity 0.90310 0.33998 0.0141* 
TOC -5.465 0.38958 0.8897 

 
Summary statistics of the linear mixed model of microbial community diversity (Chao1) in 
response to season, temperature conductivity and total organic carbon (TOC). Significance 
levels are set below 0.05  
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9. FIGURES 

 
Figure 1. 

 
 
Figure 1. a) The Andean Chocó Bioregion extending from Darien in Panamá to Southern Ecuador 
(green shade) and the study area (blue circle), b) the Esmeraldas River Basin of which the Cube River 
basin is tributary, c) water level variation from sampling location number 11 in 202, denoting the 
seasonality in this area evidencing the wet (January-May) and dry periods (June - December),  d) The 
Cube River Basin and 20 sampling reaches distributed along an altitudinal gradient (blue shaded 
circles).   
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Figure 2.  

 
 
 
Figure 2. a) Principal Components Analysis of environmental variables of streams (n = 20) 
showing the distribution of sampling locations between the dry (red numbers-coded locations) 
and wet seasons (blue numbers-coded locations), principal variables responsible of data 
ordination are Discharge (Q), pH, Conductivity (Cond), Total Organic Carbon (TOC), and 
Temperature (ºT), arranged along the X-axis = 53.8% and the Y-axis = 17.4%; b) Stream 
reaches from the headwaters (left panels) and lowlands (right panels) in the dry (top panels) 
and wet (bottom panels) seasons. 
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Figure 3. 
 

 
 
Figure 3. Boxplots for environmental variables collected at all sampling reaches (n = 20) in 
the Cube River Basin, grouped by wet (red) and dry (blue) seasons for Discharge (A), 
Temperature (B), Ph (C), Conductivity (D), d60 grain size (E), Phosphate (F), Nitrate (G), 
Ammonia (H), Total Organic Carbon (I), and Suspended Solids (J). The horizontal lines 
represent the first, second (median), and third quartiles. Wilcoxon analyses show *0.05, 
**0.005, and ***0.0005 significance levels.   
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Figure 4. 

 
Figure 4. Map of the Cube River basin area, showing ASV abundance across seasons for 
each sampling location; seasons are color coded as red and blue for dry and wet, respectively. 
White circles correspond to locations where data was available only for one of the seasons; 
border colors represent the season. Venn diagram displays the number of ASVs (ASV 
richness) for each season as well as the number of shared ASVs (30%). 
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Figure 5. 

 
Figure 5. Relative abundance (%) of microbial communities at the Class level, with >5% of 
presence in all samples, described by the community structure reported for the dry and wet 
seasons for locations distributed along the altitudinal gradient of the Cube River Basin.  
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Figure 6. 

 
Figure 6. Heatmap of microbial communities’ relative abundance (%) at the Class level, for 
paired locations ordinated according to the wet and dry seasons, colored abundance changes 
according to changes in the abundance of each Class.  
  

Relative abundance of dominant microbial classes (>5%) 
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Figure 7. 
 

 
Figure 7. Boxplots of microbial community alpha diversity from amplicon sequence variants 
(ASVs) data calculated for the dry (red) and wet (blue) seasons, (A) Chao1 index from the dry 
season is significantly higher (p < 0.05) than diversity in the wet season; B) Observed 
richness show that ASVs number in the dry season was significantly higher (p < 0.05) than 
ASVs from the wet season; (C) Inverse Simpson diversity index that accounted for 
proportional abundance show no differences between seasons; D) Pielou Index show that 
microbial communities are even for both seasons. The horizontal lines represent the first, 
second (median), and third quartiles.  
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Figure 8. 

 
Figure 8. Linear mixed model of microbial community diversity (Chao1 Index at amplicon 
sequence variance ASVs level) according to temperature and conductivity considering 
seasons (dry and wet) as fixed effects and altitude (~500 m) as the random effect, A) the 
model shows that microbial diversity decreases with increasing temperature during the wet 
season, and b) microbial diversity increases with conductivity that is higher in the dry season 
compared to the wet season.    

Wet Season  Dry Season Dry Season  Wet Season 
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Appendices 

Supplementary Information  

Table S1. Variables describing the environmental settings of the Cube basin 

 
Environmental characteristics of the Cube river basin shown as physico-chemical and eco-
hydrological variables, and water chemical (nutrients) composition. 
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Table S2. Environmental variables tested for differences between seasons 
 

Environmental variables Dry Wet W p-value 
Discharge* 61.44 1593.92 76 0.0009858 
Temperature* 22.73 24.15 105 0.01755 
pH* 7.90 7.36 310 0.0007851 
Conductivity* 257.68 153.57 275 0.01636 
D60 grain size 0.69 0.69 180.5 1 
Phosphate  0.20 0.17 213.5 0.3412 
Nitrate 4.75 2.81 193 0.7261 
Ammonia 0.29 0.31 123.5 0.09869 
Total Organic Carbon* 2.99 1.50 353 0.000421 
Suspended Solids 16.58 42.45 195.5 0.8881 

Seasonal mean values of environmental variables tested for differences between seasons; W 
statistic and p-values are shown for the difference between the wet and dry season. 
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