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Abstract
Estuaries are usually characterized by strong spatial and temporal variability in water physicochemical conditions and 
are often largely affected by human activities. One important source of variability is caused by tides that can swiftly alter 
not only physicochemical conditions but also the abundance and composition of the biota. The effect of the diurnal tidal 
cycle on microbial community composition during different seasons remains uncertain, although this knowledge underlies 
having effective monitoring programs for water quality and potential identification of health risk conditions. In this study, 
we assessed the bacterioplankton community composition and diversity across four tidal water levels in a tropical estuary 
characterized by a mixed semidiurnal tide regime (i.e., two high and two low tides of varying amplitudes) during both dry 
and wet seasons. The bacterial community composition varied significantly among the four tidal levels, but only during 
the dry season, when the influence of the seawater intrusion was largest. Bacterial indicators’ taxa identified using the 
Indicator Value Index were found within Cyanobacteria, Actinobacteriota, Bacteroidota, and Proteobacteria. The indicator 
taxon Cyanobium sp. had a prominent presence across multiple tidal levels. The main predicted phenotypes of the bacterial 
communities were associated with potential pathogenicity, gram-negative, and biofilm formation traits. While there were 
no marked predicted phenotypic differences between seasons, pathogenic and gram-negative traits were more prevalent in 
the dry season, while biofilm formation traits dominated in the wet season. Overall, our findings underscore the intricate 
relationship between river hydrodynamics and bacterial composition variability and hint a significant human impact on the 
water quality of the Bangpakong River.
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Introduction

Rivers discharging on the coast contribute to the biogeo-
chemical cycles of surrounding ecosystems, the global 
water balance, the sediment input to the ocean, and climate 
variability (Moftakhari et al. 2013; O’Connor et al. 2022; 
Raymond et al. 2013). They are complex ecosystems where 
tides, water discharge, and seasonality converge to produce 
highly dynamic environmental conditions (Hoitink and Jay 
2016). In regions where rivers are influenced by tides, the 
ocean influences up to hundreds of kilometers landward 
(Hoitink and Jay 2016). The area of the river affected by 
tides is referred to as an estuary, which is divided into 
lower, middle, and upper zones (Elliott and McLusky 
2002). The boundaries dividing these zones are not fixed 
and undergo continual shifts in response to changes in 
river discharge (Day et al. 2012).

Each coastal environment typically exhibits a specific 
type of tidal regime. According to Swinbanks (1982), tides 
can manifest in three main patterns during each lunar day, 
namely diurnal, mixed-semidiurnal, and semidiurnal. The 
first pattern refers to one high and one low tide, the second 
refers to two high and two low tides of different ranges, 
and the third one consists of two high and two low tides 
of approximately equal size (De Boer et al. 1989). These 
patterns influence many hydrological and physical proper-
ties along the discharge channel. For example, they modu-
late river discharge volumes (Ensign et al. 2013; Sassi 
and Hoitink 2013) and affect environmental factors such 
as nutrient concentration, salinity, and temperature, that 
in turn affect, for example, phytoplankton biomass (Lee 
et al. 2018; Tao et al. 2020). These changes also affect the 
diversity, abundance, and metabolic activity of microor-
ganisms (Chen et al. 2019b; Guizien et al. 2014; Jovanovic 
et al. 2017). For example, the spring-neap tidal dynamics, 
which refer to the variations in tidal range occurring due 
to the alignment of the sun and moon, are known to influ-
ence the abundance and composition of microorganisms 
in upper, middle, and lower estuaries (Chen et al. 2019a).

The microbial community of rivers is largely affected 
by climate, local environmental conditions, and hydro-
logical properties (Clark et al. 2022; URycki et al. 2020). 
Notably, headwater regions often have a higher microbial 
diversity than the river mouth (Savio et al. 2015). Anthro-
pogenic disturbances along the river can also affect the 
microbial community structure (Battin et al. 2016; Find-
lay 2010; Pusch et al. 1998). Thus, microbes are a good 
proxy for detecting the contamination of different sources. 
For example, indicator taxa such as Escherichia coli and 
enterococci have been the indicators of water quality deg-
radation for years (Murray et al. 2001). While most of 
the past research on water quality monitoring has focused 

on individual bacterial taxa, the potential of assessing 
the entire microbial communities is currently recognized 
(Astudillo‑García et al. 2019). In this context, molecular 
and bioinformatic tools have resulted in the use of novel 
indicators (McLellan and Eren 2014), such as the Indicator 
Value Index (IndVal) that represents a robust method to 
detect deterioration in the quality of freshwater systems 
by identifying a combination of microbial indicators. This 
tool, for example, has pinpointed distinct indicator taxa 
associated with alterations in oxygen concentrations (Spi-
etz et al. 2015), as well as with diverse estuary types and 
zones (Alonso et al. 2022).

In the present study, we addressed the question as to 
whether changes in bacterial community composition occur 
within the diurnal tide dynamics and whether these changes 
are season dependent. Although recent studies have assessed 
the relationship between tidal cycles and the structure of 
aquatic microbial communities, they have focused on tem-
perate and subtropical estuaries (Gong et al. 2024). There-
fore, the aim of our study was to assess the composition and 
diversity of the bacterial community in the upper section of 
a tropical estuary, which is characterized by a mixed semi-
diurnal tidal regime and low water quality. We hypothesized 
that the seasonal variation and diurnal tidal cycles signifi-
cantly affect bacterial diversity and phenotypic traits, with 
the dry season exhibiting more pronounced changes due to 
increased sediment resuspension and microbial community 
shifts at lower tidal levels. We have not only tested the tidal 
effects on these parameters but also identified potential bac-
terial indicators of poor water quality. Both the dry and wet 
seasons were considered because we expected to identify 
the most significant shift in community composition, when 
water discharge decreases, and the effect of ocean intrusions 
intensifies during the dry season. Accordingly, water sam-
ples were collected in both seasons during four distinct tidal 
stages—higher high water (HHW), lower high water (LHW), 
higher low water (HLW), and lower low water (LLW) in the 
Bangpakong River, Thailand.

Materials and methods

Sampling site

The Bangpakong River is one of the most important lotic 
systems flowing into the inner Gulf of Thailand. The tide 
is mixed-semidiurnal and the tidal range at the river mouth 
is mesotidal (< 3.3 m). The river provides water for urban 
areas, household consumption, industry use, and agricultural 
irrigation, which have resulted in the release of contaminants 
into the river (Ma and Chanpiwat 2022). However, there are 
natural factors such as seawater intrusion, riverbank ero-
sion and flooding that also influence the water quality of 
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the river (Ma and Chanpiwat 2022). The river watershed is 
located between 13°05′–14°30′ N and 100°57–102°00′ E 
with a catchment of 19,786 km2 (Boonphakdee et al. 1999) 
and reaching 240 km in length from the headwater in the 
forest hilly ranges to the river mouth (Okwala et al. 2020).

The area is significantly affected by the humid South-
eastern monsoon from the end of May until the middle of 
November, as well as the arid Northeastern monsoon from 
late November to February. Consequently, the climatic pat-
tern is bifurcated into two distinct periods: a rainy season 
extending from June through November and a dry spell last-
ing from December until May. The average monthly flow 
of freshwater undergoes seasonal fluctuations, peaking in 
September with an average of 1300 m3/s and dropping to its 
lowest in February with an average of 10 m3/s (Boonphakdee 
et al. 1999). The salt intrusion can travel 150 km upstream 
where there is a conjunction of two tributaries that merge 
into the main Bangpakong River (Bordalo et al. 2001). The 
average depth along the river channel is 8 m, but the shal-
low area of the river estuary is 0.5–2.5 m deep and located 
near the river mouth (Boonphakdee et al. 2008). The precise 
location for water sampling was at site BK-03, known as Wat 
Hua Sai situated at 13°46′39.4″ N, 101°12′10.3″ E (Sup-
plementary Fig. 3).

Sampling strategy

The Bangpakong River flows through the Chachoengsao 
Province and has a total length of 122 km (Ma and Chanpi-
wat 2022). Sample collection was done in the middle of the 
river (with depths between 7 and 10 m) at the upper estu-
ary of the Bangpakong River, as depicted in Supplementary 
Fig. 3.

The river cross-section at the sampling site was measured 
using a portable depth sounder (HONDEX PS-7FL). Water 
column profiles (temperature and salinity) were measured 
with a CTD Profiler (Model SD208). Furthermore, a JFE 
Advantech (Infinity AEM-USB) device measured water 
velocity and flow direction at mid-water depth, recording 
readings every 15–36 min during each sampling session, 
depending on tidal characteristics. In addition, physicochem-
ical parameters (water temperature, salinity, pH, dissolved 
oxygen, and total dissolved solids) were measured in situ 
with a multi-parameter probe (YSI 556).

Water samples were collected during the dry season in 
February 2020 and the wet season in September 2020, spe-
cifically during equivalent spring tides. During these sea-
sons, the sampling was meticulously conducted to cover an 
entire tidal sequence, specifically through the points of LLW, 
HLW, LHW, and HHW. At each tidal level, three independ-
ent replicates at the surface (< 0.3 m depth) were collected 
with a 5-L water sampler.

DNA extraction and sequencing

One liter of each water replicate was directly filtered 
through a 0.22-μm pore filter (Supor®, Pall Corpora-
tion) using a peristaltic pump without prefiltration. Fil-
ters were removed from the filter unit with sterile scalpels 
and preserved in sterile tubes (15 mL) at − 80 °C until 
subsequent DNA extraction at the National Biobank of 
Thailand (NBT) and the National Science and Technol-
ogy Development Agency (NSTDA), Thailand. DNA was 
extracted from each sample using ZymoBIOMICS™ DNA 
Miniprep Kit (Zymo Research, D4300). The filtered mem-
brane filter was dissected and placed into the ZR Bashing-
Bead™ lysis tube (Zymo Research Corporation), and then, 
DNA integrity was checked by agarose gel electrophoresis 
and quantified in a NanoDropTM1000 spectrophotometer 
(Thermo Scientific, DE, USA). A minimum concentra-
tion of 10 ng/µL was used for sequencing in the Illumina 
MiSeq platform.

DNA was used as a template for the amplification of the 
V3–V4 region of the 16S SSU rRNA using the Quick-16S 
Primer Set V3–V4 (Zymo Research, Irvine, CA). The prim-
ers used include 341f (CCT​ACG​GGDGGC​WGC​AG, CCT​
AYG​GGG​YGC​WGCAG) and 806r (GAC​TAC​NVGGGT-
MTCT​AAT​CC; Caporaso et al. 2011). The forward primer 
341f is a mixture of the two sequences listed, based on the 
original sequence described by Herlemann et  al. 2011. 
Sequencing was done at ZymoBIOMICS (Irvine, CA). 
Briefly, the preparation of the sequencing library utilized a 
cutting-edge method for setting up libraries. Real-time PCR 
equipment was employed for conducting PCR assays to man-
age cycles effectively and minimize the creation of PCR 
chimeras. Subsequent PCR outcomes were measured using 
qPCR fluorescence indicators, and then amalgamated at uni-
form molarity levels. This consolidated library underwent 
a purification process using the Select-a-Size DNA Clean 
& Concentrator kit (supplied by Zymo Research, located in 
Irvine, CA). Quantification followed, utilizing both TapeSta-
tion (from Agilent Technologies in Santa Clara, CA) and 
Qubit (provided by Thermo Fisher Scientific in Waltham, 
WA). Sequencing of the final library was executed on the 
Illumina MiSeq platform, incorporating a v3 reagent kit 
capable of 600 cycles, with a 10% infusion of PhiX. As a 
standard reference, the ZymoBIOMICS Microbial Com-
munity DNA Standard (sourced from Zymo Research in 
Irvine, CA) was integrated as a positive control during each 
specific library preparation phase. To monitor potential con-
tamination levels introduced during the laboratory proce-
dures, negative controls, comprising both a sterile extraction 
control and a library preparation control, were systemati-
cally incorporated. Raw amplicon reads were deposited in 
NCBI’s Sequence Read Archive (SRA) under Accession 
PRJNA977079.
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Amplicon data processing

The analysis of raw amplicons from 24 samples was con-
ducted utilizing the DADA2 R package, version 1.16.0 
(Callahan et al. 2016). Upon the examination of the quality 
profiles of the reads, adjustments were made, cutting forward 
reads down to 265 bases and trimming reverse reads to 215 
bases. Any reads presenting more than two expected errors 
were excluded from the process. Learning from a subset 
consisting of 933,503 reads helped ascertain the error rates, 
which subsequently assisted in deducing the ASVs. The pro-
cedure combined forward and reverse reads, facilitating the 
acquisition of the comprehensive denoised ASV sequences. 
Any sequences exhibiting one or more discrepancies in the 
overlapping section were discarded. The “removeBimeraD-
enovo” function was employed for the elimination of chi-
meras. Finally, ASV taxonomical classification was done 
using the Silva reference dataset version 138 throughout the 
IDTAXA algorithm (Murali et al. 2018). This approach led 
to the creation of a table enumerating read counts and the 
taxonomic details for all identified ASVs. The filtering pro-
cess excluded samples with fewer than 10,000 sequences and 
those sequences identified as eukaryotes, archaea, chloro-
plasts, mitochondria, or undetermined. For data normaliza-
tion, the study applied a variance-stabilizing transformation 
(vds/vst) within the R environment, utilizing the DESeq2 
package (Love et al. 2014).

Amplicon analyses

Alpha diversity metrics (ASV number, Shannon, and inverse 
Simpson) and the phylogenetic diversity (Faith’s PD) were 
calculated using the Vegan and Picante packages within R 
environment, respectively (Fine and Kembel 2011; Oksanen 
et al. 2019; R Core Team 2018). The phylogenetic tree used 
for Faith’s PD (Faith 1992) was calculated using FastTree 
v. 2.1.7, applying the generalized time-reversible model. A 
Kruskal–Wallis test was performed to test for significance 
between tidal levels (low vs. high) and between seasons (dry 
vs. wet). The analysis of multivariate homogeneity of group 
dispersion (betadisper), ordinations (metaMDS), fit of envi-
ronmental vectors into ordinations, and statistical differences 
among tidal levels (ANOSIM) were calculated in the Vegan 
package in R (Oksanen et al. 2019). A permutation analysis 
(n = 999) was done in betadisper to test for significance using 
the permutest function in the same package.

Identification of taxonomic members that varied within 
and across seasons was achieved through a linear discriminant 
analysis of effect size (LEfSe) utilizing the Galaxy platform 
(http://​hutte​nhower.​sph.​harva​rd.​edu/​galaxy/) (Segata et al. 
2011). Initially, an analysis employing the Kruskal–Wallis 
test (with an alpha of 0.05) was performed to examine the 
distinctive distribution of values across various categories. 

Subsequently, a Wilcoxon test conducted on a pairwise basis 
(also with an alpha of 0.05) ensured that comparisons between 
all subcategories within different overarching classes were in 
concordance at the class level.

Finally, the results were used to build a linear discriminant 
analysis model (threshold = 2.0) that was crucial for discern-
ing and ranking these unique taxonomic constituents based on 
their variance between and within the seasonal shifts.

The algorithm BugBase (Ward et al. 2017) was used to 
predict nine phenotype categories: gram staining, oxygen 
tolerance, ability to form biofilms, mobile element content, 
pathogenicity, and oxidative stress tolerance. Briefly, Bug-
Base integrates information from multiple sources, including 
the Integrated Microbial Genomes (IMG; Markowitz et al. 
2014), the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) through PICRUSt (Langille et al. 2013), and the 
Pathosystems Resource Integration Center (PATRIC; Sny-
der et al. 2007). This comprehensive approach helps in 
pinpointing how particular operational taxonomic units 
(OTUs) contribute to phenotypic traits at the community 
level. By harnessing data across these platforms, BugBase 
facilitates a nuanced understanding of the microbial com-
munity’s functional capabilities. The web-based interface 
of BugBase, accessible at http://​bugba​se.​cs.​umn.​edu, was 
employed to extract phenotypic data derived from 16S rRNA 
gene sequences. To ascertain variations among water levels 
and across different seasons, a Mann–Whitney–Wilcoxon 
test was applied with an alpha level of 0.05. This method 
provided a statistical framework for identifying significant 
disparities in the datasets, highlighting phenotypic differ-
ences based on environmental and temporal conditions.

To differentiate bacterial indicator groups across various 
tidal levels, we ran an indicator value analysis (IndVal) using 
the indicspecies package within the R environment (Cáceres 
and Legendre 2009). This analysis was based on relative 
abundance data. The IndVal method identifies species com-
binations that display significant specificity (component A) 
and fidelity (component B) to particular tidal levels. In brief, 
to forecast the combinations of amplicon sequence variants 
(ASVs), involving up to three ASVs (to keep computational 
times reduced), we used the “indicator”" function with the 
top 500 most prevalent ASVs. Later, to select the combina-
tion with the highest IndVal, we used the “pruneindicators” 
function while ensuring a fidelity exceeding 80% (compo-
nent B).

Results

Physicochemical parameters

In general, large differences in the height of the tidal levels 
between seasons were not observed (Supplementary Fig. 1). 

http://huttenhower.sph.harvard.edu/galaxy/
http://bugbase.cs.umn.edu
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The only noticeable difference was observed in the higher 
low water level (HLW), which was 1.8 m and 1.3 m during 
the dry and wet seasons, respectively. In the dry season, the 
river flow velocity was highly variable within and among 
tidal levels (CV = 55–179%), with LLW mainly having a 
rate > 3 m/s and LHW mostly having lower values (< 1 m/s) 
(Fig. 1). The flow velocity also showed a high variability 
(CV = 64.7–77.8%) during the wet season and the mean 
value increased following the rising tide (LLW = 0.29 m/s, 
HLW = 3 m/s, LHW = 3.4 m/s, and HHW = 3.7 m/s). The 
direction of the river flow (0° = north and 180° = south, to 
the river mouth) was more variable in the dry season than 
that in the wet one. In the latter season, and at the LLW level, 
the flow was mainly southward (153°—200°; i.e., direction 
to the river mouth), whereas at the HHW level, it was north-
ward and driven by the tidal influence (313°—97°).

The water temperature was slightly higher during the wet 
season (mean temperature, dry = 28.7 °C and wet = 31.8 
°C), but variation was virtually absent among tidal levels 

in both seasons (CVdry = 0.6%, CVwet = 0.7%). The highest 
salinity values were measured at HLW (mean salinity: 19.3) 
and LHW (mean salinity: 19.1), followed by LLW (mean 
salinity: 18.3) and HHW (mean salinity: 16.5) with a coef-
ficient of variation of 7% among tides during the dry season. 
Instead, the salinity varied minimally during the wet season 
(mean salinity: 0.200 ± 0.004, CV = 2.6%).

Dissolved oxygen and total dissolved solids (Supple-
mentary Table 1) were both higher in the dry season (mean 
DO: 6.14 ± 0.2 mg/L; mean TDS: 19.1 ± 1 g/L) than those 
in the wet one (mean DO: 3.00 ± 0.06 mg/L; mean TDS: 
0.3 ± 0.005 g/L). Instead, pH values remained similar in both 
seasons (dry = 7.4; wet = 7.0).

Bacterial community diversity and composition

Alpha diversity metrics for the different tidal levels were 
more variable in the dry season than those in the wet season 
(Fig. 2A). Significant differences were observed only when 

Fig. 1   River cross-section at the BK-03 sampling site depicting water column temperature, salinity, river depth, and width during the dry (A) 
and wet (B) seasons at different tidal levels. Current speed and direction are indicated by a rose diagram
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comparing diversity metrics between seasons (Fig. 2B). 
For example, the number of ASVs and phylogenetic diver-
sity were significantly higher in the dry season, whereas 
the Inverse Simpson index was significantly higher during 
the wet one (Kruskal–Wallis test, p = 0.004). No statisti-
cal differences were found among the different tidal levels 
(Kruskal–Wallis test, p > 0.05). This was also true when the 
low (LLW and HLW) and high (LHW and HHW) tides were 
compared within each season.

Multivariate homogeneity analysis indicated a lower 
dispersion around the median in the dry season than that 
in the wet one (Fig.  3A; average distance to centroids, 
dry = 0.2597, wet = 0.3031), and a significant difference was 
detected between seasons (permutation test, p < 0.01). Fur-
ther, the community composition significantly differed along 
the diurnal variation of the tide only during the dry season 
(ANOSIM for dry season, R: 0.68, p < 0.001; ANOSIM for 
the wet season, R: 0.08, p = 0.24). Based on Bray–Curtis dis-
similarity, the ordination analysis showed that during the dry 
season, bacterial communities from HHW and LLW were 
segregated compared with the other tidal levels (Fig. 3B). 
Instead, no segregation was observed during the wet season. 

Water temperature (R2 = 0.59), salinity (R2 = 0.88), and total 
dissolved solids (R2 = 0.88) were significant factors (Supple-
mentary Table S2; p < 0.05) explaining community segrega-
tion along the tidal fluctuations during the dry season, but 
not in the wet one.

The most abundant phyla were Proteobacteria 
(33.8–49.6%; primarily Alphaproteobacteria and Gam-
maproteobacteria), Actinobacteriota (9.25–27.6%), Bac-
teroidota (10–15.7%), and Cyanobacteria (2.8–8.8%). 
Although the main bacterial abundant groups were 
the same among the four tidal levels (Supplemen-
tary Data File 1), their relative contribution changed 
between seasons (Fig. 4A). For example, the mean rela-
tive abundance of Actinobacteria (dry = 9.2–12.3%; 
wet = 25.3–27.6%) and Cyanobacteria (dry = 2.8–5.2%; 
wet = 5.9–8.8%) was higher in the wet season. Instead, Bac-
teroidetes (dry = 12.2–15.7%; wet = 10–11.5%), Firmicutes 
(dry = 1–4%; wet = 0.4–0.84%), and Alphaproteobacteria 
(dry = 17.2–20.8%; wet = 11.8–13.8%) were slightly higher 
in the dry one. Marked differences in bacterial groups were 
found when phyla with a mean relative abundance < 1% 
were compared (Fig. 4B). In this analysis, Calditrichota 
(0.04–0.05%), Dadabacteria (0.08–0.2%), Margulisbac-
teria (0.04–0.17%), Nitrospinota (0.36–1.1%), PAUC34f 

Fig. 2   Estimates of ASV number, Shannon diversity, inverse Simp-
son diversity, and phylogenetic diversity (Faith’s PD) for the bacterial 
community from the different tidal levels (A). Diversity metrics are 
also compared between seasons (B). HHW higher high water, LHW 
lower low water, HLW higher low water, LLW lower low water

Fig. 3   Multivariate homogeneity of group dispersion according to 
season (A). Nonmetric multidimensional scaling (NMDS) analy-
sis based on Bray–Curtis dissimilarity among tidal levels (B). HHW 
higher high water, LHW lower low water, HLW higher low water, 
LLW lower low water
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(0.048–1.6%), and RCP2-54 (0.03–0.04%) were found only 
in the dry season. Fusobacteriota (only in LLW) and TX1A-
33 (only in HLW) were the phyla only detected during the 
wet season. Some bacterial groups denominated as “others” 
in Fig. 4B were detected in specific tidal levels. For example, 
DTB120 (0.02%) and WS2 (0.03%) were detected only in 
LLW, WPS-2 (0.03%) in LHW, and Synergistota (0.02%) 
and Deferrisomatota 0.04%) in HHW in the dry season. In 
the wet one, Fusobacteriota (0.04%) and TX1A-33 (0.04%) 
were detected in LLW and HLW, respectively.

The relative abundance of some bacterial groups showed 
significant differences among tidal levels (Supplemen-
tary Fig. 2). For example, the high tidal levels in the dry 
season showed a significantly high relative abundance of 
Campylobacterales during LHW and Rhodospirillales and 
unclassified groups during the HHW. In the low tidal levels, 
Rhizobiales, Rhodobacterales, and unclassified sequences 
within the UBA10353 marine group were significant for 
HLW, whereas Clostridia (Firmicutes) were significant 
for LLW. During the wet season, certain bacterial groups 

demonstrated a significantly higher relative abundance, but 
this was only observed during periods of high tidal levels. 
Specifically, the bacterial groups Oligoflexia and Frankiales 
showed increased abundance at low high water (LHW) tides, 
while Acidimicrobiia showed increased abundance at high 
water (HHW) tides.

The main predicted phenotypes were related to poten-
tial pathogenicity, gram-negative, and biofilm formation 
traits (Fig. 5). Tidal levels showed similar proportions of 
predicted phenotypes within each season and thus, signifi-
cant differences (Mann–Whitney–Wilcoxon test, p > 0.05) 
were not detected among them (Fig. 5A). Gram-negative 
(81% ± 4%), facultatively anaerobic (20% ± 7%), and poten-
tially pathogenic prokaryotes (84% ± 2%) had higher propor-
tions during the dry season (Fig. 5B). Instead, microorgan-
isms classified as gram-positive (34% ± 3%), forming biofilm 
(73% ± 3%), containing mobile elements (45% ± 2%), aero-
bic (53% ± 2%), and tolerant to stress (63% ± 3%) had higher 
proportions in the wet season. In fact, a significant differ-
ence (Kruskal–Wallis test, p < 0.05) was detected when 

Fig. 4   Mean relative abundance of phyla > 1% (A) and < 1% (B) for the different tidal levels. HHW higher high water, LHW lower low water, 
HLW higher low water, LLW lower low water
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phenotypes were compared between seasons (dry vs. wet). 
Few phyla contributed to the main phenotypes. For example, 
potentially pathogenic microorganisms were related to Pro-
teobacteria, Cyanobacteria, and Actinobacteria (only in the 
dry season). Bacteria potentially forming biofilms were pri-
marily related to Proteobacteria and Actinobacteria, but dif-
ferences between season and tidal levels were not observed.

To assess the specific association of taxa with different 
tidal levels, we evaluated bacterial indicators. These indica-
tors were based on the presence of three ASVs for most tidal 
levels, except for HLW during the wet season, which had 
only two ASVs. Indicators were found in Cyanobacteria, 
Actinobacteriota, Bacteroidota, and Proteobacteria (Fig. 6). 
In addition, one indicator remained unclassified at the phy-
lum level. In the dry season, HLW had ASV59, ASV262, 
and ASV296, while LHW contained ASV59, ASV130, and 
ASV289. LLW showed ASV42, ASV106, and ASV365, and 
HHW displayed ASV42, ASV171, and ASV201. In the wet 
season, LLW exhibited ASV17, ASV2, and ASV59, while 
HHW presented ASV59, ASV109, and ASV320. HLW was 
characterized by ASV17 and ASV167, while LHW showed 
ASV59, ASV139, and ASV397. ASV59 exhibited the high-
est presence across various tidal levels, corresponding to 
the cyanobacterium Cyanobium PCC-6307. Furthermore, 

Fig. 5   Proportions of predicted phenotypes among tidal levels (A) and between seasons (B). HHW higher high water, LHW lower low water, 
HLW higher low water, LLW lower low water

Fig. 6   Bacterial indicators of each tidal level during both seasons. 
The candidate taxa are those that fulfill the requirement of being pre-
sent in a minimum of 80% of the samples at each tidal level
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multiple indicators were associated with this cyanobacte-
rium (ASV2, ASV59, and ASV106). Other indicators were 
represented by Proteobacteria (gamma and alpha), Actino-
bacteriota, Bacteroidota, and unclassified.

Discussion

Estuaries provide numerous ecosystem services, such as 
coastal protection, erosion control, maintenance of fisher-
ies, and carbon sequestration (Barbier et al. 2011). They 
are extremely dynamic ecosystems where fresh and marine 
waters interact to cause a high spatial and temporal variabil-
ity in physicochemical parameters to which organisms have 
to adapt (McLusky 1993). For example, gradients mainly 
of salinity affect growth rates and taxonomical composition 
of microbial components along estuaries (Bouvier and del 
Giorgio 2002; Campbell and Kirchman 2013; Crump et al. 
2004). Here, we found that the bacterial community com-
position and diversity significantly change depending on the 
diurnal tidal dynamics during the dry season. By contrast, 
these changes were less pronounced during the wet season. 
Our study encompassed both the genotypic aspects, such as 
community composition and the phenotypic trait prediction, 
thus showing how these bacteria potentially adapt to tidal 
and seasonal variations.

The typical high variability of microbial diversity 
between seasons in estuaries (Marín‑Vindas et al. 2023) was 
also detected in our study. For example, diversity metrics 
did not show specific trends among tidal levels and between 
seasons (Fig. 2A). Samples grouped within the dry season 
had significantly higher richness and phylogenetic diversity 
values, but samples from the different tidal levels within the 
wet season had significantly higher inverse Simpson values 
(Fig. 2B). This can be interpreted as bacteria having high 
abundance but low diversity during the dry season, with 
the opposite trend in the wet one. When tidal levels were 
analyzed separately, the lower low water level (LLW) of the 
dry season had the highest values in all diversity metrics 
(Fig. 2). This maximum could be related to the resuspension 
of sediments (TDS: 19.2 g/L) and their associated bacterial 
community. We anticipated minimal variations in the bac-
terioplankton community composition across different tidal 
levels during the wet season. This expectation is rooted in 
the substantial higher water discharge during this period, 
which likely leads to a homogenization of microbial commu-
nities. Our findings, as corroborated by the ANOSIM test (R: 
0.08, p = 0.24), align with this hypothesis. Conversely, the 
dry season presented a contrasting scenario. With reduced 
freshwater flow and increased saltwater intrusion, there was 
a pronounced differentiation in the microbial communi-
ties among tidal levels, a distinction that was statistically 

significant as evidenced by the ANOSIM results (R: 0.68, 
p < 0.001).

The bacterial community composition of the upper estu-
ary of the Bangpakong River resembled typical estuarine 
communities found in similar ecosystems, with Proteobac-
teria as the most important phylum (Ghosh and Bhadury 
2019; Marín‑Vindas et al. 2023). For example, within this 
phylum, Gammaproteobacteria dominated in the estuar-
ies Mooriganga (India), Thakuran (India), Matla (India), 
Harinbhanga (India), Jiulong (China), and Columbia 
(United States) (Ghosh and Bhadury 2019), whereas Alp-
haproteobacteria dominated in the Delaware (United States), 
Hangzhou (China), and Pearl (China) ones (Campbell and 
Kirchman 2013; Ghosh and Bhadury 2019). However, the 
prevalence of these proteobacterial classes could be linked 
to specific seasons, as exemplified by the estuary of the 
Gulf of Nicoya (Costa Rica), where Gammaproteobacteria 
dominate during the dry season, while Alphaproteobacte-
ria do so during the wet one (Marín‑Vindas et al. 2023). 
In our study, Gammaproteobacteria was the most abundant 
class, accounting for 21.2–27.9% of the entire community, 
followed by Alphaproteobacteria that represented between 
11.8 and 20.8% of the community. Among the Gammapro-
teobacteria, unclassified members held the highest relative 
abundance during the dry season, while Burkholderiales 
emerged as the dominant group during the wet season. The 
dominance of Burkholderiales was probably related to the 
large export of organic matter of fluvial and terrestrial ori-
gin to the gulf of Thailand during the wet season (Bordalo 
et al. 2016). This group is known to be found in freshwaters, 
but representatives usually derive from the terrestrial catch-
ment (Ruiz‑González et al. 2015). By contrast, members 
of Oceanospirillales, another important order among Pro-
teobacteria, were present in high relative abundance only 
in the dry season when seawater intrusions are dominant. 
Although members of this order are important DIC fixers 
(DeLorenzo et al. 2012) and capable of thriving in a wide 
range of organic carbon sources (Mou et al. 2008), their low 
abundance in the wet season could be related to their appar-
ent inability to thrive in the presence of terrestrial DOM 
(Sipler et al. 2017).

In general, the bacterial community composition in the 
upper estuary of Bangpakong River was largely influenced 
by the seawater intrusion during the dry season and by the 
freshwater discharge during the wet one. This was reflected 
by one of the dominant bacterial groups, the Alphaproteo-
bacteria. This class was mainly composed of Rhodobacte-
rales, SAR11 clade, and Rhizobiales. The first two orders 
were more abundant during the dry season and are consid-
ered typical marine bacteria in estuaries (Kieft et al. 2018). 
By contrast, Rhizobiales, with a higher abundance in the wet 
season, are considered core root microbiota of different soil 
types (Garrido‑Oter et al. 2018; Yeoh et al. 2017). The effect 
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of the seawater intrusion was also observed when consider-
ing the rare phyla. For example, phyla such as Calditrichota, 
Dadabacteria, and Margulisbacteria were detected only in 
the dry season. These phyla are abundant in seawater and 
marine sediments (Begmatov et al. 2021; Graham and Tully 
2021; Marshall et al. 2017; Matheus Carnevali et al. 2019), 
and their presence suggests a higher mixture of water and 
sediment in this season.

The Bangpakong River basin encompasses diverse land 
uses, extending from seasonal rice fields and various annual 
and perennial agricultural endeavors to rubber plantations 
and forested areas, including tropical hardwoods and man-
grove swamps. It also supports the livelihood of a wide range 
of communities involved in agro-forestry, agriculture, and 
fisheries (Sangmanee et al. 2013). All these land uses and 
human activities have largely affected the river’s water qual-
ity (Bundao et al. 2018). In fact, previous studies showed 
that the water quality (based on chemical and biologi-
cal parameters) of different sections of this river was low, 
especially during the dry season (Bordalo et al. 2001). Our 
results also provide evidence that water quality is probably 
lower during the dry season than in the wet one. For exam-
ple, the presence of predicted potential pathogens during 
the dry season reached up to 84% of the whole community, 
and typical pathogens such as the ones within Vibrionales 
(0.23–1%), Clostridia (0.48–1.6%), and Mycobacteriaceae 
(0.48–1%) were found. Contamination with organic nitrogen 
in estuaries could promote blooms of potentially pathogenic 
Vibrionales (Gutiérrez‑Barral et al. 2021), such as Vibrio 
cholerae, that produce a severe diarrheal disease (Camberg 
and Sandkvist 2005). Further, Clostridia produce many tox-
ins responsible for severe infections in humans and animals 
(Popoff and Bouvet 2013). Mycobacteriaceae contain some 
of the most significant human pathogens (e.g., Mycobacte-
rium tuberculosis and M. leprae) (Gupta 2021). Further, the 
LEfSe algorithm (Supplementary Fig. S2) also identified 
some pathogenic groups in the dry season, namely Clostridia 
and Bacilli. The latter group consists of spore-forming bac-
teria, with some members being well-known pathogens (Liu 
et al. 2021). Campylobacterota was also identified as a sig-
nificant group at LHW in the dry season. This phylum is 
composed of spiral-shaped motile bacteria which include 
representatives recognized as important human pathogens, 
such as Helicobacter pylori and Campylobacter jejuni (van 
der Stel and Wösten 2019).

Despite the lack of a clear differentiation of bacterial indi-
cators among different tidal levels, these indicators provide 
valuable insights into bacterial associations within specific 
tidal levels during both dry and wet seasons. Notably, one 
such indicator is ASV59, a taxon of Cyanobacteria, which 
consistently appears as a strong indicator for most of the 
tidal levels and suggests its ability to thrive in diverse envi-
ronmental conditions. The consistent presence of ASV59 

(Cyanobium PCC-6307) throughout both wet and dry 
seasons highlights its resilience and potential significance 
within the studied ecosystem. Given the well-established 
sensitivity of estuarine microbial communities to changes 
in the watershed (Alonso et al. 2022; Marín‑Vindas et al. 
2023), it is plausible that shifts in bacterial composition and 
prevalence could reflect diffuse and point pollution inputs. 
The freshwater picocyanobacterium Cyanobium, particularly 
Cyanobium PCC-6307 (Shih et al. 2013), is not typically 
associated with toxicity or pathogenicity. However, this 
taxon has the potential to produce harmful compounds that 
inhibit the growth of co-occurring bacteria, which could 
confer it a competitive advantage in certain environments 
(Costa et al. 2015). Furthermore, picoplanktonic cyanobac-
teria, including certain strains of Cyanobium, have been 
implicated in microcystin production, highlighting the 
potential health risks they might pose to both animals and 
humans (Silva et al. 2014). Intriguingly, in a separate inves-
tigation, Cyanobium PCC-6307 was found to coincide with 
elevated levels of Vibrio parahaemolyticus in water, suggest-
ing a potential association or shared environmental prefer-
ence between this cyanobacterium and the pathogenic Vibrio 
(Diner et al. 2023). While the presence of Cyanobium PCC-
6307 in a contaminated river might initially seem benign 
given its general non-toxic nature, these findings underscore 
the importance of considering the broader ecological and 
health implications of such occurrences, especially consid-
ering emerging evidence. Exploring additional indicators 
representing Proteobacteria (Gamma and Alpha), Bacteroi-
dota, and Actinobacteriota could provide insights into their 
potential roles in responding to varying levels of pollutants.

Conclusions

Our study in the upper estuary of the Bangpakong River, 
conducted across various tidal levels during both dry and 
wet seasons, demonstrates how daily tidal patterns affect 
bacterial communities. Understanding the microbial compo-
sition at different tidal levels is crucial for appreciating local 
biodiversity and for accurately assessing the water quality 
of this heavily impacted aquatic ecosystem. Furthermore, it 
is essential to extend the study from the river mouth to the 
lower estuary to explore how microbial communities adapt 
to varying levels of urbanization and the type of land use. 
Integrating the findings of this study with pollution-monitor-
ing data in future research could enhance our understanding 
of the impact of different industries and human activities 
on lotic ecosystems and how microbial communities differ 
between tidal and non-tidal river systems.
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