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A B S T R A C T

Forest soils provide a multitude of habitats for diverse communities of bacteria. In this study, we selected three
tropical forests in Kenya to determine the diversity and community structure of soil bacteria inhabiting these
regions. Kakamega and Irangi are rainforests, whereas Gazi Bay harbors mangrove forests. The three natural
forests occupy different altitudinal zones and differ in their environmental characteristics. Soil samples were
collected from a total of 12 sites and soil physicochemical parameters for each sampling site were analyzed. We
used an amplicon-based Illumina high-throughput sequencing approach. Total community DNA was extracted
from individual samples using the phenol-chloroform method. The 16S ribosomal RNA gene segment spanning
the V4 region was amplified using the Illumina MiSeq platform. Diversity indices, rarefaction curves, hierarchical
clustering, principal component analysis (PCA), and non-metric multidimensional scaling (NMDS) analyses were
performed in R software. A total of 13,410 OTUs were observed at 97% sequence similarity. Bacterial commu-
nities were dominated by Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria, and Acidobacteria in both
rainforest and mangrove sampling sites. Alpha diversity indices and species richness were higher in Kakamega
and Irangi rainforests compared to mangroves in Gazi Bay. The composition of bacterial communities within and
between the three forests was also significantly differentiated (R ¼ 0.559, p ¼ 0.007). Clustering in both PCA and
NMDS plots showed that each sampling site had a distinct bacterial community profile. The NMDS analysis also
indicated that soil EC, sodium, sulfur, magnesium, boron, and manganese contributed significantly to the
observed variation in the bacterial community structure. Overall, this study demonstrated the presence of diverse
taxa and heterogeneous community structures of soil bacteria inhabiting three tropical forests of Kenya. Our
results also indicated that variation in soil chemical parameters was the major driver of the observed bacterial
diversity and community structure in these forests.
1. Introduction

Forest soils are among the most biologically diverse ecosystems on
earth (Amoo and Babalola, 2019). They harbor a myriad of microbial
communities that perform critical ecological functions such as decom-
position of organic matter, nitrogen fixation, and cycling of carbon and
other soil nutrients (Llad�o et al., 2017). Among the forest soil microbiota,
bacterial communities encompass a large taxonomic diversity and form
an integral part of these ecosystems (Llad�o et al., 2017; Wei et al., 2018).
The most abundant phyla are the Proteobacteria, Bacteroidetes, Actino-
bacteria, Acidobacteria, and Firmicutes (Lauber et al., 2009). Members of
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these phyla are recognized as the key drivers of ecological systems, hence
their level of dominance and composition in a community serve as key
biological indicators of the main soil functions (Llad�o et al., 2017; Praeg
et al., 2019).

Typically, both the diversity and community structure of soil bacteria
are greatly influenced by the environmental characteristics of their
habitat (Shen et al., 2020; Wei et al., 2018; Z. Xia et al., 2016). Forest
soils, moreover, provide a wide range of bacterial habitats associated
with the heterogeneity of physicochemical parameters and aboveground
vegetation (Chandra et al., 2016; Yavitt et al., 2021). Spatial variations in
these environmental factors create specific niches within a forest that are
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often inhabited by distinct bacterial communities (Bickel and Or, 2020;
Llad�o et al., 2017). Heterogeneity in soil physicochemical parameters
such as pH, salinity, organic matter content, nutrient availability, and
texture have been reported as important determinants of the diversity
and structure of bacterial communities inhabiting various forest habitats
(Wei et al., 2018; Z. Xia et al., 2016).

Soil pH is the key environmental driver of bacterial diversity (Llad�o
et al., 2017), and has a direct influence on the presence and abundance of
the dominant bacterial groups across habitats (Yu et al., 2021). For
example, members of the phyla Bacteroidetes and Actinobacteria have
been reported to increase at high pH levels, while Acidobacteria increase
in soils with low pH levels (Lauber et al., 2009; Llad�o et al., 2017).
Additionally, soils with a pH of or near 7 are reported to harbor a higher
bacterial diversity compared to low-pH soils (Fierer and Jackson, 2006;
Hinsinger et al., 2009). Bacterial communities also respond strongly to
soil salinity, where increasing electrical conductivity (EC) values are
associated with decreasing diversity (Fang et al., 2020; Zhang et al.,
2019). Soil nutrients, both macro-and micronutrients, are essential for
proper bacterial growth, and hence high abundance and diversity are
expected in soils with high nutrient levels. However, considering that
different bacteria have specific nutrient requirements, the community
structure is often shaped by the availability of essential nutrients (Yu
et al., 2021). Shifts in species composition of vegetation communities
have also been correlated with shifts in bacterial communities across a
range of soil habitats (Chandra et al., 2016; Muwawa et al., 2021; Wei
et al., 2018). However, the impact of aboveground vegetation on the
diversity and structure of bacterial communities is low when compared
Figure 1. Map showing the samplin
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with the overriding effects of soil chemical parameters (Cheng et al.,
2020; Naether et al., 2012).

In this study, three tropical forests in Kenya were selected to
determine the diversity and community structure of forest soil bacteria
and investigate how soil physicochemical parameters influenced these
bacterial communities. Kakamega and Irangi are tropical rainforests
colonized by diverse species of trees, shrubs, and grasslands, while Gazi
Bay harbors mangrove species that differ based on intertidal and
vegetation zonation. These forests provide important ecosystem ser-
vices, some of which are mediated by soil bacteria (Llad�o et al., 2017;
Rodríguez-Veiga et al., 2020). Therefore, a clear understanding of
bacterial diversity and community composition could provide deeper
insight into the ecological processes associated with these forests
(Aislabie et al., 2013). We used Illumina high throughput sequencing of
16S rRNA amplicons to determine the diversity and community struc-
ture of soil bacteria inhabiting three forests in Kenya. We also investi-
gated the effects of various soil chemical parameters on the bacterial
communities within these forests.

2. Materials and methods

2.1. Research authorization

This research was authorized by the National Commission for Sci-
ence, Technology & Innovation in Kenya. Sampling in the forest reserves
was permitted by both the Kenya Wildlife Service and Kenya Forest
Service.
g sites of forest soils in Kenya.
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2.2. Description of sampling sites and sample collection

Sampling sites included three natural forests in Kenya (Figure 1),
which are characterized by year-round and diverse communities of
aboveground vegetation. The forests were selected based on their varying
altitudes and environmental characteristics. In Kenya, high altitudes are
described as regions above 1800 m above sea level, mid altitudes range
from 1000–1800 m, while low altitudes are less than 1000 m (Hassan,
1998). Irangi forest is a high-altitude rainforest located on the eastern
side of Mount Kenya in Embu County. It is a montane forest of indigenous
species and has distinct vegetation zones. The forest is characterized by a
cold and humid climate and temperatures that sometimes fall below 12
�C (Zhou et al., 2018). Kakamega forest is a mid-altitude rainforest sit-
uated in Kakamega and Nandi Counties in the western region of Kenya.
This tropical rainforest covers a total area of about 26500 ha and has
diverse vegetation of indigenous and exotic trees and natural grasslands.
The forest has a warm and humid climate with an annual temperature of
25 �C (Mandela et al., 2018). Gazi Bay is a low-altitude region that
harbors mangroves. The forest covers a total area of 700 ha along the
Indian Ocean coastline in Kwale County and exhibits a typical zonation of
mangrove species within the intertidal zone (Lang'at, 2008). The climate
in Gazi Bay is hot and humid with an average annual temperature of 28
�C (Muwawa et al., 2021). Soil sampling was done in the year 2018.
Within each forest, the selection of the sampling sites was greatly influ-
enced by the type of aboveground vegetation. A stratified random sam-
pling technique was used to collect soil samples from a total of 12 sites.
Soil samples in the Kakamega forest were collected from four sites,
namely Kalunya grassland, Kalunya canopy, Buyangu canopy, and
Buyangu vegetation. Sampling sites in the Irangi forest were Irangi
grassland, Irangi vegetation, and Irangi canopy. In Gazi Bay, samples
were collected from Gazi grassland, Gazi lowtide1 and 2, Gazi hightide,
and Gazi seagrass. Descriptions of the sampling sites are provided in
Table 1. Surface litter was removed and approximately 1 kg of soil was
collected within the top soil layer at a depth of 0–20 cm. The samples
were kept in sterile plastic bags using a sterile hand shovel. One batch
comprising 500 g soil from each sampling site was stored at �20 �C for
metagenomics analysis, while the other batch of 500 g was stored at 4 �C
for physicochemical analysis.
Table 1. Geographical location and descriptions of the sampling sites in Kakamega,

Forest Sampling site Sample ID Sample
type

GPS coordinates

Kakamega Kalunya
grassland

K1a.Duplicate Soil N00�14.6110

E034�51.9440

Kalunya canopy K2a.Duplicate Soil N00�14.5790

E034�52.1260

Buyangu canopy K3a.Duplicate Soil N00�20.6790

E034�51.7690

Buyangu
vegetation

K4a.Duplicate Soil N00�20.7080

E034�51.8790

Irangi Irangi grassland K5a.Duplicate Soil S00�19.4420

E037�27.3060

Irangi vegetation K6a.Duplicate Soil S00�16.6380

E037�26.8340

Irangi canopy K7a.Duplicate Soil S00�18.3290

E037�27.0560

Gazi Bay Gazi grassland K8a.Duplicate Sediment S04�24.9570

E039�30.5140

Gazi lowtide1 K9a.Duplicate Sediment S04�25.0320

E039�30.6660

Gazi lowtide2 K10a.Duplicate Sediment S04�28.4270

E039�27.8020

Gazi hightide K11a.Duplicate Sediment S04�25.3080

E039�30.7510

Gazi seagrass K12a.Duplicate Sediment S04�25.7390

E039�30.7390
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2.3. Extraction of total community DNA

From each sample, 0.2 g of soil was weighed and placed into 2 ml
Eppendorf tubes. Soil samples were suspended in 1 ml of sterile water.
They were centrifuged at 13,200 rpm for 10 min and the supernatant was
discarded. Total community DNA was extracted in triplicates using the
phenol-chloroform method (Sambrook et al., 1989). The respective
triplicates were pooled during the DNA precipitation step. DNA pellets
were air-dried and stored at �20 �C.

2.4. Amplicon library preparation and sequencing

Amplicon library preparation and sequencing were performed at
Molecular Research (MR) DNA Lab (www.mrdnalab.com, Shallowater,
TX, USA). The V4 region of the 16S rRNA gene was amplified using PCR
primers 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGAC-
TACHVGGGTWTCTAAT), with a barcode on the forward primer
(Caporaso et al., 2011). PCR was conducted using the HotStarTaq Plus
Master Mix Kit (Qiagen, USA). Thermal cycling conditions included an
initial denaturation of 94 �C for 3 min, followed by 30 cycles of 94 �C for
30 s, 53 �C for 30 s, and 72 �C for 1 min, and a final elongation step of 72
�C for 5 min. A 2% agarose gel electrophoresis was used to determine the
success of PCR amplification and the relative intensity of bands. Multiple
samples were pooled together in equal ratios based on their DNA con-
centrations and molecular weight. The pooled samples were purified
using calibrated AMPure XP beads (Beckman Coulter) and were used to
prepare the 16S rRNA library by following the TruSeq DNA library
preparation protocol (Illumina). Sequencing was performed at MR DNA
(www.mrdnalab.com) on Illumina's Miseq 2 � 300 bp Version 3 as per
the manufacturer's guidelines.

2.5. Processing of sequence data and taxonomic classification

Sequences generated from the Illumina sequencing platform were
processed using the MR DNA analysis pipeline (MR DNA, Shallowater,
TX, USA). In brief, the raw FastQ files were depleted of barcodes and
primers, while short sequences <200 bp, sequences with homopolymer
runs exceeding 6 bp and those with ambiguous base calls were
Irangi, and Gazi Bay forests.

Altitude
(m)

Site characteristics

1591 Open grassland with long grasses

1603 Closed canopy of trees, thick undergrowth, and forest floor with
decomposing plant materials

1608 Closed canopy of trees, thick undergrowth, and forest floor with
decomposing plant materials

1611 Open canopy of tall trees, thin undergrowth, and forest floor with
decomposing plant materials

2119 Open grassland with short grasses

2215 Open canopy of tall trees, thin undergrowth, and forest floor with
decomposing plant materials

2201 Closed canopy of trees, thick undergrowth, and forest floor with
decomposing plant materials

7 Open grassland with mangrove propagules

10 Thick mangrove growth and decomposing plant materials

2 Thick mangrove growth and decomposing plant materials

12 Thin mangrove undergrowth

2 Subtidal seagrass vegetation

http://www.mrdnalab.com
http://www.mrdnalab.com
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eliminated. Sequences were also denoised, chimeras removed, and the
operational taxonomic units (OTUs) were defined by clustering at 97%
sequence similarity. The final OTUs were taxonomically classified using
BLASTn against a curated database derived from RDPII (rdp.cme.m
su.edu) and NCBI (www.ncbi.nlm.nih.gov).

2.6. Soil physicochemical analysis

Soil sampleswere analyzed for different physicochemical parameters at
SGS Kenya Limited Laboratory Services (Mombasa, Kenya). The levels of
acidity or alkalinity (pH), EC, organic carbon (OC), total nitrogen (N), and
soil texture were analyzed as per ICARDA guidelines (Estefan et al., 2013).
Concentrations of other major and minor nutrients were determined using
Mehlich 3 method (Mehlich, 1984) These elements included potassium
(K), phosphorous (P), magnesium (Mg), sodium (Na), sulfur (S), calcium
(Ca), boron (B), iron (Fe), copper (Cu), manganese (Mn) and zinc (Zn).

2.7. Statistical analysis

Statistical analyses were performed using the Vegan package version
2.5.7 (Oksanen et al., 2020). Alpha diversity parameters including spe-
cies richness, Shannon, and inverse Simpson indices were determined.
Rarefaction curves were generated after rarifying our data to 29,682
OTUs per sample. The relative abundance of the dominant bacterial
phyla was determined by selecting the phyla that amounted to at least 1%
across all sampling sites. A heat map was also generated for hierarchical
clustering of the bacterial orders using the Pearson correlation distance
metric in gplots version 3.1.1 (Warnes et al., 2020). Selected orders were
the predominant taxa that had achieved a total abundance of not less
than 1% and data were first subjected to z-score standardization. Dif-
ferences in community composition between samples were analyzed
using the analysis of similarity (ANOSIM) test through 999 permutations.
A principal component analysis (PCA) was used to assess the correlations
between soil chemical parameters and distributions of bacterial taxa in
the three forests. Environmental variables that showed a significant in-
fluence on bacterial composition were fitted onto a non-metric multidi-
mensional scaling (NMDS) ordination plot of the Bray-Curtis
dissimilarity matrix. The goodness of fit of NMDS ordination was
assessed using a squared correlation coefficient (r2) through 999 per-
mutations. All analyses were implemented in R version 4.1.2 (R Core
Team, 2021).

3. Results

3.1. Assemblage and taxonomic assignment of bacterial sequences

A total of 909,445 16S rRNA sequence reads were obtained from 12
sampling sites representing three forest soils. These reads were clustered
into 13,410 OTUs at 97% genetic distance. Further, the OTUs were
assigned to 33 phyla, 69 classes, and 138 orders. Each sampling site had a
significant bacterial composition as indicated by the distribution and
abundance of the bacterial taxa. Within the Kakamega forest, a higher
number of OTUs were assigned to the taxa in Buyangu closed canopy
compared to other sampling sites, which recorded 24 phyla, 54 classes,
and 101 orders (Table 2). Similarly, OTUs were distributed more to the
bacterial taxa in the closed canopy of the Irangi forest and were assigned
to 25 phyla, 51 classes, and 97 orders. In Gazi Bay, OTUs were distributed
more in the lowtide1 region with thick mangrove growth and were
assigned to 28 phyla, 55 classes, and 108 orders. Overall, OTUs were
more distributed in the sampling sites with thick vegetation in both
rainforests and mangroves.

3.2. Alpha diversity indices of bacterial communities

Bacterial communities in Kakamega, Irangi, and Gazi Bay forests
exhibited high levels of diversity and species richness as shown in
4

Table 2. The closed canopies of Kalunya (3,667) and Buyangu (3,655) in
Kakamega forest recorded the highest number of species, followed by an
open canopy of Buyangu vegetation (3,005) and Kalunya grassland
(2,886). In contrast, the open canopy of Irangi vegetation recorded the
highest species richness (3,186), followed by Irangi closed canopy
(3,031) and Irangi grassland (2,969). Overall, open and closed canopies
within the rainforests had higher species richness compared to the
grasslands. Within the Gazi Bay mangrove forest, species richness was
highest in the lowtide1 region (3,179), followed by hightide (3,048),
grassland (2,629), and seagrass (2,235) regions, while the least number
of species were observed in lowtide2 region (2,020).

Shannon and inverse Simpson indices showed that, within the
Kakamega forest, bacterial communities in Buyangu vegetation were the
most diverse followed by Buyangu and Kalunya canopies and then
Kalunya grassland (Table 2). Irangi vegetation and grassland exhibited
higher species diversity than the Irangi canopy. Our results also showed
that the bacterial taxa in seagrass and grassland regions within the Gazi
Bay mangrove forest were the most diverse, whilst lowtide2 had the least
diverse taxa.

Results from the rarefaction curves showed that, amongst the rain-
forests, bacterial taxa were richest in the Buyangu canopy and lowest in
Kalunya grassland (Figure 2). Within the mangrove forest, Gazi Bay
grassland had the highest number of species while the Gazi lowtide2
region recorded the least number of species. The rarefaction curves also
tended to show an asymptotic behavior, indicating that the sampling
depth was sufficient and our sequence data represented the true diversity
of soil bacterial communities in these forests.
3.3. Bacterial community composition

Bacterial community composition was significantly different between
the three forest soils (R¼ 0.559, p¼ 0.007). At the phylum level, analysis
was conducted on 11 taxa that had scored a relative abundance of above
1% across all sampling sites (Figure 3). The top 10 most abundant phyla
were Proteobacteria (27.5–71.0%), Bacteroidetes (2.1–46.9%), Firmi-
cutes (0.7–31.0%), Acidobacteria (0.4–18.7%), Actinobacteria
(0.6–16.7), Verrucomicrobia (0.1–7.5%), Chloroflexi (0.8–4.8%),
Planctomycetes (0.2–2.8%), Gemmatimonadetes (0.0–2.4%), and Nitro-
spirae (0.0–2.7%). The members of Proteobacteria exhibited high rela-
tive abundance in all the sampling sites, indicating their adaptability in
both rainforests and mangrove ecosystems. However, other predominant
phyla showed unique compositions between the sampling sites. For
instance, members of Bacteroidetes were relatively high in the sampling
sites within Gazi Bay. The Irangi canopy also displayed high levels of
Bacteroidetes in contrast to other sampling sites in the Kakamega and
Irangi forests. Further comparison showed that the relative abundances
of Acidobacteria, Actinobacteria, and Verrucomicrobia were higher in
Kakamega and Irangi forests than in Gazi Bay soils. Within the mangrove
region, Gazi grassland differed from other sampling sites due to the
relatively high abundance of Actinobacteria. The members of Firmicutes
were also comparatively high in Gazi grassland and lowtide2 regions.

The order level characterization of the bacterial taxa clustered the
sampling sites into two main groups (Figure 4). Fifty-two (52) bacterial
orders scored a total abundance of above 1% and were used in the heat
map visualization of the taxa. The first cluster mainly consisted of the
sampling sites in the mangroves of Gazi Bay. The inclusion of Irangi
canopy, rainforest taxa, in the Gazi Bay cluster was rather surprising.
Despite clustering together, bacterial community composition was highly
differentiated by the sampling sites. For instance, Gazi grassland was
dominated by Clostridiales, Bacillales, and Anaerolineales, while Rho-
dobacterales were the most abundant in Gazi lowtide2. Bacterial orders
including Cytophagales, Clostridiales, Campylobacterales, and Bacter-
oidales were abundant in Gazi hightide. In addition, members of
Vibrionales, Cellvibrionales, Thermoanaerobacterales, and Rickettsiales
were abundant in lowtide1, whereas Gazi seagrass was dominated by

http://rdp.cme.msu.edu
http://rdp.cme.msu.edu
http://www.ncbi.nlm.nih.gov


Table 2. Distribution of bacterial taxa, OTU richness, and diversity indices in Kakamega, Irangi, and Gazi Bay forests.

Forest Sampling site Sample ID Sample type Taxonomic assignment Richness and diversity indices

Phyla Classes Orders Richness S Shannon index H InvSimpson 1/D

Kakamega Kalunya_grassland K1a.Duplicate Soil 21 46 91 2886 5.54 74.20

Kalunya_canopy K2a.Duplicate Soil 21 48 95 3667 6.45 138.60

Buyangu_canopy K3a.Duplicate Soil 24 54 101 3655 6.83 239.13

Buyangu_vegetation K4a.Duplicate Soil 21 49 96 3005 6.96 378.57

Irangi Irangi_grassland K5a.Duplicate Soil 21 50 95 2969 6.65 229.07

Irangi_vegetation K6a.Duplicate Soil 23 51 94 3186 6.70 198.00

Irangi_canopy K7a.Duplicate Soil 25 51 97 3031 5.18 32.47

Gazi Bay Gazi_grassland K8a.Duplicate Sediment 22 51 100 2629 5.54 31.80

Gazi_lowtide1 K9a.Duplicate Sediment 28 55 108 3179 4.43 14.82

Gazi_lowtide2 K10a.Duplicate Sediment 23 49 85 2020 3.61 9.18

Gazi_hightide K11a.Duplicate Sediment 26 53 101 3048 4.37 13.89

Gazi_seagrass K12a.Duplicate Sediment 21 45 85 2235 5.27 46.27

Figure 2. Rarefaction curves showing the rarefied number of species as a function of sample size. The dashed vertical line represents the lowest sample size.
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Flavobacteriales, Oceanospirillales, and Thiotrichales. Within the Irangi
canopy, the most abundant order was Flavobacteriales.

The second cluster was composed of sampling sites within the rain-
forests of Kakamega and Irangi. Similar to the first cluster, the dominant
orders were differentially abundant between the sampling sites. Within
the Kakamega forest, Burkholderiales, Verrucomicrobiales, Actino-
mycetales, and Planctomycetales exhibited high abundance in Kalunya
grassland. Buyangu canopy was dominated by Pseudomonadales,
Sphingomonadales, Rhizobiales, and Legionellales, while Syntropho-
bacterales, Nitrospirales, and Dehalococcoidales were highly abundant in
the Kalunya canopy. Members of Gemmatimonadales and Caulobacter-
ales were highly abundant in Buyangu vegetation. Within the Irangi
forest, Irangi vegetation recorded several predominant orders including
Spartobacteria, Bacteroidetes Order II Incertae sedis, Holophagales, and
Ferrovales. In contrast, the notable bacterial orders in Irangi grassland
included Sphingobacteriales, Acidimicrobiales, and Enterobacteriales.
Overall, the bacterial community structure was significantly differenti-
ated by the forest type and aboveground vegetation.

3.4. Soil physicochemical properties

The physicochemical properties of the sampled soils are presented in
Table 3. Irangi canopy had the lowest pH (4.53) among the rainforest
sampling sites, while the Kalunya canopy was within the neutral range of
5

7.17. The soil pH within Gazi Bay ranged from 4.78 in the Gazi grassland
to 6.64 in the Gazi lowtide1 region. Soil EC values within Gazi Bay
(8.53–18.69) were higher than in Kakamega (0.71–3.66) and Irangi
(0.57–2.05) forests. Within-site variation was also evident in Gazi Bay
where both soil pH and EC levels were notably low in Gazi grassland. In
addition, sampling sites with low EC levels such as Gazi grassland, sea-
grass, and lowtide1 regions were shown to have higher bacterial alpha
diversity indices compared to other mangrove sites. Within the rain-
forests, the Irangi canopy had comparatively low levels of soil pH and EC
that could have influenced its bacterial community composition. Differ-
ences in soil nutrients such as K, Ca, P, Fe, Cu, and Zn were minimal
across the sampling sites, indicating that the soils from the three forests
are nutritionally rich. In addition, the levels of OC and N, the key energy
sources for bacteria, were not significantly different between the three
forest soils. However, the levels of Na, S, Mg, B, and Mn showed
remarkable variation. Different soil textures were also recorded ranging
from sand, sandy loam, loamy sand to loam (Table 3).

The PCA analysis separated all the sampling sites from each other
where the first three principal components (PCs) explained 84.5% of the
total variation in bacterial community composition. The first two PC axes
of the PCA biplot were 51.4% and 23.0%, respectively (Figure 5). The
sampling sites in the mangroves (Gazi Bay) and rainforests (Kakamega
and Irangi) contributed to variations in the positive and negative load-
ings of PC1, respectively. Environmental variables that contributed to the



Figure 3. Relative abundance of the most dominant phyla observed in forest soil samples.

Figure 4. Heat map showing hierarchical clustering of the dominant bacterial orders observed in forest soil samples.
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Table 3. Physicochemical parameters of soil samples collected from Kakamega, Irangi, and Gazi Bay forests in Kenya.

Kakamega Irangi Gazi Bay

Kalunya
grassland

Kalunya
canopy

Buyangu
canopy

Buyangu
vegetation

Irangi
grassland

Irangi
vegetation

Irangi
canopy

Gazi
grassland

Gazi
lowtide1

Gazi
lowtide2

Gazi
hightide

Gazi
seagrass

pH 5.92 7.17 6.42 5.17 5.01 6.94 4.53 4.78 6.64 5.19 6.36 6.40

EC
(mmhos/
cm)

0.71 1.25 3.66 3.29 1.24 2.05 0.57 8.53 11.78 18.69 13.72 11.96

OC (%) 2.74 2.25 2.83 2.71 2.62 2.57 2.61 1.70 0.93 2.50 2.59 0.56

N (%) 0.24 0.25 0.25 0.29 0.24 0.28 0.29 0.19 0.12 0.23 0.28 0.07

P (ppm) 7.09 4.93 66.70 40.17 3.37 8.30 3.37 41.80 17.21 43.97 23.15 7.65

K (ppm) 189.45 114.54 297.77 416.63 194.09 262.86 207.55 286.22 283.45 636.57 494.32 443.05

Ca (ppm) 423.85 1697.03 4157.03 4422.94 302.79 612.34 560.32 3083.88 389.84 2325.84 2677.96 14213.24

Mg (ppm) 119.04 247.95 533.72 502.86 78.12 130.35 96.25 1008.53 549.82 2058.95 1348.84 879.94

Na (ppm) 70.88 129.06 104.76 64.31 80.12 64.77 175.97 2486.80 3121.09 9206.59 5714.60 4442.84

S (ppm) 11.70 22.29 32.06 54.56 45.29 70.74 74.67 280.63 371.05 1681.17 1070.32 867.41

Mn (ppm) 64.84 128.84 308.99 151.73 55.30 302.25 77.59 13.52 0.73 1.78 2.85 2.44

Cu (ppm) 1.51 2.51 3.18 0.93 0.36 0.91 0.58 0.64 0.10 15.27 0.05 1.14

Fe (ppm) 97.12 108.57 163.18 293.80 86.86 165.40 72.11 131.01 170.39 298.35 328.19 142.30

B (ppm) 14.91 14.86 14.85 15.41 14.30 14.53 14.74 20.32 20.25 35.71 28.05 21.36

Zn (ppm) 1.04 3.45 5.81 138.69 3.25 6.33 5.73 1.28 0.38 14.87 1.04 0.85

Texture Sandy
loam

Loam Sand Loamy sand Sandy
loam

Sand Sandy
loam

Sand Sand Loamy
sand

Sandy
loam

Sand

Means followed by the same letter are not significantly different at P � 0.05. ***P � 0.001, **P � 0.01 and *P � 0.05 ns ¼ not significant.
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most variability in the negative loading in PC1 were soil pH, OC, N, K,
Mn, Fe, and B. Soil EC and S levels mainly contributed to the variation in
the positive loading in PC2, while Ca accounted for variation in the
negative loading of PC2. The variation resulting from Na was in the
positive loading of both PC1 and PC2. The concentrations of both soil P
and Mg contributed to the variation in the positive loading of PC3, whose
explained variation in the bacterial community composition was 10.1%.

3.5. Key environmental drivers of bacterial community structure

Discrete clustering of the sampling sites in the PCA plot and NMDS
ordination revealed significant community variability within and be-
tween the studied forests. The NMDS analysis also showed that six
Figure 5. Correlation between soil chemical parameters an

7

environmental variables significantly influenced the bacterial commu-
nity structure within the studied forests. These environmental vectors
scored r2 greater than 0.5 and permutation-based p value less than 0.05 (p
< 0.05). Soil EC (r2 ¼ 0.728, p¼ 0.003), Na (r2 ¼ 0.695, p¼ 0.005), S (r2

¼ 0.643, p ¼ 0.007), B (r2 ¼ 0.608, p ¼ 0.009) and Mg (r2 ¼ 0.521, p ¼
0.031) had a decisive influence on shaping the composition of bacterial
taxa within the Gazi Bay (Figure 6). The levels of Mn were significantly
higher in Kakamega and Irangi forests and significantly influenced the
bacterial composition in these sampling sites (r2 ¼ 0.579, p ¼ 0.012).
Overall, the two-dimension NMDS plot showed a stress value of 0.08
indicating a good ordination of the microbial data. Although low pH
levels were observed in the Irangi canopy (4.53) and Gazi Bay grasslands
(4.78), NMDS analysis showed that this environmental variable did not
d bacterial communities in three forest soils in Kenya.
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significantly contribute to shaping the observed bacterial community
structure.

4. Discussion

Our results showed that forest soils in Kakamega, Irangi, and Gazi Bay
harbor diverse taxa of soil bacteria. The presence of heterogeneous
communities that were unique to each sampling site confirmed the ex-
istence of multiple ecological niches within these forests (Alma'abadi
et al., 2015; Valliammai et al., 2021). However, the rainforest soils in
Kakamega and Irangi had a higher alpha diversity than the mangrove
soils in Gazi Bay. This variation is attributable to varying environmental
factors between the two types of forests (Chandra et al., 2016; Z. Xia
et al., 2016). Nevertheless, rarefaction curves showed that sampling
across the three forests was equally remarkable, and a significant pro-
portion of bacterial communities was assessed.

The dominant phyla reported in this study often represent the major
taxa of functional importance in diverse soil ecosystems (Lauber et al.,
2009; Liu et al., 2019; Llad�o et al., 2017). A high abundance of Proteo-
bacteria in all the sampling sites showed that the members of this phylum
are versatile and well adapted to a broad range of habitats. This finding is
consistent with previous studies that have reported a high abundance of
Proteobacteria in diverse soil environments such as forests, grasslands,
garden, and saline soils (Llad�o et al., 2017; Mhete et al., 2020). In
addition, the dominance of Proteobacteria suggested their importance in
forest soil functions such as carbon, nitrogen, iron, and sulfur cycling
(Llad�o et al., 2017; Tong et al., 2021).

Community compositions of Bacteroidetes, Acidobacteria, Actino-
bacteria, and Firmicutes were generally variable and were subject to the
type of forest. Further visualization of these phyla at the order level also
revealed a high degree of inter-sample variability. Based on our results,
Bacteroidetes could be the major players in the decomposition of cellu-
lose and other carbon substrates in forest soils within the Gazi Bay and
Irangi canopy (Llad�o et al., 2017; Mhete et al., 2020). On the other hand,
Acidobacteria and Actinobacteria were highly abundant in Kakamega
and Irangi forest soils, suggestive of their ecological roles in organic
matter turnover and nutrient cycling in the rainforests (Llad�o et al., 2017;
Tong et al., 2021). Within Gazi Bay, and in particular the grassland and
hightide regions, members of Firmicutes weremore likely to be the active
Figure 6. Non-metric multidimensional scaling plot of soil chemical parameters that
soils in Kenya.
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decomposers of recalcitrant carbon substrates and inorganic nutrients
(Llad�o et al., 2017; Naghoni et al., 2017).

Soil pH values revealed the presence of acidified forest soils indicative
of significant decomposition of organic matter and acidic deposition.
However, the Kalunya canopy showed a neutral pH of 7.17 which could
be due to the presence of sole loamy soils which are associated with
higher pH buffering capacity compared to soils with sand particles
(Hazlett et al., 2020). Overall, soil pH seemed optimal for microbial
growth across all sampling sites and did not influence the alpha diversity
indices and structure of bacterial communities (Deng et al., 2018; Z. Xia
et al., 2016). Unlimited availability of most soil nutrients in all the
sampling sites could also have contributed to the observed bacterial di-
versity and community composition (Klimek et al., 2016; Z. Xia et al.,
2016). Moreover, results on OC and N, the major determinants of organic
matter decomposition, indicated almost equal rates of cycling across the
studied sites, and hence lack of significant influence on the observed
species richness and bacterial diversity (Bickel and Or, 2020; Llad�o et al.,
2017; Praeg et al., 2019). All soil textures ranging from loamy to sandy
soils also displayed high levels of diversity and species richness. A related
study by Chau et al. (2011) reported that soil texture had no significant
influence on bacterial diversity, but they observed that bacterial species
richness was significantly higher in sandy than silty and clayey soils. In
contrast, Q. Xia et al. (2020) reported that the abundance of some bac-
terial taxa was found to be higher in soils containing higher fractions of
silt and clay than in soils with high sand content.

Differences in vegetation cover and specific soil chemical parameters
are presented as the contributing factors, either solely or in combination, to
the bacterial community differentiation observed within and between the
studied forests (Klimek et al., 2016; Praeg et al., 2019; Yang et al., 2018).
For instance, observed variations in species richness and bacterial di-
versity, as well as unique community structures in the grasslands, closed
and open canopies demonstrated the significant influence of vegetation in
shaping the microbial community composition within the rainforests and
this finding is consistent with previous studies conducted in diverse soil
ecosystems (Chandra et al., 2016; de Gannes et al., 2016; Klimek et al.,
2016). Similarly, samples collected within Gazi Bay exhibited differential
composition and community structure of bacterial taxa that could be due
to, among other factors, variations in the intertidal zones and associated
differences in vegetation cover (Muwawa et al., 2021; Zhu et al., 2018).
contribute to variation in bacterial community composition within three forest
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In this study, varied levels of six chemical parameters contributed to
the variation in bacterial community composition between mangrove
soils in Gazi Bay and rainforest soils in Kakamega and Irangi. The levels
of soil Mn were significantly associated with the rainforests, indicating
that bacterial communities in these forests have a higher rate of forest
litter decomposition and Mn cycling compared to mangroves in Gazi Bay
(Piazza et al., 2019). High EC levels appeared to negatively influence
bacterial diversity and species richness, especially in the Gazi lowtide2
region. These negative effects of salinity on microbial diversity have been
previously observed across many soil environments (Ba~neras Vives et al.,
2012; dC Rubin et al., 2017; Fang et al., 2020). Soil EC values also
indicated that bacterial communities within the mangrove ecosystems of
Gazi Bay were well adapted to saline environments (Gomes et al., 2011;
Liu et al., 2019). Moreover, our results are consistent with previous re-
ports that soil EC levels are positively correlated with the concentrations
of Na, S, Mg, and B (dC Rubin et al., 2017; Kord et al., 2010; Tavakkoli
et al., 2010). These environmental variables are based on intertidal re-
gions and contribute to variations in microbial composition in the
mangroves (Muwawa et al., 2021).

5. Conclusion

This study has provided baseline data on the diversity and hetero-
geneity of community structure of soil bacteria populating three tropical
forests in Kenya. Taxonomic profiling revealed significant bacterial
community differentiation associated with environmental heterogeneity
(vegetation zonation and edaphic factors) within and between the for-
ests. Moreover, our results indicated that variation in soil chemical pa-
rameters contributed significantly to the observed bacterial diversity and
community structure. Given that the studied forest ecosystems represent
diverse microbial habitats, future studies on environmental factors that
contribute to both spatial and temporal variability of soil microbial
communities (both prokaryotes and eukaryotes) are recommended.
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