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Abstract
The paper presents a detailed ecological investigation of mangroves (trees and palm) along Carigara Bay
in Leyte, Philippines by comparing the diversity, vegetation structure, species composition, and indicator
species among forest types (riverine and fringe) and zones (landward, middleward, and seaward/along
water) as well as by examining their relationships with environmental variables. A total of 22 mangrove
species, belonging to 12 families were documented wherein the most abundant was Sonneratia alba,
followed by Nypa fruticans, then by Avicennia rumphiana. It was found that the diversity (Shannon-
Wiener) of riverine mangroves (0.94 ± 0.07; 1.20 ± 0.04) was significantly higher than the fringe for both
in the middleward and seaward/along the water. In the fringe mangrove forests, the mangrove species
Aegiceras corniculatum was associated with the middleward zone, and Camptostemon philippinensis,
Aegiceras floridum, Rhizophora mucronata, Sonneratia alba, and Lumnitzera littorea were associated
with the seaward zone, whereas landward zone of fringe and all the zones in riverine were generally
associated by species with low to optimum salt tolerances such as Nypa fruticans, and Avicennia
rumphiana as the most abundant. As well, a total of 14 mangroves have been identified as indicator
species. Lastly, mangrove species can be generally classified as riverine and fringing based on the
environmental factors explaining their distributions, and it has been found that soil porosity, water
content, soil salinity, and distance from the sea or river’s edge were the most significant environmental
factors that determine diversity patterns.

Introduction
Mangroves are communities of trees or shrubs thriving along tidal flats and coastlines extending inland
along rivers, streams, and their tributaries with brackish waters (Sebidos and Galinato 1996). They are
one of the most exceptional flora groups in the world and grow on the coastlines of tropical and sub-
tropical countries and are well adapted to extreme conditions such as high salinity and temperature
(Goloran et al. 2020). Importantly, mangrove forests are one of the vital ecosystems in tropical countries
that provide various natural products and ecological services, including their role in climate change
mitigation (Dangan-Galon et al. 2016).

In a mangrove ecosystem, mangroves are considered the primary producers, interacting with the
associated aquatic fauna, and physical factors of the coastal environment, providing different ecological
services (e.g., soil erosion control and trapping of sediments) (Baleta and Casalamitao Jr. 2016). During
typhoons, the mangrove ecosystem acts as a natural barrier and reduces the risk of coastal flooding and
soil erosion. To coastal communities, mangroves are valuable resources for building materials, fodder
for livestock, herbal medicine, and a source of livelihood. It also serves as a nursery for different species
of marine life and even terrestrial species by providing them with habitat, food, and protection against
predators (Kauffman and Bhomia 2017, Pototan et al. 2021). Mangroves sequester and store large
quantities of carbon, which, when disturbed may shift into a carbon source of greenhouse gases.
Therefore, they are very important when considering climate change adaptation and mitigation practices
(Kauffman and Bhomia 2017).
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Mangrove ecosystems today are facing intense pressure due to destruction by humans for various
developmental needs. Moreover, the ecological significance of this unique ecosystem is not at all
understood (Sreelekshmi et al. 2018). Primavera (2000) stated that overexploitation, conversion to
agricultural ponds, and industry and residential areas are attributed to the reduction of mangrove forest
cover. The loss of these ecosystems has resulted in a decrease in beneficial services that they provide
such as food provision, storm surge protection, climate regulation, as well as cultural and spiritual
benefits (Primavera 2000). Ultimately, the degradation and depletion of mangrove forests with the loss of
their ecosystem services affect local communities that are dependent on them (Quevedo et al. 2020).

The Philippines is home to at least 39 mangrove species out of the 60 species found in the Indo-Pacific
area, making the country one of those with the highest species diversity for mangroves in the region
(Primavera et al. 2004, Dangan-Galon et al. 2016). This high diversity of mangroves can be attributed to
the country’s geographical location wherein it is located along the tropical bands where the mangroves
thrive (Garcia et al. 2014). As well, other environmental factors such as rainfall, freshwater runoff,
nutrient inputs, and soil quality can also determine the occurrence and structural diversity of these
mangroves (Cintron et al. 1984).

Despite the country’s notable high diversity of mangroves, comprehensive ecological studies on the
assemblage of mangrove plants and as well as the environmental factors that can influence their
occurrence and distribution remains limited. Therefore, the present study was conducted a) to determine
any difference in abundance, richness, diversity, and vegetation structures (DBH, height, stem density,
canopy cover) of mangroves across mangrove forest types (fringe and riverine) and zones (landward,
middleward, and seaward/river); b) to examine how species assemblage differ between mangrove forest
types and zones; c) to determine an indicator mangrove species in every zone of fringe and riverine
mangrove ecosystems; d) to examine how environmental variables influence the distribution of
mangrove plants; and e) to determine which environmental variables influence the abundance, richness,
and diversity of mangroves.

Materials and Methods

Study Area
The study was conducted on the mangrove forest areas along the Carigara Bay in Leyte Island (Fig. 1).
Mangrove ecosystems of the bay are represented by stands of fringe and riverine mangrove forests
distributed among the five surrounding coastal municipalities (Capoocan, Carigara, Barugo, San Miguel,
and Babatngon). However, significant areas of mangrove forests along the bay have been lost because
of land use conversion mainly due to aquaculture and settlements.

The climate of the study area is characterized as equatorial rainforest-fully humid (Kottek et al. 2006). It
has no dry season and has more or less evenly distributed rainfall throughout the year. The warmest
month is April with a mean annual temperature of 27 ºC and pronounced wetness occurring in the
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months of November, December, and January with annual total precipitation of 2293 mm (Quiñones and
Asio 2015, Marteleira 2019).

Study Sites

Fringe Mangroves
The fringe mangroves considered in the study were those mangrove forest stands bordering the
beach/coastline of the bay. Two stands of this mangrove forest were sampled, one stand is in Barangay
Mawodpawod, and the other one is in Barangay Malpag, both in the municipality of San Miguel. The two
stands are separated by a small stream and the sampling location from these stands was 500 m away
from each other. The stands of fringe mangroves sampled were about 60–200 m wide from the
landward to the seaward zone. The nearest community was about 500 m away, though minor
disturbances could be observed in the mangrove areas such as the cutting of branches and harvesting
of nipa palm (Nypa fruticans) leaves for making nipa shingles. Also, people from the community collect
other resources from the mangrove forests such as mud crabs and varieties of edible mollusks.

Riverine Mangroves
Likewise, two riverine mangrove stands located near the estuary from two different rivers draining
toward Carigara Bay were sampled. The first mangrove stand was in Bagacay River in Barangay Bagacay
of the municipality of San Miguel. The river is approximately 3.2 km in length, originating from its
headstream from the western side of the Babatngon Range, which brings freshwater and nutrients to the
mangroves and coastal ecosystems. The riverine mangrove stand was located 200 m from the mouth of
the river and was adjacent to a highway. In the landward portion of the mangrove stand was a small
community comprising 15–20 houses, but no signs of significant clearing or conversion of mangrove
areas were observed. The other riverine mangrove stand was located along the Minuhang River in
Barangay Minuhang of the municipality of Barugo. The mangrove stand was approximately 800 m from
the estuary or sea, with settlements on the opposite side of the river. The river is approximately 4.4 km in
length and originates from hilly areas located in the southern direction of the river system. In general,
both mangrove stands were pristinely characterized by the abundance of large-sized mangrove trees (> 
100 cm DBH), though minor disturbances were observed such as the cutting of small branches or small
mangrove trees, as well as harvesting of nipa leaves for making nipa shingles.

Plot Establishment and Sampling
Reconnaissance surveys were conducted first to identify mangrove stands and sites to be sampled. The
geographic location of each sampling site was determined using a handheld GPS (Model etrex). All the
field samplings took place between July 2022 to February 2023.



Page 5/34

In the fringe mangrove forest stands, a 125 m-long transect line (Kauffman et al. 2011) was established
parallel to the coastline in each zone (landward, middleward, and seaward) in every site. The transect line
in the landward zone was laid 15 m from the adjacent terrestrial forest, as well as transect line at the
seaward zone was laid approximately 15 m from the ecotone. In the riverine mangroves, a transect line
of the same length was laid at one side of the bank, parallel to the river. Similarly, the riverine mangrove
forest stand was divided into three zones, the landward which is adjacent to the terrestrial forest or
ecosystem, middleward or interior, and along the water that is close to the bank. The transect lines were
also established at the same distance from the ecotones.

To sample mangrove trees including palm, a 7 m radius circular plot with an area of 154 m2 was
demarcated along the transect line at 25 m intervals. There were 36 plots established for each mangrove
type (fringe and riverine), bringing the total number of plots to 72. All standing trees with a DBH of ≥ 5
cm inside the plot were identified, counted, and measured for diameter-at-breast height (DBH) and
height. The DBH was measured at 1.37 meters above the ground, however, in the field, since there are
anomalies in terms of stem structure (Kauffman and Donato 2012), adjustments were made accordingly.
For trees with tall buttresses exceeding 1.37 m above ground level, stem diameter was measured at the
point directly above the buttress. For stilt-rooted species, stem diameter was measured above the
highest stilt root (Clough and Scott 1989, Komiyama et al. 2005). For some individuals with prop roots
extending well into the canopy, tree diameter was measured above the stilt roots, where a true main
stem exists. Additionally, the height of the tree was visually determined using a 2-m long calibrated pole
(Madeira et al. 2009, Decena et al. 2022). Other non-tree mangroves or mangrove associates were also
noted.

All the samples were identified up to the species level using “The Field Guide to Philippine Mangroves” by
Primavera (2009), and “Handbook of Mangroves in the Philippines-Panay” by Primavera et al. (2004).
Each of the mangrove species was photographed including the whole tree, leaves, fruits, and flowers, for
photo vouchering purposes.

Environmental Parameters
To examine the effects of environmental factors on the diversity, assemblage, and distribution of
mangroves, edaphic factors were collected or examined. A soil core sample was collected inside and
closer to the center of each of the circular plots using a 1 m constructed half-cylindrical steel sampler
with an internal diameter of 6 cm. The core sample was divided into depth intervals of 0–15, 15–30, 30–
50, 50– 100, and > 100 cm and a sub-sample of 5 cm thick was extracted from the center of each layer
for laboratory analysis. The soil samples were analyzed for some selected physical parameters such as
gravimetric water content (GWC), volumetric water content (VWC), dry bulk density (DBD), and porosity.
Water content and dry bulk densities were determined through the oven drying method, while porosity
was derived from dry bulk density values.
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Interstitial soil salinity was measured from each plot with the use of a 5 ml plastic syringe and a hand-
held salt meter (ATAGO). The measurements were performed in three random locations inside the plot
through the auger boreholes or by digging shallow holes using a machete and allowing the soil water to
fill the whole for about 5 minutes. In some instances, deeper wholes were created in elevated areas and
waited for a longer time to extract water samples. Also, care was taken to prevent surface water from
flowing to the whole, as surface water can be less saline than soil water.

Soil depth was measured in three random locations inside the plot. The measurements were done by
inserting a 2 m long steel or by using a straight wooden pole in deeper areas until reaching the
impenetrable layer such as bedrock or coral fragment deposits.

Lastly, the distance (m) of each plot from the sea or river was determined with the use of a distance
measuring tool in Google Earth images.

Data Analysis
Diversity indices at the plot level for mangrove species were calculated. All the data were tested for
normality using the Kolmogorov-Smirnov test. The Generalised Linear Models (GLMs) were performed to
determine the effects of mangrove forest types (fringe and riverine) and mangrove zones (landward,
middleward, and seaward/along water) on the diversity indices (abundance, richness, and Shannon-
Wiener). The GLMs analyses used Poisson or negative binomial distribution with a log link function for
count data (abundance and richness) and gamma distribution with a log link function for continuous
data (diversity). Post-hoc tests were performed whenever there were significant variations at α = 0.05,
using pairwise comparisons. Moreover, to determine the effects of mangrove forest types and mangrove
zones on the vegetation structures (DBH, height, stem density, canopy cover), the two-way ANOVA was
performed. Then, Tukey’s post-hoc analysis was performed whenever there were significant differences
at α = 0.05. Statistical analyses such as normality, GLMs, and two-way ANOVA were performed using the
SPSS version 20 for Windows.

The non-metric multidimensional scaling (NMDS) ordination was used to examine the difference in
mangrove species assemblage between mangrove forest types and zones. The NMDS analysis was
performed whereby the ordination was constructed from the Bray-Curtis dissimilarity matrix of pairwise
dissimilarities between plots based on the abundance data. The NMDS was performed using the
function “metaMDS” from the R package vegan (Oksanen 2019). In constructing the ordination diagram,
twenty random starting configurations were used, with the final configuration that minimized the stress
of the ordination configuration retained for plotting. In addition, to support the results of the NMDS
ordination, the Analysis of Similarities (ANOSIM) permutation tests in the vegan package of R (Oksanen
2019), with 5,000 random permutations of the dissimilarity matrix were performed in testing statistically
the differences in mangrove species assemblage.

An indicator species analysis (Dufrêne and Legendre 1997) was performed to identify mangrove species
that were associated with or indicators of certain zones in fringe and riverine mangrove ecosystems. The
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analysis was carried out using the “multipatt” function of the R package indicspecies (De Caceres et al.
2020). The statistical significance of this relationship was tested using a permutation test (De Caceres et
al. 2020).

To examine the distribution of mangrove species in relation to environmental variables, linear vectors
were fitted into the NMDS ordination using the function “envfit” in the vegan package of R (Oksanen
2019). The analysis was performed using the same species abundance data, and environmental
variables fitted into the ordination included gravimetric water, volumetric water content, dry bulk density,
porosity, salinity, soil depth, and distance from the sea/river. Afterward, the significance of each
environmental variable was examined using a permutation test with 1000 random permutations.

Lastly, the relationships between the abundance, species richness, and diversity of mangroves with
environmental variables were explored using the Generalized Additive Model (GAM) in R package mgcv
(Wood 2019). The GAM was performed using Poisson error structure and logarithmic link functions for
count data (abundance and species richness) whereas Gaussian error structure and identity link function
was used for continuous data (diversity). The environmental variables were tested for multicollinearity,
and only those with correlations (r) < 0.65 were retained for the analysis. Firstly, the GAM analysis was
performed with a full model fitted with smooth-terms for all the selected environmental variables. In the
initial fitting, some of the environmental variables appeared to be best fitted by smooth-terms with
effective degrees of freedom (edf) equal to one indicating simple linear relationships. Thus, in the
succeeding fitting, these terms were expressed into linear terms. The selection of the final model was
performed by dropping the least significant environmental variables one at a time until Akaike’s
Information Criterion (AIC) no longer improved. The shape of the response curves associated with each
term was illustrated by plotting the partial effects.

The analyses such as NMDS, indicator species, fitting of linear vectors, and GAM were carried out in R
4.1.0 (R Core Team 2021).

Results

Species Richness and Diversity
In this study, a total of 1651 mangrove individuals (trees and palm) with 22 species, belonging to 12
families were documented (Table 1). The most abundant species was Sonneratia alba dominating the
fringe mangrove forests, followed by N. fruticans, then by Avicennia rumphiana which both dominated
the riverine mangrove forests. A single mangrove tree species, Rhizophora stylosa, was documented
only outside study plots. In terms of the threats status based on the International Union for Conservation
of Nature (IUCN) red list criteria (IUCN 2023), one species (Camptostemon philippinensis) was already
classified as endangered (EN), one (A. rumphiana) as vulnerable (VU), two (Aegiceras floridum and
Ceriops decandra) are near threatened (NT), and the rest of the remaining species are classified as least
concern (LC). In addition to mangrove trees and palm, other mangroves of different habits (shrubs, vines,
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and fern) and mangrove associates were encountered though not included in the study. These other
mangroves included Acanthus ebracteatus, Acanthus ilicifolius, Acanthus volubilis, Acrostichum
speciosum, Brownlowia tersa, and Finlaysonia obovata, and the mangrove associates included
Glochidion littorale, Hibiscus tiliaceus, Lepiniopsis cf. ternatensis, Nauclea orientalis, Syzygium sp.,
Terminalia catappa, and Utania philippinensis.

The results of the GLMs analysis showed that the abundance and species richness of mangroves did not
differ significantly between mangrove forest types or zones (Table 2; Fig. 2a & b). Meanwhile, it is the
diversity (Shannon-Wiener) that differed significantly both between forest types and zones, as well as
with significant interaction (Table 2; Fig. 2c). Specifically, the diversity of riverine mangroves (0.94 ± 0.07;
1.20 ± 0.04) was significantly higher than the fringe for both in the middleward and seaward/along the
water, respectively, however fringe mangrove diversity (1.13 ± 0.07) was significantly higher than the
riverine for the landward zone. It is also worth noting that diversity significantly decreased and increased
from landward to searward/along water for fringe and riverine mangrove forests, respectively.

Vegetation Structures
Both the DBH and stem density did not differ significantly between mangrove forest types or zones
(Table 3; Fig. 3a & c). Meanwhile, tree height was observed to be significantly higher in the landward
zone (7.00 ± 0.31) compared to seaward/along the water (riverine) (5.72 ± 0.36 m), but not with the
middleward (Table 3; Fig. 3b). As well, the canopy cover in the fringe mangroves was significantly higher
both in the landward (86.61 ± 1.77) and middleward (84.94 ± 2.25) compared to seaward/along the water
(65.27 ± 2.84%). For canopy cover in the riverine mangroves, it was significantly higher in the landward
(84.31 ± 1.22) compared with the middleward (74.00 ± 3.24%) but did not differ significantly with
seaward/along the water (Table 3; Fig. 3d).
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Table 1
List of mangroves (trees and palm) sampled in the fringe and riverine mangrove ecosystems

along the Carigara Bay in Leyte, Philippines. IUCN red list criteria (IUCN 2023), LC least
concern, NT near threatened, VU vulnerable, EN endangered; [*] species encountered outside

the plot.
Family Species Code IUCN Red List

Arecaceae Nypa fruticans (Thunb.) Wurmb. Nf LC

Avicenniaceae Avicennia alba Blume Aa LC

  Avicennia marina (Forsk.) Vierh. Am LC

  Avicennia officinalis L. Ao LC

  Avicennia rumphiana Hall. f. Ar VU

Bombacaceae Camptostemon philippinensis (Vidal) Becc. Cp EN

Combretaceae Lumnitzera littorea (Jack) Voigt. Ll LC

Euphorbiaceae Excoecaria agallocha L. Ea LC

Meliaceae Xylocarpus granatum Koen. Xg LC

Myrsinaceae Aegiceras corniculatum (L.) Blanco Ac LC

  Aegiceras floridum Roem. and Schult. Af NT

Myrtaceae Osbornia octodonta F. Muell. Oo LC

Rhizophoraceae Bruguiera cylindrica (L.) Blume Bc LC

  Bruguiera parviflora Wight and Arn. ex Griff. Bp LC

  Ceriops decandra (Griff.) Ding Hou Cd NT

  Ceriops tagal (Perr.) C.B. Rob. Ct LC

  Rhizophora apiculata Blume Ra LC

  Rhizophora mucronata Lam. Rm LC

  Rhizophora stylosa Griff. *   LC

Rubiaceae Scyphiphora hydrophyllacea Gaertn. Sh LC

Sonneratiaceae Sonneratia alba J. Smith Sa LC

Sterculiaceae Heritiera littoralis Dryand. ex W. Ait. Hl LC
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Table 2
The results of the Generalised Linear Models on the mangrove

abundance, species richness, and diversity in the fringe and
riverine mangrove ecosystems along the Carigara Bay in Leyte,

Philippines.
Variable Wald Chi-Square df p

Abundance      

Mangrove forest types 0.22 1 0.637

Zones 1.27 2 0.530

Interactions 1.23 2 0.541

Species richness      

Mangrove forest types 1.87 1 0.172

Zones 0.24 2 0.889

Interactions 14.60 2 0.001

Diversity (Shannon-Wiener)      

Mangrove forest types 14.26 1 < 0.001

Zones 6.42 2 0.040

Interactions 49.09 2 < 0.001
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Table 3
The results of the two-way ANOVA on the

mangrove vegetation structures in the fringe and
riverine mangrove ecosystems along the Carigara

Bay in Leyte, Philippines.
Variable df F P value

DBH      

Mangrove forest types 1 3.50 0.066

Zones 2 0.86 0.427

Interaction 2 1.51 0.229

Height      

Mangrove forest types 1 2.67 0.107

Zones 2 5.11 0.009

Interaction 2 1.64 0.202

Stem density      

Mangrove forest types 1 0.54 0.467

Zones 2 2.13 0.127

Interaction 2 2.20 0.119

Canopy cover      

Mangrove forest types 1 0.161 0.689

Zones 2 19.82 < 0.001

Interaction 2 10.94 < 0.001

Species Composition
The NMDS ordination analysis exhibited differentiation in mangrove species composition between
mangrove forest types and zonation, as indicated by minimal overlapping of at least two polygons
(Fig. 4). This difference in species composition was further supported by the highly significant results of
the ANOSIM test (ANOSIM R = 0.599, P < 0.001). Based on the NMDS ordination, mangrove species are
associated with certain zones or mangrove forest types. For example, Aegiceras corniculatum was
associated with the middleward zone of fringe mangrove forests, and the species including C.
philippinensis, A. floridum, Rhizophora mucronata, S. alba, and Lumnitzera littorea are associated
seaward zone, still of fringe mangrove forests. In addition, all the rest of the species such as C.
decandra, Avicennia officinalis, Xylocarpus granatum, Rhizophora apiculata, Excoecaria agallocha,
Avicennia alba, Avicennia marina, Bruguiera cylindrica, Scyphiphora hydrophyllacea, A. rumphiana,
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Heritiera littoralis, N. fruticans, Ceriops tagal, and Osbornia octodonta are associated with all the zones
(landward, middleward, along water) of riverine mangroves forests and the landward zone of fringe
mangrove forests. It is also important to note that the overlapping of plots or polygon for the landward
zone of the fringe mangrove forests to that of the riverine mangrove forests due to the presence of
common mangrove species could indicate similarities in environmental conditions between them.

Mangrove Species Indicator
The indicator species analysis revealed a total of 14 mangroves that serve as indicator species, of which
6 species are indicators for a single zone whereas all others (8 species) are indicators for a combination
of two or more zones from either single or both mangrove forest types (Table 4; Fig. 5). In the fringe
mangrove forests, S. hydrophyllacea and O. octodonta are indicators for the landward zone, while the A.
corniculatum is for the middleward zone. The R. apiculata, and Sonneratia alba are indicators for
landward plus middleward, and middleward plus seaward, respectively, of fringe mangrove forest. For
riverine mangrove forests, C. tagal is an indicator species for the middleward, and A. alba and C.
decandra are for along the water. Mangrove species that are indicators for multiple zones in fringe
mangrove forests included N. fruticans (landward and along water), B. cylindrica (landward and
middleward), and A. officinalis (all the zones). Moreover, mangrove species that are indicators of multiple
zones from both mangrove forest types are A. marina (landward and middleward of fringe, and along
water of riverine mangrove forests), E. agallocha (landward of fringe, and landward and middleward of
riverine mangrove forests), and A. rumphiana (landward of fringe, and all the zones of riverine mangrove
forests).
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Table 4
The results of Indicator Species Analysis with 14 indicator species out of 21 species analysed based on

indicator value (IndVal).
Habitat Indicator species Test

statistic
P
value

Fringe (Landward) Scyphiphora
hydrophyllacea

0.764 < 
0.001

  Osbornia octodonta 0.500 0.024

Fringe (Middleward) Aegiceras
corniculatum

0.474 0.021

Fringe (Landward + Middleward) Rhizophora apiculata 0.798 < 
0.001

Fringe (Middleward + Seaward) Sonneratia alba 0.958 < 
0.001

Riverine (Middleward) Ceriops tagal 0.612 < 
0.001

Riverine (Along water) Avicennia alba 0.550 0.008

  Ceriops decandra 0.500 0.025

Riverine (Landward + Along water) Nypa fruticans 0.806 < 
0.001

Riverine (Landward + Middleward) Bruguiera cylindrica 0.550 0.009

Riverine (Landward + Middleward + Along water) Avicennia officinalis 0.645 < 
0.001

Fringe (Landward + Middleward) + Riverine
(Along water)

Avicennia marina 0.831 < 
0.001

Fringe (Landward) + Riverine (Landward + 
Middleward)

Excoecaria agallocha 0.577 0.004

Fringe (Landward) + Riverine (Landward + 
Middleward + Along water)

Avicennia rumphiana 0.895 < 
0.001

Species Distribution with Environmental Variables (dup: abstract ?)
Fitting the linear vector into the ordination space indicates that all the environmental variables
considered in the analysis explained the distribution pattern of most mangrove species (Fig. 6). As
shown in Table 5, the permutation test indicates that all the environmental variables significantly
contributed to the distribution pattern of mangrove species with P ≤ 0.05. Generally, the explanatory
power of the environmental variables is equal except for distance to sea/river. Again, as reflected in
Fig. 6, the environmental variables such as soil depth, distance to sea/river, and dry bulk density
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generally explain the occurrence of mangrove species including C. decandra, A. officinalis, E. agallocha,
S. hydrophyllacea, B. cylindrica, H. littoralis, N. fruticans, and A. rumphiana. On the other side, the
environmental variables, namely volumetric water content, gravimetric water content, soil salinity, and
soil porosity generally explain the occurrence of A. alba, X. granatum, A. corniculatum, R. apiculata, A.
marina, C. philippinensis, A. floridum, S. alba, and Rhizophora mucronata.

Table 5
The results of fitting linear vectors to the NMDS ordination of the

dissimilarity of mangrove assemblage. The r2 for each environmental
vector is a measure of goodness of fit into the ordination and P

values based on a randomization test with 1,000 random
permutations of environmental variables.

Environmental Variable NMDS1 NMDS2 r2 P

Gravimetric water content 0.841 0.542 0.420 0.001

Volumetric water content 0.221 0.975 0.186 0.001

Dry bulk density -0.980 -0.198 0.643 0.001

Porosity 0.980 0.197 0.642 0.001

Soil salinity 0.965 0.262 0.431 0.001

Soil depth -0.941 0.340 0.467 0.001

Distance to sea/river -0.999 -0.027 0.164 0.007

Relationship Between Mangrove Abundance, Species Richness, and
Diversity with Environmental Variables
To evaluate the relationship between diversity indices and environmental variables, GAM analysis was
performed, however environmental variables (gravimetric water content, dry bulk density, and soil depth)
with high multicollinearity (r > 0.65) were excluded from the analysis (Table 6). The GAM analysis on
mangrove abundance results in a best-supported model consisting of three explanatory variables, soil
porosity, volumetric water content, and soil salinity (Table 7). The linear term of the model shows a
positive relationship between mangrove abundance and soil porosity, indicating that mangrove
abundance increases with increasing soil porosity (Fig. 7a). Meanwhile, the smooth-terms of the model
show a non-linear relationship between mangrove abundance with volumetric water content and soil
salinity, whereby abundance decreased with intermediate soil water content, and increasing soil salinity
(Fig. 7b & c).

For mangrove species richness, the best-supported model consists of two explanatory environmental
variables which included volumetric water content, and soil salinity for the linear term and smooth-term,
respectively. However, these environmental variables are less important in explaining the variation in
species richness as indicated by a non-significant P value (P > 0.05) (Table 7).
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Lastly, the best-supported model for mangrove diversity (Shannon-Wiener) includes three environmental
variables such as volumetric water content, soil salinity, and distance to sea/river (Table 7). The model
has smooth-terms only showing a positive non-linear relationship with at least two environmental
variables, where diversity increased with increasing volumetric water content and distance to sea/river
(Fig. 8a & c). In contrast, the remaining smooth-term shows a negative non-linear relationship, whereby
mangrove diversity decreased with increasing soil salinity (Fig. 8b).

Table 6
Correlation matrix of 7 environmental variables measured in each plot. GWC

gravimetric water content, VWC volumetric water content, DBD dry bulk density, P
porosity, SS soil salinity, SD soil depth, DSR distance to sea/river

Variable GWC VWC DBD P SS SD DSR

GWC 1            

VWC 0.617** 1          

DBD -0.832** -0.289* 1        

P 0.832** 0.289* -1.000** 1      

SS 0.406** 0.035 -0.530** 0.530** 1    

SD -0.424** 0.168 0.647** -0.647** -0.679** 1  

DSR -0.055 -0.141 0.209 -0.208 -0.205 -0.035 1

*p < 0.05; **p < 0.01
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Table 7
Summary statistics for GAMs for mangrove abundance, richness, and

diversity relationships with selected environmental variables in fringe and
riverine mangrove ecosystems along the Carigara Bay in Leyte,

Philippines.
Abundance Estimate SE Z P

Parametric coefficients        

Intercept 2.100 0.192 10.920 < 0.001

Porosity 0.015 0.003 5.313 < 0.001

Smooth terms edf df Chi sq P

s(Volumetric water content) 1.972 1.999 77.31 < 0.001

s(Soil salinity) 1.901 1.990 28.48 < 0.001

Adjusted R2 0.319      

Richness        

Parametric coefficients        

Intercept 0.568 0.416 1.364 0.173

Volumetric water content 0.998 0.665 1.501 0.133

Smooth terms edf df Chi sq P

s( s(Soil salinity) 1.666 1.888 4.249 0.176

Adjusted R2 0.165      

Diversity Estimate SE t P

Parametric coefficients        

Intercept 0.822 0.036 22.73 < 0.001

Smooth terms edf df F P

s(Volumetric water content) 1.304 1.514 8.273 0.004

s(Soil salinity) 1.941 1.996 16.693 < 0.001

s(Distance to sea/river) 1.924 1.994 6.766 0.002

Adjusted R2 0.441      

Discussion

Mangrove Diversity
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In the Indo-Pacific region, the Philippines is regarded with high species diversity of mangroves of which
39 species can be found in the country (Primavera et al. 2004). The present study documented a total of
22 mangrove tree/palm species (1 species documented outside the plot), as well as 6 non-tree/palm
mangroves, and 6 mangrove associates. The number of mangrove tree/palm species found along
Carigara Bay was similar or comparable to the mangrove forests in other areas or islands in the country
such as Tacloban, Leyte Island (21 species, Patindol and Casas Jr. 2019), Calauit Island (24 species,
Malabrigo Jr. 2016), and Puerto Princesa Bay, Palawan Island (25 species, Dangan-Galon et al. 2016), but
higher than documented in the coastal areas of San Juan, Batangas (11 species, Gevaña et al. 2008),
Ajuy and Pedada Bays, Panay Island (13 species, Sinfuego and Buot Jr. 2014), and estuarine area of
Maligaya, Palanan, Isabela (14 species, Baleta and Casalamitao Jr. 2016). Likewise, the number of
mangrove species in the study area was higher than in other tropical mangrove ecosystems such as in
the tropical lagoon, Setiu Malaysia (17 species, Islam et al. 2022), but comparable to Belitung Island,
Indonesia (20 species, Irawan et al. 2021). The mangrove species documented in the study area
constitute 56 to 72% (including the non-tree/palm mangroves) of the country’s mangrove species,
indicating the need for protection against anthropogenic disturbances (e.g., land use conversion)
(Primavera et al. 2004). In addition, the overall dominant species in terms of abundance was S. alba,
which differs from other coastal areas wherein the most dominant are other mangrove species (e.g., R.
apiculata, N. fruticans) as reported in the studies of Dangan-Galon et al. (2016) and Baleta and
Casalamitao Jr. (2016).

The overall average mangrove diversity (Shannon-Wiener) was 0.82 ± 0.05, which was comparable to the
findings of Patindol and Casas Jr. (2019) for mangrove forests in the coastal areas of Tacloban in Leyte
with an average diversity of 0.91, but a little higher than the recorded diversity (0.64) by Dangan-Galon et
al. (2016) for mangrove forests along Puerto Princesa Bay, Palawan Island. Generally, diversity in the
riverine was higher compared to fringe mangrove forests, particularly in the middleward and the
landward zone. A total of 14 species were recorded in the riverine mangrove forests which were mainly
dominated by N. fruticans and A. rumphiana. This observed difference was similar to the findings of
Singh (2020) who found greater diversity as well as species richness for the mangrove plant community
in estuarine or riverine areas. This higher diversity of mangroves in riverine areas can be attributed to the
reduced salinity due to freshwater inputs, reduction of exposure to sulfates, and increase in sediments
and nutrients (Singh 2020). Moreover, Utawale et al. (1973) reported that the coastal type of mangroves
has less diversity, however, the present study showed that fringe mangroves have higher diversity
compared to the riverine, though for the landward zone only. This high diversity in the landward zone of
fringe mangrove forests could indicate similar conditions in riverine areas with reduced salinity which
eventually supports a greater number of mangrove species. Such reduction in salinity in the landwards
can be the result of the dilution of groundwater with freshwater from the fluvial origin such as runoff and
infiltration (Vilarrúbia 2000). As observed in the study area, there were small intermittent channels of
freshwater as well as groundwater from inland that supplies freshwater to the landward zone, where
these were evident during rainy periods. This could explain the presence of some individuals of N.
fruticans, a mangrove species that thrives where there are freshwater inputs (Islam et al. 2022). On the
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other hand, reduced diversity in the middleward and seaward in fringe mangrove forests can be
explained by the presence of fewer species, these zones were mainly dominated by S. alba, and in many
locations, only the said mangrove species could be observed.

Mangrove Forest Structure
Though no significant variations of DBH were detected for mangrove trees in the study area, the
observed average DBH values were 15.50 ± 0.70 and 18.43 ± 1.48 for fringe and riverine mangrove
forests, respectively. The DBH values were higher when compared to mangrove forest sites in Tacloban,
Leyte (8.95 cm, Patindol and Casas Jr. 2019), but lower than from San Juan Batangas, Philippines (28.03
cm, Gevaña et al. 2008). The recorded large DBH values were for A. rumphiana, both in fringe and riverine
mangrove forests, with the largest value of 152.15 cm in the riverine mangrove forests. However, large-
sized, and adult mangrove trees (> 100 cm DBH) were exclusively observed in the riverine mangrove
ecosystems and from A. rumphiana only, which can be an indication of a mature forest (Kiruba-Sankar et
al. 2017). For tree height, taller mangroves were observed in the landward (7.00 ± 0.31 m), which is
comparable to the tree height (6.15 m) of coastal mangroves of Tacloban in Leyte (Patindol and Casas
Jr. 2019), but lower than in Setiu Lagoon Peninsular, Malaysia (14.65 m, Islam et al. 2022). The overall
stem densities of mangroves were 1553.03 ± 106.96 and 1424.97 ± 145.64 stems ha-1, lowered
compared to mangrove forests of Zambezi River Delta, Mozambique (Trettin et al. 2015), and Pongara
National Park, Gabon Estuary (Trettin et al. 2021). The relatively low tree density for mangrove forests
particularly in riverine areas indicates good structural development (Cintron and Schaefer-Novelli 1983).
Lastly, canopy cover was generally lower in the middleward and seaward/along water. The creation of a
canopy gap can be a key driver to the natural regeneration of tropical mangroves (Kathiresan and
Bingam 2001). As observed in the riverine mangrove forests, regenerants were common particularly
along the water, mainly composed of A. marina, and C. tagal. On the other side, the occurrence of a
dense canopy does not allow full penetration of sunlight, which is a necessary factor for the growth of
plants (Kiruba-Sankar et al. 2017).

Variation in Mangrove Species Composition
The NMDS ordination showed the presence of variation in mangrove species composition between
zones and mangrove forest types (Fig. 4). According to Trettin et al. (2015), the variations in site
conditions are implied to drive species zonation for mangroves. In the study area, the middleward of
fringe mangrove forests was strongly associated with a single species only, specifically A. corniculatum.
This shrub to small tree mangrove species was commonly present in the middleward zone in clusters,
where it thrives in the muddy substrate, and under the regular influence of tides. But this species was
also observed to occur in tidal creeks and river mouths (Primavera et al. 2004). Meanwhile, the
mangrove species such as C. philippinensis, A. floridum, R. mucronata, S. alba, and L. littorea were
strongly associated with the seaward zone of fringe mangrove forests, as also likely observed in
previous studies of Yuliana et al. (2019), and Reganas et al. (2020). The mangrove species are known to
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thrive closest to the sea with the highly saline condition and can survive in inundated substrate
conditions for a long time (Primavera et al. 2004, Crase et al. 2013, Reganas et al. 2020). Conspicuously,
among the aforementioned species, S. alba was the most dominant species forming a monospecific
stand, and thrives even in a coralline substrate, with very minimal sediment deposits. Moreover, the
mangrove R. mucronata could be found in other locations besides the seaward, where the species is
also strongly associated with the soft muds of estuarine rivers and tidal creeks (Primavera et al. 2004).
Alternatively, all the zones in the riverine and landward zone in fringe mangrove forests share the
majority of the mangrove species, with the most abundant species such as N. fruticans, A. rumphiana,
and A. marina. Most of the mangrove species found among these habitats or zones are generally
considered to have low to optimum salinity tolerances (Reganas et al. 2020). The similarity in species
composition among these zones could be strongly associated with the similarity in environmental
conditions. The riverine mangrove forests can receive freshwater inputs from the river flow, likewise, the
landward zone in fringe mangrove forests receives its freshwater inputs through small freshwater
channels and surface run-off, reducing salinity conditions in these environments (Singh 2020).
Furthermore, similarities in substrate compositions were noticeable, characterized by muddy or muddy-
sandy substrates. Therefore, the mentioned environmental conditions can strongly explain why riverine
areas together with the landward zone in fringe mangroves support similar mangrove species
assemblage.

Mangrove Species Indicators
The species indicator analysis further complements the ordination results on the similarity of mangrove
species composition. Accordingly, indicator species are those organisms that might serve as an
indicator of environmental or habitat quality and therefore can be helpful for monitoring purposes
(Amarasinghe et al. 2021). The present study identified two mangrove species as indicators for the
landward zone in fringe mangrove forests, these were S. hydrophyllacea and O. octodonta. The
mangrove species are characteristically shrubs to small or medium trees, typically found along high tide
lines on exposed rocky and sandy shores, and as well on muddy landwards. Both species tolerate high
salinity conditions (Primavera et al. 2004). Consistent with the analysis of the similarity in species
composition, A. corniculatum serves as an indicator species for the middleward zone in fringe mangrove
forests. The presence of this species indicates a highly saline environment (Primavera et al. 2004), as
well as in muddy substrate under the regular effects of tides and waves. Meanwhile, R. apiculata and S.
alba were found to be indicator species for both landward and middleward, and both middleward and
seaward zones, respectively, in fringe mangrove forests. As observed, R. apiculata were abundant both in
the landward and middleward which formed a monospecific stand in muddy substrate conditions. As
well, S. alba also formed a monospecific stand in the meddleward and especially closest to the sea, and
regularly under the influence of tides and waves. The presence R. apiculata and S. alba indicates
environments that are subjected to flooding conditions for longer periods, and high salinity (Sreelekshmi
et al. 2018, Irawan et al. 2021).
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In the riverine mangrove forests, no species is an indicator for the landward zone alone, though C. tagal
was recognized as indicator species for middleward, and two species (A. alba and C. decandra) as
indicators for along the water/river. Meanwhile, mangrove species including N. fruticans, B. cylindrica,
and A. officinalis were identified as indicator species for multiple zones and were widely distributed in
riverine mangrove forests. All the mentioned mangrove species are residents of riverine mangrove
forests, growing in compact and deep mud or sandy-mud substrates (Primavera et al. 2004).
Interestingly, almost all the species (C. tagal, C. decandra, A. alba, B. cylindrica, A. officinalis) were only
found in riverine mangrove forests. This may suggest strict environmental requirements for their
establishment and growth, particularly, the continuous supply of freshwater that reduces salinity
conditions (Reganas et al. 2020). For example, in the study by Barik et al. (2017), N. fruticans have been
recognized as low-salinity indicator species which primarily inhabit oligohaline to mesohaline zones.

In addition, mangrove species such as A. marina, E. agallocha, and A. rumphiana were identified as
indicator species, generally in the landward zone of fringe and the different zones in riverine mangrove
forests. As previously explained, the environmental conditions (e.g., freshwater inputs) from these zones
or habitats are likely similar to which the three mangrove species occur.

Species Distribution with Environmental Variables
Environmental factors are known to have a significant influence on the spatial distribution or zonation of
mangroves (Trettin et al. 2015, Reganas et al. 2020, Irawan et al. 2021). The quantitative analysis in the
present study revealed that mangrove species can be generally classified as riverine and fringing based
on the specific environmental variables that explain their distribution and occurrence. For example, the
occurrence of mangrove species including C. decandra, A. officinalis, and E. agallocha was closely
determined by soil depth. These mangroves were commonly found and abundant in riverine mangrove
forests, with deep muddy soil substrate often exceeding 2 m, unlike the fringe mangrove forests with thin
soil deposits (< 1 m). The distribution of S. hydrophyllacea and B. cylindrica was specifically determined
by the distance from the seaward or along the river’s edge. The two species have been primarily
observed to occur in the landward most in riverine or fringe mangrove forests. Irawan et al. (2021) also
made similar observations and noted that these species grow more tolerant to shorter seawater
inundation. Moreover, the increasing soil dry bulk density closely determines the distribution of H.
littoralis, N. fruticans, and A. rumphiana. The mangrove species have been also observed to occur in
higher intertidal areas and drylands along forest margins (Primavera et al. 2004). In the study area, the
species were growing in the landwards of riverine mangrove forests with denser, and dryer soil, and with
mixtures already of mineral materials as indicated by brown or light brown soil color.

Meanwhile, the distribution of fringe mangrove species specifically A. corniculatum, R. apiculata, and X.
granatum, was closely influenced by increasing water content. The mangroves A. corniculatum, and R.
apiculata were found to be abundant in the middleward zones where the muddy soils were often
saturated with seawater due to regular flooding by tides. The occurrence of mangroves particularly R.
apiculata at this zone can be likely explained by the location of the establishment of its larger
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propagules, which is more likely to be stranded and develop in lower and frequently flooded areas
(Sreelekshmi et al. 2018). For X. granatum, it was observed in the landward zone of fringe mangrove
forests where tides can also reach. The tree species has been commonly described as occurring in the
upper intertidal zone of mangrove forests, but mature trees are occasionally found at lower elevations
(Allen et al. 2003). Furthermore, the distributions of the group of mangroves consisting of A. marina, C.
philippinensis, A. floridum, S. alba, and R. mucronata were closely linked to higher soil salinity and soil
porosity. These mangrove tree species were observed closest to the sea where they are under the
influence of tide for most of the time, and are first to receive the force of incoming waves. The mangrove
species are known to be tolerant to high salinity (Sreelekshmi et al. 2018), and their adaption to salt
tolerances can be classified as salt accumulators (S. alba), the presence of salt-secreting glands (A.
marina, A. floridum), and salt excluders (R. mucronata) (Md Isa and Suratman 2021). For example, S.
alba grows in waters between 5 and 50% seawater, according to Ball and Pidsley (1995).

Relationship Between Mangrove Diversity with Environmental
Variables
The edaphic factors have been recognized to have a major influence on the mangrove community
(Perera et al. 2013, Dangan-Galon et al. 2016, Barik et al. 2017). The present study showed that the
abundance of mangroves had a direct-positive association with soil porosity, where specifically
abundance increases with increasing porosity. The existing relationship could be strongly explained by
the higher number of mangrove individuals occurring in the seaward zone of fringe and the landward
zone of riverine mangrove forests. The mangrove species such as S. alba and N. fruticans occur
abundantly in the previously mentioned zones, respectively, where the substrate has primarily been
observed to be very sandy, a substrate type that is associated with higher porosity. Previous studies have
indicated that both species preferred sandy substrates (Baleta and Casalamitao Jr. 2016, Dharmawan
and Pramudji 2020).

It has been noted also that hydrological processes may have a strong influence on mangroves (Cunha-
Lignon et al. 2011). With this study, water content significantly influences abundance, where mangroves
tend to be least abundant with moderate water content, however, most importantly, mangrove diversity
increases with increasing soil water. In the riverine mangrove forests, diversity linearly increased from
the landward towards the edge of the river, where the soil becomes more saturated. In this case, the
increase in soil water content can be attributed to the freshwater inputs from the river, which lowers the
soil salinity, and consequently promotes higher diversity of mangroves (Singh 2020).

Among the different edaphic factors, it is soil salinity that has been identified to be one with the most
significant influence in shaping the mangrove ecosystems (Perera et al. 2013, Sreelekshmi et al. 2018,
Prasanna et al. 2019, Raganas et al. 202). The current study has demonstrated that soil salinity
negatively affects both the abundance and diversity of mangroves where both decrease with increasing
salinity conditions. This observed pattern corroborated with the result of the study by Perera et al. (2013)
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for tropical mangrove communities on the North-western Coast of Sri Lanka. In the study area, fringe
mangrove forests particularly the seaward were characterized by a reduced number of species, where in
many locations, only monospecific stands of salt-tolerant S. alba (Md Isa and Suratman 2021) together
with other few species were present. Concerning high soil salinity, the establishment of other mangrove
species is possibly being prevented as this environmental condition limits water uptake, decreases
photosynthesis, and is coupled with other negative impacts such as on reduction in tree density and
height (Singh 2020).

Finally, distance to sea or river was another important determinant of mangrove diversity, wherein
diversity was found to increase with increasing distance from the sea or river. Though the pattern is not
reflected in the case of riverine, the effect of seaward distance on diversity is much more evident in the
fringe mangrove forests. Again, the higher diversity in the landward zone of fringe and riverine mangrove
forests, in general, can be attributed to lower salinity, and might as well nutrient supply.

Conclusions
Mangrove forests are among the most productive, and complex ecosystems which are comprised of
salt-tolerant plants (Md Isa and Suratman 2021). The present study has shown that the riverine
mangrove forests were the most diverse, and with good structural development, indicating their
protection and conservation values. The mangrove species composition varied where the riverine and
the landward most fringe mangrove forests were generally associated with species with low to optimum
salt-tolerances, while mangrove stands closer to the sea were associated with highly salt-tolerant
species. In addition, specific mangrove species were associated with certain or multiple zones and
mangrove forest types, which may suggest specific environmental or habitat requirements. Lastly,
mangrove species can be generally classified as riverine and fringing based on the environmental
variables explaining their distributions, and it has been found that soil porosity, water content, soil
salinity, and distance from the sea or river’s edge were the most important environmental factors that
determine diversity patterns of mangroves.
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Figures

Figure 1

Map of the study area, and study sites (fringe and riverine mangroves) along the Carigara Bay in Leyte,
Philippines (adapted from Decena et al. [2023])
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Figure 2

The difference in (a) abundance, (b) species richness, and (c) diversity of mangroves between mangrove
ecosystem types, and between the different zones. LW-landward, MW-middleward, SW/AW-
seaward/along water
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Figure 3

The difference in vegetation structures such as (a) DBH, (b) height, (c) stem density, and (d) canopy
cover of mangroves between mangrove ecosystem types, and between the different zones. LW-landward,
MW-middleward, SW/AW-seaward/along water
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Figure 4

The NMDS of species composition of mangroves (trees and palm) among the different zones for both
fringe and riverine mangrove ecosystems along the Carigara Bay in Leyte, Philippines, with habitat
polygons and species (two letters symbol) distribution. Fringe (landward) (FLW) — open square, Fringe
(middleward) (FMW)-open circle, Fringe (seaward) (FSW)-open triangle, Riverine (landward) (RLW)-solid
square, Riverine (middleward) (RMW)-solid circle, Riverine (along water) (RAW)-solid triangle. The
species abbreviations are listed in Table 1
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Figure 5

Indicator species identified from the mangrove ecosystems along the Carigara Bay in Leyte, Philippines,
(a) Aegiceras corniculatum, (b) Avicennia alba, (c) Avicennia marina, (d) Avicennia officinalis, (e)
Avicennia rumphiana, (f) Bruguiera cylindrica, (g) Ceriops decandra, (h) Ceriops tagal, (i) Excoecaria
agallocha, (j) Nypa fruticans, (k) Osbornia octodonta, (l) Rhizophora apiculata, (m) Scyphiphora
hydrophyllacea, and (n) Sonneratia alba
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Figure 6

NMDS ordination displaying the magnitude and direction of the fitted vectors (environmental variables)
and species distributions among the different zones for both fringe and riverine mangrove ecosystems
along the Carigara Bay in Leyte, Philippines. Species abbreviations are listed in Table 1
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Figure 7

Partial effects of (a) porosity, (b) volumetric water content, and (c) soil salinity in GAM model for the
mangrove abundance in fringe and riverine mangrove ecosystems along the Carigara Bay in Leyte,
Philippines. Dashed lines indicate the standard errors for each model term
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Figure 8

Partial effects of (a) volumetric water content, (b) soil salinity, and (c) distance to sea/river in GAM
model for the mangrove diversity in fringe and riverine mangrove ecosystems along the Carigara Bay in
Leyte, Philippines. Dashed lines indicate the standard errors for each model term


