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Abstract
1.	 Despite their crucial role in providing ecosystem services and livelihood support 

in 124 countries, mangroves are facing challenges from warming, altered seasonal 
precipitation and sea level rise (SLR) in the face of climate change. Variation in in-
tra- and interspecific hydraulic traits and related xylem anatomy may allow trees 
to adapt to changing environmental conditions, yet little is known about adaptive 
plasticity in mangroves.

2.	 We examined (i) xylem and hydraulic trait variation across three (low, medium and 
high) salinity zones in three widespread mangrove species (Exocecaria agallocha, 
Xylocarpus moluccensis and Heritiera fomes) with distinct shade tolerance 
characteristics in the Bangladesh Sundarbans, (ii) associations of xylem and 
hydraulic traits, and (iii) habitat (regulator, resource and forest structure) effects 
on vessel diameter due to its strong influence on hydraulic conductivity variation.

3.	 Although potential conductivity (KP) and leaf-specific conductivity (KL) showed 
species-specific variation, a notably greater conductivity was found in the low-
salinity zone (LSZ), which had lower vessel wall reinforcement (t/b)2. Xylem and 
hydraulic traits exhibited mostly strong phylogenetic signals, whereas pairwise 
relationships between traits were phylogenetically independent. The study 
species had distinct hydraulic characteristics, where vessel diameter (D) was 
strongly related to the variation in KP and KL. Furthermore, the study species 
exhibited a weak trade-off between hydraulic efficiency and safety.

4.	 A greater percentage of smaller vessel diameters in light-demanding E. agallocha 
indicates greater hydraulic safety against cavitation under stressful conditions 
than in shade-tolerant H. fomes, followed by X. moluccensis. Although species 
characteristics place broad bounds on xylem traits, the combined effects of 
salinity, nutrient availability and tree size modulate vessel diameter, which leads 
to hydraulic conductivity variation.
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1  |  INTRODUC TION

Along with livelihood support to millions of coastal people living in 
124 (sub)tropical countries, mangroves are carbon-rich intertidal 
ecosystems provide valuable cultural, provisioning, regulating and 
supporting services (Krauss & Osland,  2020; Song et  al.,  2023; 
Spalding & Leal, 2021). By maintaining extremely low xylem water 
potentials and reducing water loss, mangrove tree species extract 
water through various xylem structural and physiological adap-
tations to survive in saline environment (Gauthey et  al.,  2022; 
Krauss et al., 2008; Nguyen et al., 2017; Reef & Lovelock, 2015; 
Schmitz, Egerton, et  al.,  2012a; Schmitz, Koch, et  al.,  2012b). 
Hydraulic conduction is challenging in mangroves because salin-
ity causes less capillary water transport, which eventually leads to 
salinity-induced drought stress (Raza et al., 2023). Climate change 
consequences, such as sea level rise (SLR), rising temperature 
and atmospheric vapour pressure deficit (VPD), create additional 
stress on mangrove tree hydraulic systems (Friess et  al.,  2022; 
Reef & Lovelock, 2015). As physiological drought intensifies, ten-
sion in the xylem increases, thus increasing the probability of cav-
itation in conductive cells, such as embolism formation in vessels 
(Cochard et  al.,  2013; Jiang et  al., 2021; Lens et  al., 2022; Tyree 
& Sperry,  1989). This phenomenon can eventually lead to sys-
temic failure of water transport systems and, as a result, tree die-
offs (Brodribb & Cochard, 2009; Gauthey et al., 2022; McDowell 
et  al.,  2008). Therefore, a clear understanding of how hydraulic 
functioning changes in mangrove tree species under salinity stress 
is essential for better management and conservation of threatened 
mangrove ecosystems.

Hydraulic traits (e.g. hydraulic conductivity and vessel wall re-
inforcement) play a critical role in shaping species distributions 
and functions in a wide range of ecosystems, including mangroves 
(Blackman & Brodribb, 2011; Cosme et al., 2017; Jiang et al., 2017; 
Jiang et al., 2021; Laughlin et al., 2020; Madrid et al., 2014; Oliveira 
et al., 2019; Robert et al., 2009; Schmitz et al., 2006). Trees require 
a certain level of water transport for photosynthesis and transpi-
ration, as well as adequate mechanical support, to withstand phys-
ical damage (Lachenbruch & McCulloh,  2014; Onoda et  al.,  2010; 
Wagner et al., 1998). However, mangrove species are likely to have 
conservative resource acquisition strategies and are unlikely to re-
quire a high degree of hydraulic efficiency to sustain photosynthesis 
(Ball, 1996; Jiang et al., 2021; Oliveira et al., 2021; Sobrado, 2001). 
Therefore, studies focusing on a diverse range of species across 

salinity gradients can aid in understanding the tree hydraulic mech-
anisms in stressful mangrove environments.

Potential hydraulic conductivity (KP) can quantify the water 
transport ability in the xylem, whereas leaf-specific hydraulic con-
ductivity (KL) indicates the hydraulic efficiency of xylem to supply 
water per unit of transpiration area (Bittencourt et al., 2016; Sperry 
& Tyree,  1988). Among the xylem traits, vessels conduct water 
where fibres support mechanical strength, and a trade-off between 
hydraulic efficiency (more conductive area) and mechanical safety 
(dense wood) has been suggested (Pratt & Jacobsen,  2017). Such 
a trade-off, however, might be regulated by altered vessel area in 
sapwood (the proportion of water-conducting vessel area, F), vessel 
composition (S, an index of narrow to wide vessel lumens) and the 
ratio of sapwood area to leaf area. In addition to pit membrane char-
acteristics, vessel lumen diameter (henceforth vessel diameter, D) is a 
strong determinant of hydraulic efficiency (Jacobsen & Pratt, 2023). 
Both D and hydraulic conductivity tend to decrease with increas-
ing environmental stress, such as salinity in mangroves (Madrid 
et al., 2014; Robert et al., 2009; Schmitz et al., 2007; Sobrado, 2007; 
Verheyden et al., 2004). In contrast, smaller vessels lead to greater 
hydraulic safety because of the lower risk of cavitation, as small ves-
sels have a lower risk of air-seeding due to a smaller pit membrane 
area (Hacke et al., 2006; Schmitz et al., 2012b). In addition, higher 
vessel grouping may have functional advantages in hydraulic con-
duction. For example, group vessels facilitate hydraulic transport, 
bypassing embolized vessels through the intervessel pits of close 
neighbouring vessels (Baas et al., 1983; López-Portillo et al., 2005; 
Robert et al., 2009; Yáñez-Espinosa et al., 2001). Furthermore, ves-
sels require greater structural reinforcement in vessel walls (t/b)2 to 
avoid hydraulic stress (vessel cavitation) at low water potentials (high 
tension), especially under stressful environmental (saline) conditions 
(Hacke, 2015; Janssen et al., 2020; Jiang et al., 2022). Therefore, the 
ability of different tree species to adapt to diverse stress conditions, 
for example salinity depends on plasticity of the hydraulic-related 
xylem traits.

Xylem traits are heritable and sensitive to evolutionary modifi-
cations (Carlquist, 2012). Compared with distantly related species, 
family-level phylogenetic studies suggest that more closely related 
species under specific environmental conditions have more similar 
xylem traits (Carvalho et al., 2023; Chave et al., 2006; Zanne et al., 
2018). Instead, the lack of phylogenetic signals could imply evolu-
tionary lability (Arenas-Navarro et al., 2021). Differences in xylem 
and hydraulic traits along environmental gradients can influence 

5.	 The contrasting safety in terms of vessel diameter in mangroves suggests an im-
portant role in adaptation to salinity and species distribution. The results also pro-
vide insight into salinity-induced growth reduction and mortality in mangroves.

K E Y W O R D S
hydraulic conductivity, mangrove, safety–efficiency trade-off, salinity, shade tolerance, the 
Sundarbans, xylem anatomy

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14751, W

iley O
nline L

ibrary on [28/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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tree function, leading to interspecific variation (Li et al., 2023; Rosas 
et  al., 2019; Savva et  al., 2010). Phylogenetic signals for hydraulic 
traits are much weaker than those for xylem traits (Hietz et al., 2017). 
This means that evolution is likely to have less of an effect on them 
than on vessel size and number.

Nonetheless, xylem traits have established conceptual frame-
works to address ecological questions (Beeckman, 2016), and we 
still lack a general understanding of how xylem hydraulic trait vari-
ation is linked to the environmental stresses that underlie species 
survival, growth and distribution, particularly in mangroves. In 
mangroves, tree growth and distribution are influenced by the in-
teraction of different habitat variables, such as regulators (e.g. soil 
salinity and siltation), resources (e.g. nutrients) and forest structure 
(e.g. DBH, height and tree density; Chowdhury, Sarker, Sultana, 
et  al., 2023; Sarker et  al., 2021; Twilley & Rivera-Monroy, 2005). 
These variables may put selective pressure on the trade-offs or 
associations among xylem traits to shape hydraulic functions in 
trees. For example, tree species from stressful salinity areas tend 
to have narrower vessels and thus greater resistance to cavitation 
but lower hydraulic conductivity than those from low-salinity areas 
(Pockman & Sperry, 2000; Robert et al., 2009; Schmitz et al., 2006). 
Furthermore, light-demanding species may have different hydraulic 
strategies than shade-tolerant species to regulate hydraulic flows 
for survival, growth and distribution. Although mangrove hydrau-
lic studies have focused mainly on understanding the effects of 
soil salinity, siltation and nutrients on a few mangrove species, 
such as Avicennia sp., Ceriops sp., Laguncularia sp. and Rhizophora 
sp. (De Deurwaerder et  al.,  2016; Lovelock et  al.,  2006; Madrid 
et  al.,  2014; Okello et  al.,  2017; Robert et  al.,  2009; Schmitz 
et  al.,  2007; Sobrado,  2006), little is known about how hydraulic 
properties are related to the shade tolerance of species. All hydrau-
lic traits are likely to be strongly affected by the interactive effects 
of habitat variables, as described for growth and morphological 
trait variation in mangrove species (Chowdhury, Sarker, Sultana, 
et al., 2023; Sarker et al., 2021). However, tree responses to multi-
ple interactive stresses cannot be inferred from a single stress (Li 
et al., 2023; Suzuki et al., 2014). Therefore, quantifying the inter-
active effects of these factors is crucial for predicting mangrove 
species responses to future environmental changes.

Sundarbans, the largest single block of mangroves (~10,000 km2) 
on Earth, safeguards the coasts and lives and sustain livelihoods 
in two neighbouring South Asian countries, Bangladesh and India 
(Ahmed, Sarker, Friess, et  al.,  2023; Gopal & Chauhan,  2018). 
Although this Ramsar and UNESCO World Heritage Site harbours 
relatively high floral diversity, including the IUCN listed globally 
endangered species, for example Heritiera fomes Buch.—Ham., the 
ecosystem is largely threatened by anthropogenic disturbances and 
environmental changes in the face of climate change (Dasgupta 
et  al.,  2017; Sarker et  al.,  2019; Ward et  al.,  2016). Furthermore, 
higher rates of SLR and sedimentation limit tree growth and change 
species distributions in the Sundarbans (Ahmed, Sarker, Friess, 
et al., 2023; Sarker et al., 2016), which can affect hydraulic function-
ing in trees (e.g. Okello et al., 2017). However, a basic understanding 

of the hydraulic architecture of surviving mangrove tree species in 
the Sundarbans is scarce.

In this study, we investigated the xylem and hydraulic traits 
of three widely distributed tree species in the Bangladesh 
Sundarbans. Among them, Excoecaria agallocha L. (Euphorbiaceae) 
is a light-demanding species that grows on the coasts of the Indo-
West Pacific (IWP) (Reef & Lovelock,  2015). The shade-bearing 
Xylocarpus moluccensis Pierre (Meliaceae) grows in the West 
Pacific (WP) and H. fomes (Sterculiaceae) is distributed in the Indo-
Malaysian (IM) mangroves. An earlier study (Sarker et al., 2019) re-
vealed a declining population growth of these species (especially 
in higher salinity areas) in the Sundarbans, similar to global trends 
(Polidoro et al., 2010). This study aimed to (i) identify the species-
specific variation in xylem and hydraulic traits across salinity gradi-
ents, (ii) determine the associations between xylem and hydraulic 
traits, and (iii) understand the effects of habitat conditions (regula-
tors, resources and forest structure) on one of the most important 
xylem traits, the vessel diameter (Jacobsen & Pratt, 2023) that reg-
ulates hydraulic conductivity variation.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The study was conducted at the Bangladesh Sundarbans (21°30′–
22°30′ N, 89°00′–89°55′ E; Figure 1a), which is located in the estuary 
of the Ganges-Brahmaputra River system. It covers 6017 km2 area, 
31% of which is composed of water bodies, such as rivers, canals and 
small streams (Sarker et al., 2016; Siddique et al., 2021). The forest is 
inundated twice a day with 3–4 m high tides (Islam & Gnauck, 2011), 
and the sedimentation rate is high (~2.4 billion tons of sediments 
year−1; Mitra & Zaman, 2016).

Salinity is an important regulatory factor in this ecosystem 
that varies both spatially and seasonally (Ahmed, Sarker, Friess, 
et  al.,  2023; Chowdhury, Sarker, Hossain, et  al.,  2024; Sarker 
et al., 2021). Based on spatial salinity variation, this ecosystem is di-
vided into three contrasting salinity zones: low-salinity zone (LSZ, 
eastern and north-eastern part), medium salinity zone (MSZ, cen-
tral and southern part) and high salinity zone (HSZ, western and 
south-western part) (Sarker et al., 2016). In addition to tides from 
the Bay of Bengal, precipitation and freshwater discharge from the 
upstream river (the Ganges) regulate the spatial and seasonal varia-
tion in salinity (Chowdhury, Sarker, Gupta, & Datta, 2023). During 
the monsoon (June–September), salinity decreases due to increased 
precipitation and increased freshwater flow from the Ganges, 
and salinity increases steadily after freshwater flows are reduced 
during the post-monsoon (October–November), followed by winter 
(December–February) and pre-monsoon (March–May) (Chowdhury, 
Sarker, Gupta, & Datta, 2023; Figure 1b). Furthermore, after commis-
sioning the Farakka barrage in India in 1975, the salinity increased by 
60% because of a decrease in fresh water discharge from the Ganges 
(Aziz & Paul,  2015). The region is characterized by a monsoonal 
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4  |    CHOWDHURY et al.

climate (Figure 1c), where the mean annual rainfall is 1700 mm (rang-
ing from 1474 to 2265 mm) and the mean temperature ranges from 
20 to 30°C (Chowdhury, Sarker, Sultana, et al., 2023).

The Bangladesh Sundarbans is a H. fomes dominated uneven-aged 
mangrove ecosystem (Sarker et al., 2016). It comprises different size 
classes of E. agallocha, X. moluccensis, Bruguiera gymnorrhiza (L.) Lam., 
Ceriops decandra (Griff.) Ding Hou, Cynometra ramiflora L. in associa-
tion with H. fomes (Hossain, 2015). Such species compositions vary 
spatially across salinity gradients, particularly in high salinity areas, 
where most of the species have disappeared. For example, H. fomes 
prefers freshwater dominated habitats and has a negative response 
to increased soil salinity (Chowdhury, De Ridder, et al., 2016; Sarker 
et al., 2016). The H. fomes population is estimated to have declined 
by 76% since 1959, mainly due to excessive harvesting and top-dying 
disease (Iftekhar & Saenger, 2008; Sarker et al., 2019). Although the 
distribution of X. moluccensis is decreasing because of overharvest-
ing (Sarker et al., 2016), E. agallocha is still widely distributed across 
the Sundarbans due to its salt tolerance and regeneration character-
istics, with a greater ability to colonize open and degraded habitats 
(Harun-or-Rashid et al., 2009; Sarker et al., 2016).

2.2  |  Tree selection, measurements and sample 
collection

Compared with other tree species in the Sundarbans (Sarker 
et  al.,  2021), the most dominant H. fomes, the second most 

dominant E. agallocha and dominant X. moluccensis were selected for 
sampling. Since 1986, the Bangladesh Forest Department (BFD) has 
established a total of 120 permanent sample plots (PSPs; size, 0.2 ha 
with dimensions of 100 × 20 m) in the Sundarbans for biodiversity 
and forest stock monitoring (Chowdhury, Kitin, et al., 2016; Sarker 
et al., 2016, 2019). In this study, a total of 60 PSPs were selected for 
sampling in three contrasting salinity zones (i.e. the LSZ, MSZ and 
HSZ; Figure 1a). To avoid seasonal harsh weather conditions, such 
as heavy monsoonal precipitation, storms and excessive tidal surges, 
we performed field measurements and sampling from December to 
April (2020–2021) under the permission of the BFD (permit no.: BFD-
22.01.0000.004.04.21.1.20.588, dated 13 December 2020). All 
trees with DBH ≥4.5 cm (at a height of 1.3 m from the ground) were 
measured to calculate stand characteristics, such as tree density 
(stem ha−1). The DBH (cm) and tree height (m), were measured using 
a diameter tape and a Suunto clinometer (Suunto, Vantaa, Finland), 
respectively. We also quantified the coefficient of variation of 
DBH (CoV DBH) and tree height (CoV H), which indicates tree size 
inequality in the PSPs (Chen et al., 2023).

Based on the availability of the study tree species, one to three 
trees were purposively selected from each PSP for wood core and 
leaf collection. Wood cores were collected at a height of 1.3 m above 
the ground with an increment borer (diameter, 4.3 mm; Haglöf, 
Sweden). The third order fully expanded leaf pair from the apex 
of the plagiotropic (lateral) branches was selected for sampling. 
We avoided leaves with obvious symptoms of pathogen or herbi-
vore attack or with a substantial cover of epiphylls. In that case, we 

F I G U R E  1  Sampling locations in three salinity zones in the Bangladesh Sundarbans (a). The green colour, the low (LSZ); the blue 
colour, the medium (MSZ); the red colour, the high salinity zone (HSZ). Intra-annual mean salinity (EC, electrical conductivity, mS cm−1) 
and mean river discharge (m3 s−1) variation (b). Intra-annual mean precipitation, mm and mean temperature, °C variation (c). Dry winter 
(December–February), pre-monsoon (March–May), monsoon (June–September) and post-monsoon (October–November).

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14751, W

iley O
nline L

ibrary on [28/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  5CHOWDHURY et al.

measured the fourth order leaves of the branches. Afterwards, the 
wood cores and leaves were placed in polythene bags separately for 
laboratory analyses. We measured the fresh area of the leaves using 
images (captured by a digital camera, Nikon D5500; Nikon, Tokyo, 
Japan) in Adobe Photoshop CS (Adobe, San Jose, California, USA) 
following Sarker et al. (2021). The soil samples from each PSP were 
collected at a depth of 15 cm using a 5 cm diameter cylindrical soil 
core sampler for laboratory analysis (Sarker et al., 2016). A total of 
nine soil samples were collected (1 from each corner, 1 from the 
middle of each side and 1 from the centre of the rectangular PSP), 
and subsequently, all the samples were mixed together to make one 
composite soil sample for the PSP. The soil samples were stored in 
polythene bags for laboratory analyses.

2.3  |  Site variable analysis

We selected regulatory variables, such as soil salinity, silt per-
centage, pH and elevation because of their critical roles in tree 
growth and distribution in the Sundarbans (Chowdhury, Sarker, 
Sultana, et al., 2023; Sarker et al., 2016). The collected composite 
soil samples were used for these analyses. The soil salinity (EC, 
mS cm−1) was measured using a digital conductivity meter (Extech 
341350A-P Oyster) at a 1:5 ratio in a suspension of soil in water 
(Hardie & Doyle, 2012). A digital pH meter (Extech RE300 ExStik) 
was used to measure the soil pH. The soil texture (silt percentage) 
was analysed using the hydrometer method (Gee & Bauder, 1986). 
Highly dynamic regional hydrology influences sediment deposi-
tion in the Sundarbans and, consequently, at variable elevations, 
even within a small distance (<1 km; Sarker et al., 2016). Five el-
evation readings were randomly extracted from each PSP from 
the digital elevation model (DEM), and these readings were aver-
aged for each PSP to reduce the errors associated with the DEMs 
(Sarker et al., 2021).

We selected resource variables, such as soil NH4, P and K be-
cause of their important influences on mangrove tree growth and 
development (Reef et al., 2010). Soil NH4 was measured following 
the Kjeldahl method (Bremner & Breitenbeck, 1983). We followed 
the molybdovanadate method to measure the soil P concentration 
(Ueda & Wada,  1970). The total soil K was determined using an 
atomic absorption spectrophotometer (AA-7000).

2.4  |  Wood anatomical analysis

2.4.1  |  Microtomy and microscopy

Owing to the age trend in vessel characteristics in mangrove tree 
species (Chowdhury et  al.,  2008; Schmitz et  al.,  2006; Siddique 
et al., 2021), we used the outer part of the wood core (near bark) 
from each tree for microtomy. Wood sections of 15 μm in thickness 
were cut using a microtome (HistoCore AUTOCUT, Leica, Germany). 
Afterwards, the sections were stained in a solution of 0.1% safranin 

(Merck KGaA, Darmstadt, Germany) and 50% ethanol. The sec-
tions were subsequently washed for 5 min in 50%, 75%, 96% and 
100% ethanol series and subsequently mounted on microscopic 
slides (Chowdhury, Kitin, et al., 2016). Observations were performed 
under a light microscope, and images were captured using a camera 
system connected to the microscope.

2.4.2  |  Xylem trait measurements

The microscopic images were analysed using Fiji ImageJ software 
(Schindelin et al., 2012). We used five 500 μm resolution images for 
vessel density (VD) measurements for each tree using the following 
equation:

The vessel diameter, D (both tangential and radial, μm), was mea-
sured on the images. We randomly measured the diameters of 100 
vessels for each tree. We also used the images to calculate the ves-
sel grouping index (GI) and then averaged the values in each case. 
The GI is a measure of vessel aggregation in cross sections (Lens 
et al., 2011), which improves resilience to embolism through the re-
dundancy of hydraulic pathways (von Arx et al., 2013). The GI was 
calculated as the ratio of the total number of vessels to the total 
number of vessel groupings in each image (Scholz et al., 2013).

The proportion of water-conducting vessel area (F) and vessel 
composition index (S, mm4) for each tree were also calculated follow-
ing the following equations (Hacke et al., 2001; Zanne et al., 2010):

where VA indicates the mean vessel area, and VD indicates the mean 
vessel density.

2.4.3  |  Hydraulic trait calculations

Based on the Hagen–Poiseuille law, the hydraulically weighted 
diameter (DH, μm) was calculated using a statistic that weights the 
vessel lumen size (Sperry et al., 1994).

Hagen–Poiseuille's law was also used to determine potential 
conductivity (KP, kg m−1 MPa−1 s−1) based on hydraulic diameter (DH) 
and VD.

where η is the viscosity index of water (1.002 × 10−9 MPa s at 20°C); 
ρ is the density of water at 20°C (998.21 kg m−3); D is the vessel 
diameter (μm).

VD = number of vessels∕area
(

mm2
)

F = VA × VD

S = VA∕VD

DH = ΣD5 ∕ΣD4
.

Kp =

(

��

128�

)

∗D4

H
∗VD
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Leaf-specific conductivity (KL, kg m−1 MPa−1 s−1) was calculated 
as the ratio of potential conductivity (KP) to leaf area (LA) (Tyree & 
Zimmermann, 2002).

The double wall thickness (μm) was measured for 50 pairs of in-
terconnected vessels on each tree to determine the mean thickness. 
The vessel wall reinforcement (t/b)2 indicates the capacity of vessels 
to resist water pressure deficit and was calculated as the ratio of the 
paired vessel wall thickness (t) and the diameter of the vessel closest 
to the hydraulic mean diameter (b) following Hacke et al. (2001) and 
Pittermann et al. (2006).

2.5  |  Statistical analysis

The Shapiro–Wilk normality test was performed to check the 
normality of the data. In the case of normality, the xylem and 
hydraulic trait variations among the salinity zones (LSZ, MSZ and 
HSZ) and among the species were analysed using one-way analysis 
of variance (ANOVA) followed by a post hoc (Tukey) test; otherwise, 
a nonparametric (Kruskal–Wallis) test followed by a post hoc (Dunn's) 
test was used. In the absence of normality, log-transformed data 
were used for other analyses. We performed principal component 
analysis (PCA) to test the associations among the studied hydraulic 
and xylem traits. The factor analysis of mixed data (FAMD) method 
was used to perform PCA using the ‘FactoMineR’ package (Lê 
et al., 2008). All the analyses were performed in the R platform (R 
Core Team, 2023).

To assess the presence of phylogenetic signals in xylem and 
hydraulic traits, we calculated Blomberg's K-values using the ‘phy-
losig’ function from the ‘phytools’ package in R (Revell,  2012). 
Blomberg's K-value is a statistic that compares the observed trait 
variance across a phylogenetic tree to the variance expected under 
a Brownian motion model of trait evolution (Blomberg et al., 2003). 
A K-value >1 indicates that closely related species are more similar 
in their traits than expected under Brownian motion. This suggests 
a greater phylogenetic effect on the trait distribution. Conversely, 
a K-value <1 suggests a weaker phylogenetic signal, indicating that 
closely related species are less similar in their traits than expected 
and implying a weaker phylogenetic effect (Blomberg et al., 2003). 
Phylogenetic trees of the species were constructed on the basis of 
available phylogenetic information, ensuring congruence with the 
species included in our study. A phylogenetic signal was considered 
significant if the p-value from the randomization test was <0.05.

We calculated pairwise correlations using phylogenetically inde-
pendent contrasts (PICs; Felsenstein, 1985) to investigate the phy-
logenetic effects in the dataset. We constructed a phylogenetic tree 
using the ‘pbtree’ function from the ‘ape’ package to ensure that it 
was rooted and fully dichotomous using the ‘multi2di’ function in 
R (R Core Team,  2023). We then used the ‘pic’ function from the 
‘picante’ package to calculate the PICs for each variable. We subse-
quently computed pairwise Pearson correlation coefficients on the 
resulting PICs, and the significant correlations were identified by ap-
plying a threshold (e.g. p < 0.05).

We used generalized additive models (GAMs) to understand the 
combined effects of regulators, such as salinity, pH, silt %, eleva-
tion, resources (e.g. N, P and K) and forest structure (e.g. height, 
DBH, CoV height, CoV DBH and tree density) on vessel diameter 
in the studied species (Wood & Augustin, 2002). To evaluate the in-
fluence of each explanatory variable, the cubic spline ‘cr’ was used 
to delineate the predictor–response relationships. A nonparametric 
smoothing function was used with an effective degree of freedom 
using the ‘mgcv’ package version 1.8–41 (Wood, 2017) in R, version 
4.3.1 (R Core Team, 2023).

With all possible combinations of variables, we fitted all possible 
candidate GAMs, and the models were ranked by the Akaike informa-
tion criterion (AICc) using the ‘dredge’ function in the ‘MuMIn’ pack-
age version 1.47.5 in R (Bartoń, 2023; Burnham & Anderson, 2002). 
The ΔAICc represents the difference between the AICc value of 
the best model and the AICc values of the other models. We used a 
‘∆AICc ≤2’ criterion as a selection metric for the confidence set of 
the models. The relative contribution of each variable in the best-
fitting model was evaluated by computing the AICcw values and 
the difference in total deviance explained between the entire model 
and the model with variables. Subsequently, AICc-weighted model 
averaging was applied to the parameter estimates of the selected 
models to mitigate model selection uncertainty and potential biases. 
To identify the key variables, we used the ‘importance’ function of 
the ‘MuMIn’ package by determining the strength of the covariates 
and ranking them based on their relative importance (RI). The RI val-
ues range from 0 to 1, where 0 indicates that the target covariate is 
excluded from all competing models, and 1 indicates inclusion in all 
competing models. We measured the goodness-of-fit of the models 
using the coefficient of determination (R2) statistic between the ob-
served and estimated values.

3  |  RESULTS

3.1  |  Hydraulic and xylem trait variation among the 
salinity zones

We compared the variation in hydraulic and xylem traits of the 
studied species among the salinity zones (Figure 2; Table 1). The soil 
salinity variation among three zones (the LSZ, 4.67 ± 2.25 mS cm−1; 
the MSZ, 7.50 ± 2.50 mS cm−1 and the HSZ, 11.75 ± 1.86 mS cm−1) 
was significant (p < 0.05). Although the mean potential conductivity 
(KP) and leaf-specific conductivity (KL) decreased from the LSZ to the 
HSZ, a significantly lower KP was found in the HSZ in E. agallocha and 
H. fomes (Figure 2). Similarly, a significantly lower KL was found in the 
HSZ only for H. fomes. Conversely, a significantly lower vessel wall 
reinforcement (t/b)2 value was found in the LSZ (Figure 2).

Xylem traits related to hydraulic conductivity also varied 
among the salinity zones (Table 1). However, the xylem traits did 
not exhibit the same patterns of variation. For example, VD sig-
nificantly differed among the salinity zones in the study species, 
except for E. agallocha, and the lowest value was in the LSZ in each 
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    |  7CHOWDHURY et al.

case. In contrast, vessel diameter (D) and hydraulically weighted 
vessel diameter (DH) were significantly lower in the HSZ than in 
the LSZ for each species (Table 1). The vessel composition index 
(S) indicates a greater contribution of wide vessels to water con-
duction in a given area (Zanne et al., 2010). A significantly greater 
S was found in the LSZ than in the HSZ in the study species, ex-
cept for X. moluccensis. On the contrary, the proportion of water-
conducting vessel area (F) was similar across the salinity gradients 

in each case. The vessel GI significantly varied among the salinity 
zones only in H. fomes (Table 1).

A comparison of species (the data were averaged for each 
species regardless of salinity zone) revealed that E. agallocha had 
significantly lower KP and KL values, whereas H. fomes had higher 
values (Figure 3A,B). On the contrary, a significantly higher (t/b)2 
was detected in E. agallocha than in X. moluccensis and H. fomes 
(Figure 3C).

F I G U R E  2  Hydraulic traits variation across the salinity gradients, that is the low (LSZ), the medium (MSZ) and the high salinity zone (HSZ) 
the Bangladesh Sundarbans. KP, Potential conductivity; KL, Leaf-specific conductivity; (t/b)2, vessel wall reinforcement. Different letters 
denote statistically significant variation at p < 0.05 and same letter is not significant (p < 0.05).
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8  |    CHOWDHURY et al.

3.2  |  Phylogenetic relationships

The analyses of phylogenetic signals across various xylem and hy-
draulic traits revealed a range of Blomberg's K-values, reflecting 
varying degrees of phylogenetic effects. Traits, such as VA (K = 6.37), 
D (K = 6.05), DH (K = 5.39), S (K = 5.38), F (K = 4.05) and VD (K = 3.76), 
exhibited the strongest phylogenetic signals. Compared with most of 
the xylem traits, hydraulic traits, such as KP (K = 2.35), KL (K = 2.31) and 
(t/b)2 (K = 1.18), exhibited a lower phylogenetic effect. These K-values 
were statistically significant (p = 0.001) based on 1000 randomizations. 
However, GI (K = 0.97) had a weak (K-value <1) phylogenetic signal. The 

correlations derived from PICs were consistent with species-wise cor-
relations (Table 2), indicating that the observed relationships among 
the traits were largely independent of phylogenetic relatedness.

3.3  |  Association between xylem and 
hydraulic traits

Increasing S and F in the studied species resulted in significant in-
creases in KP and KL (Table 2, p < 0.05). Similarly, D, DH and VA in-
creased significantly with both KP and KL but inversely with VD. As 

TA B L E  1  Tree characteristics and xylem traits variations among the salinity zones (i.e. the low-salinity zone, LSZ; the medium salinity 
zone, MSZ; the high salinity zone, HSZ) in the Sundarbans.

Species Variables LSZ (mean ± SD) MSZ (mean ± SD) HSZ (mean ± SD)

E. agallocha Tree 
characteristics

Sample trees (N) 32 40 34

Diameter at breast height, DBH (cm) 13.56 ± 3.06a 13.64 ± 3.09a 12.52 ± 3.75a

Tree height (m) 7.03 ± 1.87a 6.69 ± 2.38a 5.19 ± 1.56b

Leaf area, LA (cm2) 29.88 ± 7.62a 27.7 ± 8.44a 26.28 ± 8.04a

Xylem traits Vessel density, VD (no./mm2) 12.48 ± 4.81a 14.6 ± 4.39a 15.24 ± 5.06a

Vessel area, VA (μm2) 3406 ± 996a 2855 ± 670b 2882 ± 656b

Vessel diameter, D (μm) 65 ± 10a 60 ± 7a 60 ± 7a

Hydraulic vessel diameter, DH (μm) 80.51 ± 11.01a 75.24 ± 9.47ab 70.86 ± 10.08b

Grouping index (GI) 1.75 ± 0.27a 1.91 ± 0.3a 1.76 ± 0.25a

Proportion of water-conducting vessel area (F) 0.04 ± 0.01a 0.04 ± 0.01a 0.04 ± 0.01a

Vessel composition index (S) 0.03 ± 0.02a 0.02 ± 0.01b 0.02 ± 0.01b

X. moluccensis Tree 
characteristics

Sample trees (N) 18 18 11

Diameter at breast height, DBH (cm) 21.47 ± 9.13a 23.47 ± 4.83a 19.67 ± 5.02a

Tree height (m) 8.21 ± 2.71a 7.68 ± 1.92ab 6.13 ± 1.22b

Leaf area, LA (cm2) 37.56 ± 12.39a 32.52 ± 10.27a 32.32 ± 9.96a

Xylem traits Vessel density, VD (no./mm2) 17.56 ± 3.85b 19.89 ± 4.23b 24.27 ± 3.6a

Vessel area, VA (μm2) 5890 ± 897a 5214 ± 1128ab 4787 ± 759b

Vessel diameter, D (μm) 86 ± 7a 81 ± 9a 78 ± 7b

Hydraulic vessel diameter, DH (μm) 101.2 ± 8.14a 95.04 ± 10.47a 85.99 ± 9.57b

Grouping index (GI) 1.54 ± 0.16a 1.58 ± 0.13a 1.49 ± 0.16a

Proportion of water-conducting vessel area (F) 0.1 ± 0.03a 0.1 ± 0.02a 0.11 ± 0.01a

Vessel composition index (S) 0.04 ± 0.01a 0.03 ± 0.02a 0.02 ± 0.01a

H. fomes Tree 
characteristics

Sample trees (N) 34 25 7

Diameter at breast height, DBH (cm) 16.48 ± 5.35a 15.07 ± 4.37a 14.64 ± 3.71a

Tree height (m) 9.03 ± 3.06ab 10.39 ± 4.37a 10.2 ± 2.19b

Leaf area, LA (cm2) 41.63 ± 13.05a 39.29 ± 11.73a 42.08 ± 9.45a

Xylem traits Vessel density, VD (no./mm2) 7.56 ± 1.87c 9.68 ± 4.2b 9 ± 3.95a

Vessel area, VA (μm2) 8455 ± 2784a 7450 ± 2173ab 6536 ± 2660b

Vessel diameter, D (μm) 102 ± 17a 96 ± 14a 79 ± 12b

Hydraulic vessel diameter, DH (μm) 135.78 ± 22.99a 127.62 ± 21.05a 108.43 ± 8.97b

Grouping index (GI) 1.58 ± 0.16b 1.67 ± 0.2ab 1.52 ± 0.35a

Proportion of water-conducting vessel area (F) 0.06 ± 0.02a 0.07 ± 0.01a 0.05 ± 0.02a

Vessel composition index (S) 0.12 ± 0.06a 0.1 ± 0.06ab 0.06 ± 0.02b

Note: Different letters denote statistically significant (p < 0.05).
Abbreviation: SD, standard deviation.
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    |  9CHOWDHURY et al.

a result, increasing VD significantly reduced D, DH and VA. On the 
contrary, KP and KL showed no significant decreasing trend when 
(t/b)2 increased. However, the correlations between KP or KL and GI 
were negative and statistically significant (p < 0.05).

The PCA provided insights into the trade-offs between hy-
draulic conductance and hydraulic resistance, and their structural 
underpinnings across salinity gradients (Figure  4). The biplot re-
vealed two significant principal components that accounted for 
80.1% of the variability among the samples. The first component 

(PC1) explained 59.3% of the variation in the dataset and exhib-
ited strong positive loadings with KP, KL, D, DH and S but negative 
loadings with (t/b)2 and GI. The second component (PC2) explained 
20.8% of the variation and was strongly related to VD and F. The 
individual trait and the salinity zone exhibited a distinct pattern 
in the biplot (Figure 4). For example, the LSZ was aligned mainly 
with PC1. On the contrast, the MSZ and the HSZ were distributed 
mainly in the opposite direction of PC1. In addition, fewer MSZ and 
HSZ data were aligned with PC2.

3.4  |  Vessel diameter variation among the species

Although vessel diameter (D) exhibited a unimodal distribution, 
the patterns varied among the species. For example, most of the 
vessels were wider and had a right-skewed distribution in H. fomes 
(Figure  5A); conversely, most of the narrow diameter vessels in 
E. agallocha had a left-skewed distribution. The D also varied 
significantly among the study species, where the highest D was 
found in H. fomes and the lowest in E. agallocha (Figure 5B).

3.5  |  Effects of habitat variables on vessel diameter

Habitat variables, such as regulators (soil salinity, siltation, pH and 
elevation), resources (NH4, P and K) and forest structural variables 
(tree density, tree height, CoV DBH and CoV height), moderately 
explained the variability in vessel diameter (D) across the study 
species (Table  3). The models exhibited interactive effects of the 
habitat variables on D (model confidence set, ∆AIC ≤2). Among the 
regulatory variables, soil salinity had a relatively strong negative 
effect on D (Figure  6, Table  3). The pH and silt percentage had 
positive influences on D in X. moluccensis. However, increasing 
elevation gradually decreased D in H. fomes.

Although NH4 had a positive influence on D in E. agallocha, it 
decreased to ~6 mg−1 NH4 and then increased gradually in X. mo-
luccensis (Figure 6). On the contrary, D had a negative trend after a 
gradual increase of P to ~30–40 mg−1 in E. agallocha and X. moluccen-
sis. The D increased to ~5–6 mg−1 K in E. agallocha and X. moluccensis, 
and then decreased with increasing K. On the contrary, D showed a 
negative trend with increasing K in H. fomes.

Among the forest structural variables, tree height and DBH had 
positive influences on D in E. agallocha and X. moluccensis (Figure 6). 
In the case of H. fomes, both variables increased D up to ~10 m in 
height and ~20 cm in DBH and then showed an almost constant 
trend. Although D increased with increasing CoV height in X. moluc-
censis, a constant variation was found after an increase in D of ~20% 
of the CoV height in H. fomes. The CoV DBH gradually increased D in 
H. fomes and X. moluccensis. In E. agallocha, D variation was constant 
reaching ~25% of the CoV DBH, and subsequently increased. Tree 
density had a positive influence on D up to a certain tree density 
in the plots (~350 ha−1) and then exhibited a decreasing trend in H. 
fomes and X. moluccensis (Figure 6).

F I G U R E  3  Hydraulic traits variation among the species in 
the Bangladesh Sundarbans. KP, Potential conductivity (A); KL, 
Leaf-specific conductivity (B); (t/b)2, vessel wall reinforcement 
(C). Different letters denote statistically significant variation at 
p < 0.05 and same letters are not significant (p < 0.05).
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10  |    CHOWDHURY et al.

4  |  DISCUSSION

4.1  |  Species-specific hydraulic strategies along 
salinity gradients

We investigated how xylem and hydraulic traits vary among the 
studied mangrove species growing in climatically identical but 

distinct salinity zones (the LSZ, MSZ and HSZ) in the Sundarbans. 
As predicted, the studied species showed decreased potential con-
ductivity (KP) and leaf-specific conductivity (KL) values from the LSZ 
to the HSZ (Figure 2). However, the KP variation among the salinity 
zones was significant for E. agallocha and H. fomes. A higher salin-
ity at the HSZ could reduce the conductive area and consequently 
decrease hydraulic conductivity. Vessel diameter (D) decreased sig-
nificantly from the LSZ to the HSZ, whereas VD increased with in-
creasing salinity (Table 1). These findings are consistent with earlier 
studies on other mangrove species, such as Rhizophora mucronata 
Lamk., A. germinans (L.) in Kenya, Australia and Florida (Lovelock 
et  al.,  2006; Madrid et  al.,  2014; Robert et  al.,  2009; Schmitz 
et al., 2006). On the contrary, KL varied significantly across the sa-
linity gradients only in H. fomes (Figure 2). The nonsignificant varia-
tion in KL among the salinity zones in E. agallocha and X. moluccensis 
(Table 1) might be due to a gradual decrease in leaf area as salin-
ity increased. Furthermore, other mechanisms, such as increased 
water storage, reduced leaf area and leaf thickness, may help to 
adapt at relatively high salinities, as described for other mangrove 
species (Jiang et al., 2017; Nguyen et al., 2017).

The vessel composition index (S) was significantly higher at 
the LSZ in the study species, except for X. moluccensis (Table 1). 
A relatively low S in the higher salinity zone indicates a more hy-
draulically conservative strategy with many small vessels and a po-
tentially lower risk of salinity-induced embolism (Carlquist, 2016, 
2018; Schenk et  al.,  2008; Tyree,  2003; Zanne et  al.,  2010). On 
the contrary, F did not differ significantly among the salinity 
zones (Table 1). The mean F values for the study species (Table 1) 
are within the range reported for angiosperms (<0.20; Jacobsen 
et  al.,  2007). However, the vessel GI significantly varied among 
the salinity zones only in H. fomes (Table  1). Different types of 
wood construction have different vessel porosities, indicating 
the influence of zone- and species-specific mechanical support 
requirements (McCulloh et  al.,  2004; McCulloh & Sperry,  2005; 

TA B L E  2  Correlations between traits in the studied tree species in the Sundarbans.

Variables F S (t/b)2 KP KL GI VD DH D VA

F 0.135 −0.146 0.683 0.654 −0.297 0.405 0.404 0.582 0.568

S 0.155 −0.576 0.611 0.539 −0.322 −0.851 0.857 0.884 0.878

(t/b)2 −0.089 −0.621 −0.140 −0.155 0.416 0.224 −0.625 −0.747 −0.726

KP 0.544 0.150 −0.091 0.922 −0.277 −0.102 0.917 0.823 0.834

KL 0.330 0.368 −0.151 0.834 −0.215 −0.151 0.830 0.751 0.764

GI −0.188 −0.220 0.215 −0.179 −0.164 0.140 −0.288 −0.404 −0.393

VD 0.570 −0.904 0.378 −0.110 −0.126 0.165 −0.577 −0.507 −0.509

DH 0.223 0.584 −0.320 0.872 0.853 −0.168 −0.390 0.894 0.903

D 0.338 0.872 −0.636 0.413 0.515 −0.227 −0.580 0.668 0.988

VA 0.334 0.869 −0.628 0.417 0.518 −0.212 −0.579 0.671 0.995

Note: Species-wise correlations are shown above and phylogenetically independent contrast (PIC) correlations below the diagonal. Significance levels: 
bold p < 0.05. All data were log-transformed.
Abbreviations: D, vessel diameter; DH, hydraulically weighted vessel diameter; F, proportion of water-conducting vessel area; GI, grouping index; 
KL, leaf-specific conductivity; KP, potential conductivity; S, vessel composition index; (t/b)2, vessel wall reinforcement; VA, vessel area; VD, vessel 
density.

F I G U R E  4  Principal components analysis (PCA) depicting the 
two significant principal components and the relationships among 
hydraulic (KP, potential conductivity; KL, leaf-specific conductivity; 
(t/b)2, vessel wall reinforcement) and xylem traits (D, vessel 
diameter; DH, hydraulically weighted vessel diameter; S, vessel 
composition index; F, proportion of water-conducting vessel area; 
VD, vessel density; GI, grouping index) in the study species. The 
salinity zones in the Sundarbans, that is the low (LSZ), the medium 
(MSZ) and the high (HSZ) salinity zone.
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    |  11CHOWDHURY et al.

Zanne et al., 2010). Additionally, increases in the total amount of 
vessel lumens might lead to greater intervessel connectivity (Mrad 
et al., 2021; Pratt et al., 2007; Venturas et al., 2019). Higher inter-
vessel connectivity is advantageous in trees, especially in higher 
salinity areas, because water may bypass alternative pathways 
formed by the intervessel pits of neighbouring vessels, if any 
vessel is cavitated (Baas et  al.,  1983; López-Portillo et  al., 2005; 
Yáñez-Espinosa et al., 2001; Zimmermann, 2002).

As assumed, vessel wall reinforcement (t/b)2 increased from the 
LSZ to the HSZ in the study species (Figure 1). The (t/b)2 value was 
significantly lower in the LSZ than in the MSZ and the HSZ; however, 
the difference was not significant between the MSZ and the HSZ 
(Table 1). A relatively high (t/b)2 has therefore evolved into a strategy 
to cope with salinity stress at relatively high salinities. The intraspe-
cific plasticity of xylem structures related to hydraulic functioning 
across salinity gradients is beneficial because changing embolism 

resistance contributes to salinity tolerance (Robert et al., 2009). The 
observed zone-specific hydraulic traits in high- to low-salinity envi-
ronments may reflect species differences in water use and salinity 
tolerance strategies in the Sundarbans.

4.2  |  Phylogenetic constraints on the relationships 
between xylem and hydraulic traits

The observed phylogenetic signals across various xylem and hy-
draulic traits in our study species highlight phylogenetic constraints 
in hydraulic strategies. We observed that xylem traits, such as VA, 
D and DH, had greater phylogenetic conservatism, suggesting that 
these characteristics are conserved among closely related species 
in mangroves. However, the phylogenetic signal was comparatively 
lower for hydraulic traits, such as KP and KL, which thus appears to 
be less constrained by evolution than vessel size and number. The 
KP or KL values can be modulated by a combination of vessel size, 
and a small change in VA has a large effect on hydraulic conductivity. 
These findings are in agreement with the findings of Carlquist and 
Hoekman (1985), who reported that VD changes more rapidly than 
vessel size. Our results suggest that traits related to hydraulic effi-
ciency and safety are conserved phylogenetically, implying that the 
studied species are functionally similar except for GI, possibly as a 
result of ecological niche conservatism, as described in earlier stud-
ies (Carvalho et al., 2023; Liu et al., 2015; Webb et al., 2002). Despite 
these constraints, the correlations derived from PICs in our study 
(Table 2) indicate that the relationships between xylem and hydraulic 
traits are not regulated by phylogenetic relatedness.

4.3  |  Hydraulic strategies in relation to the shade 
tolerance of species

Earlier studies (Lohbeck et  al.,  2013; Poorter et  al.,  2018) re-
ported that light-demanding species tend to have high photosyn-
thetic rates to maximize carbon gain and thus tree growth. Owing 
to its relatively high growth rate, light-demanding E. agallocha 
(Chowdhury, De Ridder, & Beeckman,  2016; Chowdhury, Sarker, 
Sultana, et al., 2023; Siddique et al., 2021) might require a greater 
hydraulic supply than comparatively slow-growing shade-bearing 
H. fomes to sustain carbon assimilation. Contrary to expectations, 
the KP and KL values were significantly lower in light-demanding 
E. agallocha than in both shade-tolerant species in the Sundarbans 
(Figure 3A,B). Although there was a significant negative correla-
tion between D and VD, VA had a greater effect on the KP and KL 
than did VD (Table 2). Wide vessels result in high flow rates for 
a given pressure gradient (Kondoh et  al.,  2006). Higher hydrau-
lic conductivity increases stomatal conductance and photosyn-
thetic rates (Guyot et al., 2012; Meinzer et al., 2010). Therefore, 
shade-tolerant X. moluccensis and H. fomes with few large vessels 
have higher conductivity than light-demanding E. agallocha with 
many small vessels. In addition to having lower KP and KL values 

F I G U R E  5  Frequency distribution of the vessel diameters (A) 
and the mean vessel diameter variation (B) among the studied 
species. Different letters denote statistically significant variation 
at p < 0.05.
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    |  13CHOWDHURY et al.

F I G U R E  6  Habitat influences inferred 
from the best generalized additive models 
(GAM) fitted to the vessel diameter in 
the study species in the Sundarbans. The 
solid line in each plot is the estimated 
spline function (on the scale of the linear 
predictor) and shaded areas represent the 
95% confidence intervals. The negative 
values on the y-axis relate to vessel 
diameter reductions and positive values 
relate to diameter increases in GAM. Zero 
on the y-axis indicates no effect of the 
variable on vessel diameter (given that the 
other variables are included in the model). 
Soil salinity (electrical conductivity, EC, 
mS cm−1), elevation (m, above m.s.l.), silt 
(%), NH4 (mg g−1), P (mg g−1), K (mg g−1), 
height (m), DBH (cm), CoV (coefficient 
of variation) of height, CoV (coefficient 
of variation) of DBH and tree density 
(no. ha−1).
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(Figure 3A,B), a greater growth rate in light-demanding than in both 
shade-tolerant species (Rahman et al., 2020; Siddique et al., 2021) 
suggests a comparatively higher water use efficiency (WUE) and 
lower transpiration loss in E. agallocha.

We expect that shade-tolerant species have high hydraulic 
safety but suffer from low hydraulic efficiency, and this trade-
off enhances the ability of trees to grow in stressed conditions, 
such as those in high salinity and/or shaded habitats (Markesteijn 
et  al.,  2011). In contrast to the prediction, light-demanding E. 
agallocha had significantly greater (t/b)2 values but lower KP and 
KL values than the studied shade-tolerant species (Figure  3C). 
Furthermore, a nonsignificant inverse correlation between KP or 
KL and (t/b)2 (Table 2) suggests a weak hydraulic safety–efficiency 
trade-off in the studied mangrove species irrespective of the shade 
tolerance of the species. Similarly, earlier studies (Jiang et al., 2017, 
2021) reported a lack of a trade-off between hydraulic safety and 
efficiency in other mangrove species (e.g. A. marina (Forssk.) Vierh., 
Aegiceras corniculatum (L.) Blanco, Bruguiera gymnorrhiza (L.) Lam., 
Kandelia obovate (L.) Druce, Hibiscus tiliaceus (L.) and Pongamia 
pinnata (L.) Pierre) regardless of shade tolerance ability. Similarly, 
global interspecific analysis revealed a weak trade-off between 
hydraulic safety and efficiency in diverse plant species (Gleason 
et  al.,  2016; Liu et  al.,  2021). Although a higher vessel grouping 
increases hydraulic safety (Carlquist, 2009; von Arx et al., 2013), a 
significant negative correlation between GI and KP or KL (Table 2) 
indicates that GI reduces hydraulic conductivity. This hydraulic 
flow reduction is compensated by increasing D (owing to a signifi-
cant positive correlation with KP and KL; Table 2), as described by 
Lens et al. (2011) and Okello et al. (2017). We therefore infer that 
the studied mangrove species could adapt to hydraulic limitations 
and shade conditions by changing their xylem structures.

4.4  |  Vessel diameter determines a safe 
hydraulic system

According to the PCA (Figure  4), vessel diameters across the 
salinity zones were strongly related to the variations in KP and KL. 
We also found that S (the proportion of higher diameter vessels) 
and F (the cross-sectional space occupied by vessel lumens) were 
coupled with hydraulic conductivity. This was likely due to the 
influence of many wider vessels with low vessel interconnectivity. 
In contrast, the tendency to form group vessels in mangrove species 
might be interpreted as a safe mechanism against embolism since 
a greater percentage of vessels remain functional through greater 
vessel interconnectivity, whereas some vessels are cavitated 
(Baas et  al.,  1983; Jacobsen & Pratt,  2023; Mauseth & Plemons-
Rodriguez,  1998; Mrad et  al.,  2021; Robert et  al.,  2009; Schmitz 
et  al.,  2006). The first component can therefore be interpreted 
as a trade-off between conductance efficiency (indicated by KP, 
KL, D and S), which is more emphasized in the LSZ, and hydraulic 
resistance, as reflected by (t/b)2, GI and VD, is prominent both in the 
HSZ and the MSZ (Figure 4).

Based on the different D distributions (Figure  5A), it can be 
inferred that the hydraulic transport systems are highly different 
among the study species. For example, light-demanding E. agallo-
cha had a left-skewed vessel distribution where most of the vessels 
were narrow. On the contrary, shade-tolerant H. fomes had a right-
skewed D distribution with mostly wider vessels. Another shade-
tolerant species, X. moluccensis, had a vessel distribution between 
those of E. agallocha and H. fomes, where vessels of intermediate size 
were more common. Furthermore, the decrease in D from right to 
left-skewed species across salinity gradients indicates a lower con-
ductive efficiency, which is related to increased conductive safety 
(Figure 5A), as described in other mangroves (Robert et al., 2009). 
E. agallocha had not only a smaller D (Figure 5B) than the two other 
study species did but also a greater proportion of the tiniest ves-
sels. Earlier studies (Carlquist, 2016, 2018; Jacobsen & Pratt, 2023; 
Lens et al., 2023) reported that narrow vessels are positively related 
to low vulnerability to cavitation, which indicates that the hydraulic 
transport system of light-demanding E. agallocha is relatively safer 
than those of two other shade-tolerant species. Although the phe-
notypic plasticity of xylem traits is different from the mechanistic 
understanding (Jiang et al., 2022), the divergent vessel structures of 
coexisting study species in the Sundarbans might have a major influ-
ence on salinity tolerance and, subsequently, on their distribution 
across the ecosystem.

4.5  |  Habitat influences on vessel diameter 
variation

Among the xylem traits, D is an important trait that strongly influ-
ences hydraulic efficiency and safety (Figures 4 and 5); thus, we ex-
plored the influences of habitat variables on D variation (Figure 6). 
Among the GAMs, regulators, resources and forest structure mod-
erately explained D variability (deviation explained, 62.8%; Table 3). 
Among the regulatory variables, soil salinity had a strong negative 
influence on D in H. fomes and X. moluccensis (Figure 6). Conversely, 
the soil salinity decreased D up to ~10 mS cm−1 in E. agallocha; after-
wards, it almost plateaued with increasing salinity. As D was pos-
itively correlated with KP and KL (Table  3), reducing D might limit 
photosynthetic carbon gain in trees (Chen & Ye,  2014; Lovelock 
et  al.,  2006). However, E. agallocha may increase the capacity for 
photosynthetic carbon gain under high salinity conditions, providing 
this species a competitive advantage under more saline conditions. 
The silt percentage had little influence on D variation (Figure  6). 
Earlier studies (De Deurwaerder et  al.,  2016; Okello et  al.,  2017) 
demonstrated that siltation reduces vessel size in A. marina and 
Rhizophora mucronata. Siltation may develop stress due to the bury-
ing root system, causing trees to reduce vessel size. Mangrove trees 
can minimize such stress by developing pneumatophores or knee 
roots (Hossain, 2015), resulting in a lower influence on D variability. 
Although D in E. agallocha and H. fomes was not sensitive to pH, a 
positive influence was found in X. moluccensis (Figure 6). This indi-
cates a lower influence of soil pH on hydraulic transport and thus tree 
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growth in the Sundarbans (Chowdhury, Sarker, Sultana, et al., 2023; 
Sarker et al., 2021). However, elevation had a negative influence on 
D only in H. fomes. The elevated areas receive less inundated water 
in the Sundarbans, which may create hydraulic stress, as described 
in Kenyan mangroves (De Deurwaerder et al., 2016).

Although nutrient availability among the study zones might have 
interfered with salinity in the Sundarbans (Ahmed, Sarker, Friess, 
et al., 2023), the hydraulic conductivity of tree species is expected 
to vary in response to nutrient variability (Arnold & Mauseth, 1999). 
Nutrient availability can influence cell formation and induce 
changes in vessel size and arrangement (Hacke,  2015; Tyree & 
Zimmermann, 2002). Among the study species, D was slightly sen-
sitive to NH4 in E. agallocha (Figure 6). An earlier study of Lovelock 
et  al.  (2006) reported that at N-limited sites, fertilization with N 
stimulated growth in other mangrove species (A. germinans, R. man-
gle and L. racemosa) without affecting hydraulic conductivity. On the 
contrary, P increased D up to 20–30 mg−1 in the study species, and 
then exhibited a decreasing trend (Figure  6). However, the effect 
was lower in X. moluccensis than in the other two species (Table 3). 
The increase in hydraulic conductivity resulting from the availability 
of P was associated with increased D in Florida, Panama and Belizean 
mangroves (Lovelock et al., 2004, 2006). Similarly, K increased the 
vessel diameter up to 5–6 mg−1, and then decreased with increasing 
K (Figure 6). A decrease in K+ absorption induced by osmotic stress 
(Lintunen et al., 2017) could lead to a decrease in D and thus hydrau-
lic conductivity in mangroves.

Forest structural variables, such as tree height, DBH and tree 
density, increase resource (e.g. light and nutrients) heterogeneity 
and competition, which influence tree growth and distribution in the 
Sundarbans (Ahmed, Sarker, Kamruzzaman, et al., 2023; Chowdhury, 
Sarker, Sultana, et  al.,  2023; Sarker et  al.,  2019) and are thus ex-
pected to influence hydraulic functioning in trees. Among them, tree 
height increased D in each case (Figure 6). A wider D allows a greater 
hydraulic supply within the same leaf area over a longer distance 
in taller trees. A higher conductivity might help them compensate 
for longer pathways and concomitant hydraulic resistance by adjust-
ing their vessel anatomy, as described for trees in other ecosystems 
(Bittencourt et  al.,  2022; Olson et  al.,  2014; Sperry et  al.,  2008). 
Compared with X. moluccensis, DBH had a greater positive influence 
on D in E. agallocha and H. fomes (Figure 6). Larger trees might have 
exposed crowns and therefore need high hydraulic conductivity 
and associated traits to meet their high transpiration requirements. 
At the community level, tree size inequality results from both in-
ter- and intraspecific differences in height and DBH, which may en-
hance the efficient use of resources (e.g. light) for growth (Zhang & 
Chen, 2015). As assumed, tree size inequality (CoV height and CoV 
DBH) had positive influences on D, although the patterns of varia-
tion varied among the study species (Figure 6). Higher forest struc-
tural diversity allows higher tree densities at different tree canopy 
heights and increases light availability, which could increase poten-
tial productivity (Parker et al., 2004; Yachi & Loreau, 2007; Zhang 
& Chen, 2015). The D increased up to a certain tree density up to 
the tree density (350 no. ha−1) in H. fomes and X. moluccensis and 

then decreased with increasing tree density. As shade bearers, both 
species prefer diffuse light for growth, which might be available up 
to a certain tree density. An increase in D enables trees with higher 
conductivity to enhance carbon gain (Lovelock et al., 2006). In higher 
canopy gaps, shade bearers cannot effectively utilize light resources 
for carbon gain, thereby decreasing vessel diameters to minimize 
hydraulic costs.

4.6  |  Implications

In addition to other consequences (such as increases in tem-
perature, variability in the seasonality of precipitation and fre-
quent storm events) of climate change (Zaman et  al.,  2017), the 
Bangladesh coast is highly vulnerable to SLR (Kanan et al., 2023). 
Although the Sundarbans is a sea-dominated active delta, the river 
network regulates salinity within the ecosystem through the in-
flux of upstream river flows. In addition to salinity intrusion from 
the sea, historical decreases in freshwater flows in the main dis-
tributary river due to damming increase the salinity in the eco-
system (Bricheno et  al.,  2021). Furthermore, the relatively high 
sedimentation rate (~2.4 billion tons of sediments year−1; Mitra & 
Zaman, 2016) on this coast also affects the degree of siltation in 
the Sundarbans. Therefore, increasing salinity and higher siltation 
increase stress on trees, which affects species survival/growth–
salinity coupling, resulting in local extinction or range contraction 
(towards low-salinity areas) of species, particularly the globally en-
dangered H. fomes in the Sundarbans (Chowdhury, Sarker, Sultana, 
et  al.,  2023; Sarker et  al.,  2016, 2019). The Bangladesh govern-
ment has been planning to protect and conserve the Sundarbans 
through different global mechanisms of climate change mitiga-
tion, such as ‘reducing emissions from deforestation and forest 
degradation (REDD+)’ (Ahmed & Glaser, 2016). In this context, a 
baseline assessment of the hydraulic characteristics of mangrove 
species that incorporates hydraulic characteristics in the species 
selection process would help in the design of climate-smart man-
grove restoration programmes. For example, we showed that the 
hydraulic structure of E. agallocha is safer than that of H. fomes, 
followed by X. moluccensis (Figure  5). The contrasting ecologi-
cal distributions of the study species in the Sundarbans (Sarker 
et al., 2016, 2019) are reflected at least partially by their divergent 
hydraulic characteristics. Species-specific hydraulic design might 
also help to predict species distributions in the Sundarbans, par-
ticularly in relation to salinity.

In addition, other xylem traits, such as cell fractions, vessel 
length, cell ultrastructure, pit membrane and perforation plate, 
and their interactions, could be used to understand the specific-
specific hydraulic safety–efficiency relationships in mangroves 
(Choat et al., 2007; Jacobsen et al., 2012; Plavcová & Hacke, 2012; 
Schmitz et al., 2012b). Future investigations should focus on the 
integration of these traits as a potential avenue to refine hydrau-
lic distinctiveness across plant functional groups in response to 
environmental changes.
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5  |  CONCLUSIONS

This study, for the first time, analysed the variation in xylem traits, 
such as VD, vessel diameter (D) and vessel GI, and hydraulic traits, 
such as potential conductivity (KP), leaf-specific conductivity (KL) 
and vessel wall reinforcement (t/b)2, in three dominant tree species 
across salinity gradients in the Sundarbans. The results revealed 
that across the study species and salinity gradients, the KP and KL 
values in the studied species were constrained mainly by salinity. 
On the contrary, the study species exhibited a greater (t/b)2 in 
response to high salinity. Although all xylem traits except GI had 
strong phylogenetic signals, vessel traits, such as D and VD evolved 
in a coordinated way, suggesting that the species are flexible in 
terms of hydraulic adjustment. Among the species, the shade-
tolerant H. fomes and X. moluccensis had significantly greater KP 
and KL values than did the light-demanding E. agallocha. Although 
we found a weak trade-off between hydraulic safety and efficiency 
in the xylem, the variation in D indicates that the water transport 
systems are highly different among the species. Compared with 
that of H. fomes, the hydraulic design of E. agallocha is safer but less 
efficient, followed by that of X. moluccensis. In the future, increas-
ing environmental stress, particularly salinity, in the Sundarbans 
region will lead to hydraulic failure of the most dominant H. fomes. 
Future studies should focus on integrating other methods for char-
acterizing embolism spread for mechanistic understanding, such as 
the pneumatic method (Bittencourt et al., 2018; Brum et al., 2023), 
and characterizing other xylem traits, such as the distribution of 
cell fractions and pit structure, to improve our understanding of 
the relationship between hydraulic structures and hydraulic func-
tioning in the Sundarbans. However, understanding the combined 
influences of habitat (regulators, nutrients and forest structure) 
variables on hydraulic design across a broad range of salinities 
provides new insights into the processes underlying hydraulic 
constraints and will improve our ability to predict how mangroves 
could be impacted by future environmental changes.
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