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Abstract: Mangroves are important in protecting and stabilizing coastal zones. Pneumatophores
of the mangrove species Avicennia marina can form a large aboveground complex of aerial roots,
which are important in supporting mangrove growth in low-oxygen environments. We examined the
relationship between mangrove tree height, tree girth, sediment mud content, and oxygen levels with
pneumatophore abundance. As sediments with higher mud content have more anaerobic conditions
due to their lower porosity, we hypothesized that pneumatophore abundance would be positively
correlated with sediment mud content and negatively correlated with sediment oxygen levels.
Pneumatophore abundance of A. marina ranged from 14 to 516 per m2 (mean 171.8 ± 0.61 per m2),
pneumatophore height from 6.6 to 27.5 cm (14.1 ± 0.86 cm), and maximum pneumatophore diameter
from 8.5–12.7 mm (8.5 ± 0.24 mm). Pneumatophore abundance was positively correlated with tree
height and tree girth. As hypothesized, pneumatophore abundance was positively correlated with
percentage of mud content in sediment and negatively correlated with oxygen percentage. This
suggests that mangrove trees can adapt to anaerobic and water-logged conditions by increasing their
number of pneumatophores, hence providing greater surface area for gas exchange. In addition, there
was a significant effect of mangrove (natural and planted), tidal position, and their interaction. With
natural mangrove having higher abundance of pneumatophores compared to the planted mangrove,
with the highest number closest to the sea. While pneumatophore abundance did not differ among
tidal zones in planted mangrove.

Keywords: anaerobic; Avicennia marina; mangrove; pneumatophore; pneumatophore density

1. Introduction

Mangroves are declining in area worldwide, due to increases in human activities
that infringe on their habitats [1,2]. Fortunately, in the Arabian Gulf mangrove cover
has been increasing in protected areas [3]. Avicennia marina (Forssk.) Vierh., the only
mangrove species occurring in the Arabian Gulf, is highly adaptable and can grow in a
broader range of habits than most other mangrove species [4,5]. Avicennia marina seedlings
initially develop a heart root system, growing multiple vertical roots simultaneously,
which increases stability and oxygen uptake [6]. Pneumatophores, aerial roots that grow
aboveground from the belowground root system, are found in Avicennia and in four other
genera of mangroves [7]. Pneumatophores have a large number of lenticels that facilitate
gas exchange above the surface, an adaptation for living in the oxygen-poor conditions
of tidal soils [8]. However, gas exchange cannot occur while the pneumatophores are
flooded, e.g., during high tide [9]. Therefore global sea level rise, or other factors that cause
permanent flooding of pneumatophores, will have a negative effect on mangrove growth,
due to interruption of gas exchange in the root system, ultimately leading to mangrove
death [10,11]. For example, 4.5 months of flooding in the Kosi estuary, South Africa, caused
mass mortality of the mangrove in lower parts of the estuary, while mangrove growing on
higher ground survived [12].
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There is limited information available on the abundance and size of pneumatophores,
and their relation with other morphological features of mangroves. However, more pneu-
matophores are found in mangroves growing on polluted and inundated soils, with
anaerobic conditions, than in mangroves on drier and less contaminated soils [13,14]. In
addition, small-scale topographical variations (±15 cm) have been shown to influence
pneumatophore abundance and length [15]. Macropores, or cavities in soils, increase
drainage of water and help facilitate transport of solutions, salt, and other particles in
sediments [16,17]. These macropores are usually created by penetration by plant roots,
burrowing activities by soil invertebrates, and aggregation of soil particles [18–20]. The
growth of mangrove trees has also been shown to be positively associated with crab burrow
macropores [20], possibly because these macropores facilitate desalination in the mangrove
growing environment [17].

The aim of the present study was to evaluate the relationship between mangrove tree
size, sediment mud content, oxygen, and crab burrows in sediment, and pneumatophore
abundance in Avicennia marina (Forssk.). As sediments with higher mud content have more
anaerobic conditions due to lower permeability [14], we hypothesized that there would be
a positive relationship between pneumatophore abundance and sediment mud content,
and a negative relationship between pneumatophore abundance and sediment oxygen
level and number of crab burrows.

2. Materials and Methods
2.1. Study Species and Area

Avicennia marina (Forssk.) Vierh., the only mangrove species occurring in Qatar, is
found in the tidal habitat between mean sea level and high tide water level [21]. The
aboveground biomass in this natural mangrove is higher near the sea than on upper levels
near the land [22], so sampling at different tidal levels is required to encompass this range
of growth. Field studies were conducted between November 2010 and November 2012 at
10 sites, two natural mangrove stands at Al Khor (25◦41′50.53′ ′ N, 51◦33′08.18′ ′ E) and Al
Dhakhira (25◦44′53.17′ ′ N, 51◦32′11.03′ ′ E), and eight sites with planted mangroves (Zekreet
(25◦29′13.53′ ′ N, 50◦50′07.62′ ′ E), Al Mafyar (26◦08′33.75′ ′ N, 51◦16′35.57′ ′ E), Fuwairit
(26◦02′00.32′ ′ N, 51◦22′04.37′ ′ E), Ras Laffan (25◦56′13.67′ ′ N, 51◦31′50.03′ ′ E), Semaisma
(25◦34′37.90′ ′ N, 51◦29′17.28′ ′ E), Al Wakra (25◦10′47.43′ ′ N, 51◦37′00.56′ ′ E), Umm Al
Hul (25◦04′52.54′ ′ N, 51◦37′03.98′ ′ E), and Khor Al Adaid (24◦38′41.36′ ′ N, 51◦19′49.24′ ′ E)
along the eastern, northern, and western coasts of Qatar (Figure 1).

2.2. Data Collection

Each site was sampled on four occasions (once per season in spring, summer, fall, and
winter). Sampling was conducted at upper, middle, and lower tidal levels at each site, with
three replicates at each tidal level (total n = 90).

2.2.1. Environmental Conditions

Sediment samples were collected to a depth of 30 cm at each sampling site, using a
PVC cylindrical core with 4 cm diameter, and transported to laboratory, where they were
dried for 24 h at 100 ◦C. Particle size distribution in these sediment samples was analyzed
using the sieve method [23]. The percentage clay and silt fractions were combined to mud
content in the sediment. Water salinity was measured at each site using a refractometer
(American Optical Co, Buffalo, NY, USA). A portable refractometer (OAKTON Instruments,
Vernon Hills, IL, USA, DO2/C/Data meter, DO 300 Series) was used to determine dissolved
oxygen and hydrogen-ion in seawater. All these parameters were recorded in shallow
waters and usually made at 0.5 m depth. Additionally, the refractometer was used to
determine oxygen concentration in soil water of natural and planted mangroves. The soil
water was measured at low tide after digging holes to allow groundwater to seep but
preventing entry of seawater.
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Figure 1. Map of Qatar showing the locations of the sampled mangrove sites. Two natural mangrove stands at Al Khor and
Al Dhakhira, and eight sites with planted mangroves (Zekreet, Al Mafyar, Fuwairit, Ras Laffan, Semaisma, Al Wakra, Umm
Al Hul, and Khor Al Adaid along the eastern, northern, and western coasts of Qatar).

2.2.2. Pneumatophore Abundance and Crab Burrows

On each sampling occasion, frequencies of crab burrows and pneumatophores were
counted in a quadrat measuring 1 m × 1 m, under mangrove cover. This was done with
three replicates at the upper, middle, and low tidal levels at each site. Pneumatophore
height (mm) and maximum aboveground diameter (mm), and A. marina tree height (cm)
and tree girth (cm) at 1 m height were measured. Data on tree and seedling density of A.
marina at each site can be found in Table 1, while Supplementary Materials to this paper
provide data on the age of the mangrove (Table S1), hydrological parameters (Table S2),
elevation, and slope at the 10 sites (Figure S1), and some photos of the mangrove (Figure
S2). At high tide, the upper tidal level at the sites is covered by up to 30 cm of seawater, the
middle tidal level by around 60 cm, and the lower tidal level by approximately 100 cm of
seawater. At all coastal sites in Qatar, the tide changes diurnally (twice a day).
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Table 1. Density of trees and seedlings of natural and planted Avicennia marina mangroves at different
sites in Qatar.

Elevation
Location/Hydrochemical Data

Upper Mangroves Middle Mangroves

Tree Seedling Tree Seedling

Natural Mangroves
East Coast
Al Khor

(a) Tree density no./ha 2800 1100 3100 1100
(b) Tree height range 1–3 m 5–60 cm 1.5–6 m 10–70 cm

(c) Pnematophore/m2 86 - 516 -

Al Dhakhira

(a) Tree density no./ha 2800 1333 3000 1000
(b) Tree height range 1–3 m 10–70 cm 1.7–6 m 10–80 cm

(c) Pnematophore/m2 158 - 308 -

Planted Mangroves
East Coast
Semaisma

(a) Tree density no./ha 1100 933 1700 1000
(b) Tree height range 1.5–2.7 m 10–40 cm 1–2.5 m 10–80 cm

(c) Pnematophore/m2 124 - 272 -

Fuwairit

(a) Tree density no./ha 1600 1270 1900 1233
(b) Tree height range 1.5–3 m 5–30 cm 1.4–4.5 m 5–60 cm

(c) Pnematophore/m2 308 - 194 -

Al Mafyar

(a) Tree density no./ha 2100 1466 2600 1100
(b) Tree height range 0.6–2 m 5–40 cm 1.5–4 m 10–40 cm

(c) Pnematophore/m2 88 - 88 -

West Coast
Zekreet

(a) Tree density no./ha Nil Nil 200 Nil
(b) Tree height range Nil Nil 0.5–1.0 m Nil

(c) Pnematophore/m2 14 - Nil -

North East Coast
Ras Laffan

(a) Tree density no./ha 1100 920 3100 1250
(b) Tree height range 1–3 m 10–50 cm 1.5–3 m 10–70 cm

(c) Pnematophore/m2 68 - 90 -

East South
Al Wakra

(a) Tree density no./ha 1500 1040 2200 1050
(b) Tree height range 1–3 m 5–45 cm 1.0–6 m 10–75 cm

(c) Pnematophore/m2 142 134

Umm Al Hul

(a) Tree density no./ha 2300 1200 2500 1500
(b) Tree height range 1.5–2.7 m 10–40 cm 1.5–3 m 10–80 cm

(c) Pnematophore/m2 90 104

South
Khor Al Adaid

(a) Tree density no./ha Nil Nil 15 Nil
(b) Tree height range Nil Nil 0.5–0.75 m Nil

(c) Pnematophore/m2 20 25
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2.2.3. Statistical Analyses

Linear regression was used to test for relationships between tree height, tree girth,
pneumatophore height, mud content, crab burrows, oxygen level, and pneumatophore
abundance, mean values for each of the three replicate plots were calculated for each of
the tidal levels. To test if pneumatophore abundance differed between natural or planted
mangrove and tidal position (upper, middle, or lower tidal position), we applied univariate
ANOVA, with mangrove and position as fixed factors. The statistical analysis was done in
SPSS version 26 (IBM).

3. Results

All eight sites showed growth higher than 1 m in height, except for Zekreet (west
coast) and Khor Al Adaid (far south), where planted mangroves trees showed stunted
growth and measured less than 1 m in height (Table 1, Figure S2.).

3.1. Upper Tidal Level

At the upper tidal level at the 10 sites, the height of A. marina trees varied between
0.45–2.0 m. Pneumatophore abundance varied between 14 and 158 per m2, Pneumatophore
diameter varied between 6.2–12.65 mm. while maximum tree girth varied between 9.0 cm
and 27.5 cm. Crab burrow abundance varied between 0 and 16 per m2. The highest mud
(silt and clay) was 65.23% and the lowest 9.85% (Table 2). There was a positive linear regres-
sion between pneumatophore abundance and tree height and between pneumatophore
abundance and pneumatophore height (Figure 2). There was a positive linear regression
between pneumatophore abundance and tree girth (Figure 2). In addition, there was a pos-
itive linear regression between pneumatophore abundance and mud content (percentage
of silt and clay in the sediment) (Table 3), and a negative linear regression with oxygen
concentration (Figure S3).

Table 2. Average values of different pneumatophore morphology and related parameters measured in natural and planted
mangroves at sites in Qatar (Pneumat abundance = Pneumatophore abundance; Pneumat height = Pneumatophore height;
Pneumat dia. = Pneumatophore diameter), SD = standard deviation; SE = standard error, n = 90 (n = 3 per tidal position at
each site).

Site Position
on Shore

Pneumat.
Abundance (m2)

Tree Height
(m)

Pneumat.
Height (cm)

Pneumat.
Dia. (mm)

Girth
Size (cm)

Mud
Content %

Burrows
no/m2

Umm Al Hul Upper 90 1.5 16.82 9 12 18.25 10
Semaisma Upper 124 1.75 13.38 10.5 16.75 26.97 12
Al Wakra Upper 142 2 16.5 12.65 27.5 26.5 9
Al Khor Upper 86 1.25 11.83 8 16 38.78 10

Ras Laffan Upper 68 1.5 12.25 8.3 13 15.92 8
Al Dhakhira Upper 158 1.8 23.43 10 23 65.23 11
Al Mafyar Upper 88 1.75 7.63 6.5 13 16.54 4
Fuwairit Upper 152 1.75 15.48 10 25 28.15 12
Zekreet Upper 14 0.45 6.58 8 9 22.42 0

KhorAl Adaid Upper 20 0.5 10.28 6.2 12 9.85 16
Maximum 158.00 2.00 23.43 12.65 27.50 65.23 16.00
Minimum 14.00 0.45 6.58 6.20 9.00 9.85 0.00

Mean 94.20 1.43 13.42 8.91 16.73 26.86 9.20
SD 50.92 0.54 4.94 1.94 6.29 15.73 4.47
SE 15.81 0.17 1.56 0.61 1.99 4.97 1.41

Umm Al Hul Middle 208 1.75 19.17 9.0 21 27.37 9
Semaisma Middle 240 1.55 14.125 9.4 19.25 35.7 6
Al Wakra Middle 268 1.7 15.64 9.2 21.5 31.03 22
Al Khor Middle 324 2.07 14.9 9.2 28 56.44 8

Ras Laffan Middle 180 1.55 15.8 9.0 12.4 27.46 4
Al Dhakhira Middle 360 2 13.73 9.0 27 74.46 12
Al Mafyar Middle 184 1.5 11.53 8.0 21 20.93 9
Fuwairit Middle 196 1.5 9.15 7.0 12 27.88 14
Zekreet Middle 62 0.4 8.1 7.0 7 28.43 0

Khor Al Adaid Middle 50 0.5 12.64 6.9 11 9.23 14
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Table 2. Cont.

Site Position
on Shore

Pneumat.
Abundance (m2)

Tree Height
(m)

Pneumat.
Height (cm)

Pneumat.
Dia. (mm)

Girth
Size (cm)

Mud
Content %

Burrows
no/m2

Maximum 360.00 2.07 19.17 9.35 28.00 74.46 22.00
Minimum 50.00 0.40 8.10 6.90 7.00 9.23 0.00

Mean 207.20 1.45 13.48 8.37 18.02 33.89 9.80
SD 99.42 0.56 3.28 1.03 7.07 18.53 6.12
SE 31.44 0.18 1.37 0.33 2.24 5.86 1.94

Umm Al Hul Lower 224 2 20.79 7.6 23 29.87 8
Semaisma Lower 272 1.5 27.5 8 18 36.33 3
Al Wakra Lower 196 1.65 15.75 9.1 18 29.89 33
Al Khor Lower 516 3 15.62 9.3 55 79.54 12

Ras Laffan Lower 160 1.75 11.51 8.5 11 24.57 3
Al Dhakhira Lower 308 2 14.52 9 24 79.76 18
Al Mafyar Lower 132 1 10.52 8 14 17.91 10
Fuwairit Lower 194 1.5 12.55 8 14 28.31 8
Zekreet Lower 30 0.35 7.68 7 8 22.21 0

Khor Al Adaid Lower 108 0.75 18 8.5 14 14.2 18
Maximum 516.00 3.00 27.50 9.30 55.00 79.76 33.00
Minimum 30.00 0.35 7.68 7.00 8.00 14.20 0.00

Mean 214.00 1.55 15.44 8.30 19.90 36.26 11.30
SD 132.90 0.74 5.67 0.72 13.30 23.73 9.72
SE 41.74 0.23 1.79 0.23 4.21 7.50 3.07

Total mangrove Max. 258 3 27.5 1.265 55 79.76 33
Min. 14 0.35 6.58 0.62 7 9.23 0
Mean 101.67 1.48 14.11 0.85 18.21 32.34 10.10

SD 54.47 0.60 4.67 0.13 9.19 19.35 6.92
SE 9.95 0.11 0.85 0.02 1.68 3.53 1.26

Figure 2. Relationship between pneumatophore abundance, tree height, pneumatophore height, tree girth size, and mud
content in the upper tidal level. Level of significance ** p < 0.001.
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Table 3. Linear regression (R2 values) and p-values between different parameters of mangrove
morphology at different tidal level sites in Qatar. P. ab. = Mean pneumatophore abundance;
T. Ht = Mean tree height; P. Ht. = Mean pneumatophore height; P. Dia = Mean maximum pneu-
matophore diameter; G.S = Mean maximum girth size of tree; Md. Ct. = Mean percent mud content
in mangrove soil; Br.no. = Mean crab burrow number.

Upper
Tidal L.

Middle
Tidal L.

Lower
Tidal L.

All
Tidal L.

P. ab. p-Value P. ab. p-Value P. ab. p-Value P. ab. p-Value

T.Ht 0.786 0.000 0.866 0.000 0.824 0.000 0.822 0.000
P.Ht 0.591 0.000 0.195 0.000 0.147 0.002 0.262 0.000
P.Dia 0.318 0.000 0.264 0.000 0.160 0.002 0.193 0.000
G.S 0.770 0.000 0.792 0.000 0.874 0.000 0.800 0.000

Md.Ct 0.388 0.000 0.704 0.000 0.741 0.000 0.629 0.000
Br.No 0.091 0.105 0.088 0.112 0.031 0.351 0.055 0.026

3.2. Middle Tidal Level

At the middle tidal level at the 10 sites studied, mangrove tree height varied between
0.4–2.07 m. Pneumatophore abundance varied between 50 and 360 per m2, and pneu-
matophore diameter varied between 6.9 and 9.35 mm. Maximum tree girth varied from
7 to 28 cm. Crab burrow abundance varied between 0 and 22 per m2. The highest mud
content was 74.46% and the lowest 9.23% (Table 2).

There was a positive linear regression between pneumatophore abundance and tree
height and between pneumatophore abundance and pneumatophore height (Figure 3).
There was also a positive linear regression between pneumatophore abundance and tree
girth (Figure 3). In addition, there was a positive linear regression between pneumatophore
abundance and percentage mud content (Figure 3, Table 3). While there was a negative
linear regression between pneumatophore abundance and oxygen level (Figure S3).

Figure 3. Linear regression pneumatophore abundance, tree height, pneumatophore height, girth size, and mud content in
the middle tidal level. Level of significance ** p < 0.001.
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3.3. Lower Tidal Level

At the lower tidal level at the 10 sites, the height of mangrove trees ranged between
0.35 and 3 m. Pneumatophore abundance varied between 30–516 per m2, and pneu-
matophore diameter varied between 7.0–9.3 mm. Maximum tree girth varied between
8.0 cm and 55 cm. Crab burrow abundance varied between 0 and 33 per m2. The highest
mud content (silt and clay) was 79.76% and the lowest 14.20% (Table 2). There was a
positive linear regression between pneumatophore abundance and tree height and between
pneumatophore abundance and pneumatophore height (Table 2, Figure 4). There was
also a positive linear regression between pneumatophore abundance and tree girth, and
percentage mud content (Figure 4, Table 3), but a negative linear regression with oxygen
level (Figure S3).

Figure 4. Relationship between pneumatophore abundance, tree height, pneumatophore height, girth size, and mud content
in the lower tidal level. Level of significance ** p < 0.001.

3.4. All Tidal Level Sites

Overall, the average abundance of pneumatophores in natural and planted mangroves
at all 10 sites studied varied between 14 and 516 per m2. The height of mangrove trees
ranged between 0.4 m and 3 m, while pneumatophore diameter varied between 6.2 and
12.7 mm. Maximum tree girth varied between 7 and 55 cm. Crab burrow abundance
varied between 0 and 33 per m2. The highest mud content was 79.8% and the lowest 9.2%
(Table 2).

Pneumatophore abundance increased at all study sites with increasing mud content
(Figure 5). Pneumatophore abundance had a positive linear regression with tree height, tree
girth, and pneumatophore height (Figure 5, Table 3). However, crab burrow abundance
varied greatly between sites and there was only a weak relationship between the number
of crab burrows and pneumatophore abundance (Table 3). Within sites, it was highest
at the lower tidal level, and at all sites, it showed a weak relationship with most of the
mangrove and sediment parameters analyzed (Figures 2–5, Table 4). There was a negative
linear regression between pneumatophore abundance and oxygen level (Figure S3).
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Figure 5. Linear regression between pneumatophore abundance, tree height, pneumatophore height, girth size, and mud
content in all tidal levels combined. Level of significance ** p < 0.001.

Table 4. Overall abundance average of crab burrows m2 observed at different sites. Natural mangrove n = 18 (2 sites),
planted mangrove = 72 (8 sites).

Site Tidal Level Family Species Mean ± SE Range

Natural
mangroves Upper Dotillidae

Camptandriidae
Scopimera carbricauda (Alcock, 1900)
Nasima dotilliformis (Alcock, 1900) 10.5 ± 0.5 10–11

Middle Camptandriidae
Macrophthalmidae

Manningis arabicum (Jones and Clayton, 1983)
Macrophthalmus depressus (Rǔppell, 1830) 10.0 ± 2.0 8–12

Lower Macrophthalmidae Macrophthalmus depressus (Rǔppell, 1830) 15.0 ± 3.0 12–18
Planted mangroves Upper Dotillidae Scopimera carbricauda (Alcock, 1900) 8.88 ± 1.8 0–16

Middle Dotillidae
Macrophthalmidae

Scopimera carbricauda (Alcock, 1900)
Macrophthalmus depressus (Rǔppell, 1830) 9.75 ± 2.4 0–22

Lower Macrophthalmidae Macrophthalmus depressus (Rǔppell, 1830) 10.4 ± 3.5 0–33

Pneumatophore abundance was significantly higher in natural mangrove compared
to planted mangrove (Figure 6, Table 5). In addition, pneumatophore abundance differed
among tidal levels in natural, but not in planted mangrove (Figure 6, Table 5). Lower and
middle tidal levels having higher abundance of pneumatophores in natural mangrove
(Figure 6).
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Figure 6. Box-plot graph showing the differences in pneumatophore abundance in mangrove (natural
or planted) and tidal position (upper, middle, lower tidal zones) in Qatar. Data in the middle “box”
show the median, and the lower (25%) and upper quartile (75%) of the scores. The upper and lower
whiskers represent scores outside the middle 50%.

Table 5. Result of univariate ANOVA testing the effect of mangrove (natural or planted) and tidal
position on pneumatophore abundance in Qatar.

Source Type III Sum of
Squares df Mean

Square F p-Value

Mangrove 95,811.469 1 95,811.469 56.551 0.000
Tidal position 14,413.706 2 7206.853 4.254 0.017

Mangrove × Tidal position 18,102.372 2 9051.186 5.342 0.007
Total 1,192,413.000 90

R2 = 0.450 (Adjusted R2 = 0.417).

4. Discussion

The overall abundance of pneumatophores in natural and planted mangroves at all
three tidal levels at all sites investigated varied between 14 and 516 per m2, with an average
abundance of 171.8 ± 20.39 per m2 (Table 2). In previous studies, pneumatophore abun-
dance in A. marina has been found to range between 56 and 1168 per m2 in Pakistan [14],
between 4 and 1950 per m2 in Kenya (Dahdouh-Guebas et al., 2004), and between 80 and
180 per m2 in Mozambique [24,25]. In addition, pneumatophore abundance in A. marina
has been shown to vary with microtopography in the intertidal zone, with depressions on
the landward side having higher densities of pneumatophores than depressions closer to
the sea [15].

We found that pneumatophores were larger and occurred in higher abundance in the
middle and lower tidal levels, which are under a greater depth of tidal water for a longer
time than the upper tidal level. Similarly, other studies have found an increase in the size
and abundance of pneumatophores in more frequently flooded conditions and in anaerobic
conditions [6,26]. This supports the suggestion that pneumatophore abundance and size
increase with more extended periods of inundation and more anaerobic conditions, in
order to support gas exchange [14]. In general, mangroves are reported to grow more
rapidly in areas frequently inundated by tides or at sites with lower salinity, compared
with areas that are less regularly flooded and where the salinity is very high [27,28]. For
example, the optimum salinity level for growth of A. marina is reported to vary between 10
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and 60‰, while mean seawater salinity is 35‰ [29]. At the sites in Qatar examined in this
study, the salinity ranges between 41 and 51‰ [30]. In addition to pneumatophores that
are an adaption to facilitate gas exchange in oxygen poor conditions, Avicenna marina have
stilt roots to provide plant stability (Figure S2). Stilt roots have also been observed in newly
planted seedlings of A. marina in Malaysia, providing anchorage for the seedlings [31].

We found that pneumatophore abundance was positively correlated with tree height,
tree girth, and pneumatophore height (Figures 2–5), which were also correlated with each
other (Table 3). This indicates that larger trees have more, and larger, pneumatophores.

It has been suggested that pneumatophore abundance can be used as an index of
the anaerobic status of the soil in which mangroves are growing [32]. As hypothesized,
pneumatophore abundance increased with the percentage of mud (silt + clay; Table 2) and
decreased with oxygen content. Similar to other studies [33], we found a strong positive
correlation between pneumatophore abundance and mud content in sediment at the middle
(R2 = 0. 7962) and lower tidal levels (R2 = 0.7411) (Figures 3–5), but a weak correlation
(R2 = 0.3755) at the upper tidal levels (Figure 2). The negative correlation with oxygen
level generally being weaker (Figure S3). The presence of mud in sediment decreases the
porosity, and hence the amount of oxygen the sediment can contain [14]. Sites with a high
mud content thus become progressively anaerobic, and in response, the mangrove trees at
such sites develop increasing pneumatophore abundance [14]. Pneumatophore abundance
is reported to be lower in mangroves on sand-dominated sediments [13,14,34]. Besides,
sites with a higher mud content in the sediment likely offer more favorable conditions for
plant growth, as mud particles adsorb more nutrients than coarser sandy particles [35].

Mangroves are typically rich in benthic macrofauna and contribute to rapid recycling
of nutrients within both terrestrial and marine food chains [11,36–38]. The macrofauna
in mangroves in Qatar is dominated by brachyuran crabs such as Scopimera carbricauda,
Nasima dotilliformis, Manningis arabicum, and Macrophthalmus depressus [30]. We found no
clear relationship between crab burrow abundance and pneumatophore abundance, pneu-
matophore size, tree height, or tree girth (Table 3). This was surprising, as burrows have
been shown to facilitate water/material movement and to modify soil properties [39,40].
In addition, burrows have been shown to remove salt around the mangrove roots and
sediments [17–19], and improve sediment oxygenation [38].

Similar to other studies [41], we found that plots in natural mangrove closest to the
sea had the highest abundance of pneumatophores. However, this was not the case for the
planted mangrove, where we found no difference in abundance along the tidal positions.
This could potentially be because the mangroves were planted at the same time along
the tidal gradient. As sites with a higher abundance of pneumatophores bind sediments
faster than sites with a lower abundance of pneumatophores [42], the natural mangrove
is potentially more effective in sediment accretion. Salinity could potentially affect penu-
matophores/mangrove trees. While we did not measure salinity in the sediments, another
study in the natural mangrove at Al Dhakhira found no effect of salinity on chlorophyll,
and in addition, the above-ground biomass of mangrove increased toward the sea with
increasing salinity in the sediment [22]. Thus, it is unlikely that salinity had any negative
effect on pneumatophore abundance.

5. Conclusions

Pneumatophores are important for supporting growth of Avicenna marina. However,
there are few studies on what factors influence pneumatophore abundance. Here, we exam-
ined the relationship between mangrove trees, sediment mud content, oxygen levels, and
pneumatophore abundance. In addition, we studied if pneumatophore abundance differed
between natural and planted mangrove and tidal position. We found that pneumatophore
abundance was positively correlated with tree height and tree girth, suggesting that older
trees develop more pneumatophores. As hypothesized, there was a positive correlation
between pneumatophore abundance and percentage mud content in the sediment, sug-
gesting that mangroves adapt to anaerobic and water-logged conditions by increasing
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the number of pneumatophores, which provide a large surface area for gas exchange. In
addition, there was a significant effect of mangrove (natural and planted), tidal position,
and their interaction on pneumatophore abundance. With natural mangroves having a
higher abundance of pneumatophores compared to the planted mangrove, with the highest
number closest to the sea. The difference between natural and planted mangroves may
partly be due to differences in the age of mangroves, the natural populations being older.
While pneumatophore abundance did not differ among tidal zones in planted mangrovse.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077
-1312/9/1/100/s1, Figure S1: Google Earth images showing the occurrence of Avicennia marina
mangroves at Al Khor, Al Dhakhira, Semaisma, Al Mafyar, Fuwairit, Zekreet, Ras Laffan, Al-Wakra,
Umm Al Hul, and Khor Al Adaid in Qatar. The mangroves appear in dark green in the true color
images. The topography at the mangrove occurrences shows a gradient decreasing from high land
elevation to low elevation towards the sea. Measured elevation at the mangrove sites suggested
that they are distributed at less than 3 m elevation. Figure S2 Photos of mangrove in Qatar. Figure
S3. Relationship between oxygen concentration and pneumatophore abundance. Table S1: Year of
plantation for afforested (planted) mangrove in Qatar. Table S2: Hydrological parameters for the
sampled mangrove sites in Qatar.
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